/J\I—.I_t I&%E &
7 M IEE

High harmonic generation &
Attosecond science




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

. .o Optical method of generating high-
n m tweezers intensity, ultra-short optical pulses ,



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

CPA - chirped pulse amplification

Short light pulse The pulse is stretched,
from a laser. which reduces
its peak power.

Grating pair, Amplifier
pulse stretcher

©Johan Jarnestad/The Royal Swedish Academy of Sciences

The pulse is compressed
and its intensity increases
dramatically.

The stretched

pulse is amplified.

Grating pair,
pulse compressor

https://6/702d.https.cdn.softlayernet/2019/10/pop_fy_en_18.pdf




history of pulsed laser technology in terms of peak intensity

Focused intensity (W/cm?

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

Extreme Light Infrastructure (ELI)

10%° 4 Is @ European project with three
Several methods were sites that will be completed in a
. few years.
developed for emitting : R
extremely powerful short N 4
laser pulses, but then P o

104 development stopped - it
was not possible to amplify
the light pulses further
without damaging the
amplifying material.

“EL|

1020-

10 i

CPA

The world’s first functioning
. laser was built by the American
10‘°-I ______ physicist Theodore Maiman.
I I I I I I I I

1960 1970 1980 1990 2000 2010 2020 2030

©Johan Jarnestad/The Royal Swedish Academy of Sciences
https://6/702d.https.cdn.softlayernet/2019/10/pop_fy_en_18.pdf



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

“Scientific Background on the Nobel Prize in Physics 2018”
lists applications of CPA technology

https://www.nobelprize.org/uploads/20 | 8/ | O/advanced-physicsprize20 | 8.pdf

* Strong-field physics and
attosecond science
* Laser-plasma acceleration

* High-intensity lasers in industry and
medicine

today’s topic



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

High-harmonic generation

(= one of the strong-field phenomena)



Quantum Beam Generation Engineering (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

References =2 X fik

* The lecture material is downloadable from:
http://ishiken.free.fr/english/lecture.html

* M. Protopapas, C.H. Keitel and P.L. Knight, “Atomic physics
with super-high intensity lasers”, Rep. Prog. Phys. 60, 389-
486 (1997)

* F. Krausz and M. Ivanov, “Attosecond Physics”, Rev. Mod.
Phys. 81, 163-234 (2009)

* K. L. Ishikawa, High-harmonic generation, in Advances in
Solid-State Lasers, ed. by M. Grishin (INTEH, 2010), pp.
439-464

* KGEBRE 17 MRIZ 1m0 1MRT— )L DBEERIER
e - Fllif T 51 (BZEREIAL. 2015/8/10)

nem




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

SRR FE4E (Harmonic generation)
Linear optical effect fasa, 7] A= (crystal, gas)
BHEHE (BLK) :>-:>
w w
Material response is linear in light intensity 8 DISED. ASYERE(CEEH
ERTHEHRE (BLE) :>-:>
Nonlinear optical effect W o
Nonlinear material response ®,30,50,

MEDISED . AGHERE CIHST R RREBR
(frequency conversion)

D=¢E+P

P=e[x E+xVE +xVE +--]
. Sk = SEN .
JESE R (nonlinear)| 2@ 5 R&FK (5th harmonic)

3w : 3REFAK(3rd harmonic)

Iy linear polarization
PR R BEE TlZ. P =0

for a medium with inversion symmetry

J*D
VxVxE=-u,——
MO 0,)t2




n

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

HeEml S RIRFAEE
(perturbative harmonic generation)

3rd harmonic 5th harmonic
ZKIE.IE e /J\W: E
lonization lonization
B B
----- g IRABHE(L
hw Virtual level
Virtual level " 1
e (RAE ST @]
hw ho | Shw
how 3ho how
T Ground state T Ground state
ho| | HERkee ho| | HERkes

REHDELBDIFE. BEMERIETRLD

. Harmonic order | :> Efficiency |



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

=R EIREREE
High-harmonic generation (HHG)

discovered in 1987

Intense femtosecond High-order short-

laser pulse wavelength pulse

BE T T A N EROFDEEN
L—5—/)ULX (SR EHR)

Ve
-
Ve
- [
v

HAZTwY b
gas jet

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 LMBRIREEA - R O iR E U TEBEN S,
New extreme ultraviolet (XUV) and soft X-ray source

m 10



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

Plateau (73 b—) - remarkable feature
of high-harmonic generation

Wahlstrom et al., Phys. Rev.A 48,4709 (1993)

—
o
n

3
joi
)
—+
®
o

plateau

—
o 5
- (=)

cutoff

—_
S
n

cutoff.

Harmonic intensity (arb. unit)
, S S o o
[} [4)] £ w

2
3
C
)
d’
O
5

1015W/cm?

—_
o,
oo

Harmonic order

72 k—(plateau) : Efficiency does NOT decrease with
increasing harmonic order. REM LD > THBREHITE LR,
71w kA 7 (cutoff) : Maximum energy of harmonic photons

2E2
bem Iy +3U,  Up(eV) = mewO? = 9.3 x 107 I(W /em®)A\? (pum)
ponderomotive energy

. . IEBFEMIICIZEIRTE 0\ (non-perturbative)
n m = strong-field phenomena 1




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

SRERBREREDAN=XL L = 3 step model
Mechanism of HHG = 3 step model

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)

V )
i < {

V\ Wt

n m Paul B. Corkum 12



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

Even up to 1.6 keV, > 5000 orders

(almost) x-ray!

Popmintchev et al., Science 336, 1287 (2012)

a new type of laser-based radiation source
L = —ZR—XICUH L WY 1 T OREHRIER

A e A :




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

What happens if the fundamental laser
pulse is very short? Tl&. #B5E/NILAL—H
—lc L BERESARITEALGRED ? _ Hentschel et al.2001)

-

(snun Asesyigue) paly oL08[e Jose

1 (C‘) rrrrrr tructed SXR pulse ﬂ ‘ 9
. 0.8 70_5 _phaséo 6/ attosecond
S 0.6/ sxe= A3 ®
g 0 0 100 150 7r_) (_(43:|:1) as Py
o photon energy / eV W
_§04 N\ 10 o
. . . S
Light emission takes place 2l j V\?, Gaumnitz et al.
---- FTL pulse
only once. = N oI

- -6
-600  -400  -200 0 200

DR E 1 B2 7 Attosecond (1018 sec) pulse

[ e 7 I\ %9\/ \O}I/Z
n m Light propagates only 16 nm within 53 attoseconds. 14




Advanced Radiation Application (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)
Attosecond pulses 7 S /SILA

N gh est power Gaumnitz et al., Opt. Express 25, 27506 (2017)

1 9
Takahashi et al., Nat. Commun. 4, 2691 (2013) (C13) reconstructed SXR pulse ﬁ
1.3 micro j le, 500 as 0.8 16
1 05
T I . 0.6 3 =
4 U “:i. 29 eV ShOI”J[eSJ[ pU|Se 5 %50 100 150  _, .
‘ | \’ " o photon energy / eV gx
i ! 5 04 0D
1 '\|l 'L e iy
T m}‘ \ ‘ 1“ ’j'ly“||"w‘l 021 reconstructed 13
) ‘ ----- FTL pulse
T " i phase A
0= . = -6
' I -600 -400 -200 0 200
—1 .0 0.0 1.0 time / as

highest photon 1.6 keV
energy

o = 3.9 um (> 5000 orders!)
0 — .

15




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

From femtosecond to attosecond

|0-15 sec |0-18 sec
. : 105§'IH| IIIIIIII [TTTT[TTTT [TTT T TTTT [TTTT[TTTT [TTTT[TTTT TTTTTg
Oc & A -
8_9 g 10 W n 3
OO 7 -
ook 4 £ 0k "y E go"
= R : eY
= 2 = s . increase . e
O S g T 10°F O In powe “a@;mo“
o5R| & w0k -~ e
gg \ 2N %) , SR R e S ‘ ................ ] Single cycle at 800 nm
10" F E
vas| & Cf’A - | AEREEO1HIUIL
=0 -1 | N
SE I 10 F ; " m g? (HE800nm)
Bgl%m] 10'2_1|||| |||||||| T T T T T T T [N Lyl g I|||1_
o> : 1960 1970 1980 1990 2000 2010 2020
o Year
(based on the figure by Prof. ]. Itatani)
o0

m 16



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

Timescale

Stopwatch Fastest camera Chemical Fast Molecular Photosynthesis Electron motion
shutter reactions electronics vibrations in atoms and
molecules
—_
\.
s @
[ [ [ [ [ [ [
1 10 10¢ 107 10712 107" 1018
second millisecond microsecond nanosecond picosecond femtosecond attosecond

©Johan Jarnestad/The Royal Swedish Academy of Sciences

https://6/702d.https.cdn.softlayernet/2019/10/pop_fy_en_18.pdf

m 17



—low to generate an

solated attosecond pulse
(IAP)



AMPLITUDE GA

Baltuska et al. Nature 421, 611 (2003)

< 2 cycles

S

Light emission takes place
only once.

Attosecond (10-!8 sec) pulse

‘ N G Hentschel et al. Nature 414, 509 (2001)

X-ray intensity (arbitrary units)

530 as

Time (fs)

(syun Asesyigle) pjaly 01109|e Jose]

Gaumnitz et al., Opt. Express 25,27506 (2017)

|2 / arb. units

Xuv

|E

1 ; i i T 9
(C) reconstructed SXR pulse
j - ﬂ 43 as
0.8F ; 16
0.5 |0
0.6 TsxrT 183
0 - (43+1) as
50 100 150 N 2 7
photon energy / eV
047 10
Ne
0.2¢ reconstructed 1-8
----- FTL pulse
phase
0 ! : -6
-600 -400 -200 0 200
time / as
R — "

K. L. Ishikawa



AM

PL

DE GATING

Gaumnitz et al., Opt. Express 25,27506 (2017)

1 ; ; ; ;
(C) reconstructed SXR pulse
1 ﬂ 43 as
0.8} i 1
@ |05 .’
= i
= 06 ‘| TsxR™
£ 0 (43+1) as
© 50 100 150 AR
o~ photon energy / eV
u Ne
027 reconstructed
----- FTL pulse
phase A
O . L = L
-600 -400 -200 0
time / as
20

9

w
)/ rad
Xuv

o
arg(E

K. L. Ishikawa



[ONIZATION SHUTTER

HHG 1s suppressed when neutral atoms are depleted

. . | | |
density of neutral Ar atoms fundamental field .
/ envelope (400 nm)
"4 | n | I / I 40
TN N —11.0
) | / U
m B ' ) @
£ ) \ 08 3 20
= - 2 z
g Jos 2 5
g; 10 = . é . i_% i
I o4 B g
2 : oy 135
= 57 ’ S £ 30k _
: / Ho2 @ from 12 fs
0 L"’ ' L 0 20
15 -10 - 10 15
Time (fs) 0
9th harmonic (of 400 nm) = 27.9 eV ) . . .

-10 -5 0 5 10
Delay time (fs)

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

Sekikawa et al,, Nature 432, 605 (2004)
2| K. L Ishikawa



POLARIZATION GATING (PG)

HHG 1s suppressed when circular polarization is used

counter-rotating circularly polarized pulses with a delay Sansone et al, Science
— Circularly — Linearly 314,443 (2006)
polarized polarized 1.0 -10
laser field laser field = 0.6 ~
= L5 ©
T 0.8 g
E oaf %
> 7 L0 ©
o 0.2 o
O | T T T | _5
300 -150 0 150 300
Time (as
d (as)
> 1.0 1
A =0.8um £ 5 =
33 = < Lin et al.
=G 8 051 a
= _L%J s £ (2017)
O n S
00 L —~4—— 75
~100 0 100 200
oy Time (as)

K. L. Ishikawa



DOUBLE O

P TICAL GATING

(DOG)

Polarization gating + two-color gating

w—I—Qw*

with second-
harmonic field

Ne

|IAP generation from
a ~10 fs pulse

Mashiko et al., PRL 2008, 103906 (2008)
Zhao et al, Opt. Lett. 37,3891 (2012)

23 K. L Ishikawa



GENERALIZED DOUBLE
OPTICAL GATING (GDOG)

Elliptical instead of circular polarization

C

Laser field HHG bursts |AP geﬂera_uon from a
> 20 fs pulse without

7 =08 um s need of carrier-
2 envelope stabilization
| | 200 Tir'?qe (2;;‘} 400 Gilbertson et al, PRL 105,093902 (2010)
Bi-colour field Gilbertson et al, PRA 81,043810 (2010)

with shaped
polarization  Single HHG
burst

24 K. L Ishikawa



2

INFRARED TWO-COLOR SYNTHESIS

800 nm + 1300 nm two-color driving field

800 nm_ 800 nm + 1300 nm autocorrglation trace
| /

@ 1.0 _(a)\ | | | pse [Moats
_C_,éJ : ” 129 eV ’“‘
S 0.8 ﬂ ﬂ 7 1 ﬁl ";l
g 0.6] | TN
E 04 [ 1 “ "J‘ ﬂ ‘1"“" | ' "; l'llu" ! "i
LLI 02 Il 1L \"ml\‘ ’[l l‘ lln""
0.0 L il i
0 5 10 15 U
Time [fs] 10 ” "
At (fs)

Takahashi et al, PRL 104, 233901 (2010) . hashi et al., Nat. Commun. 4,2691 (2013)

High-energy (1.3 micro |), high-power (2.6 GW) |IAP

more than 100 times more energetic than previously reported

25 K. L Ishikawa



Quest for higher photon energy
(shorter wavelength)

cutoff E.=1,+3.17U,

€2E(2) . —14 2\ 2
= 9.3 x 107 I(W/cm”)A*(pum)

Amw? /

Longer fundamental wavelength is advantageous

Uy(eV) =

Optical parametric chirped-pulse amplification
(OPCPA)

26 K. L Ishikawa



VWA

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

%—>/\/H\IDO\/\/ HHG

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

)\0 = 1.55 o
I=55x10"W/cm®

1.55 um He HHG [arb. units]

1.0 -
o -
Qo
8
0.8 n
' I ! ] ! |
0.6 Photon energy
1 —
1
0.4 1
| -
: _ - ’;> _
0.2 . S\
1 _ -
' v &
0.0H l O Bl I A L\ £
200 250 300 350 400 450 500 550

27

Photon energy [eV]

0.8

0.6

0.4

0.2

Joy1) JejA\ o uoissiwsuel |

0.0

Takahashi et al,, PRL 101,253901 (2008)

K. L. Ishikawa



keV HHG

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

)\0 = 3.9 jyani

Popmintcheyv et al., Science 336, 1287 (2012)

a new type of laser-based radiation source

28 K. L Ishikawa



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

Attosecond Science
7 MRl

APM :



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

femtosecond, attosecond

S
~A 70
T/
v a
7z A b
7 b

1073
1076
1079
10—12
10—15
10-18

= | B

-~ O B

jab)

30



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

Electrons moving around the

nhucleus
Electron Orbital period of
\ the electron
inside an atom
—————_ Nucleus
mwr = Lo
Ameq 12
=T _ QW\/MGO;WS — 152 x 1078 5 = 152 as
w €

Need for attosecond shutter

T :



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

Attosecond science studies electron
motion in atoms, molecules, and solids.

% radiation-matter interaction
TR & B DA 1ERE

Y% control of chemical reactions

1652 [t O I

electronics

attosecon
©Johan@arnesta@flhe Royal Swedish Academy of Sciences 32
https://6/702d.https.cdn.softlayernet/2019/10/pop_fy_en_18.pdf
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Advanced Radiation Application (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

Dynamics of the Auger effect
A=V TMRDILF=ZIR

33



n

A—I TR

Photo#&tFon

Augerfete it t
Photo#&#Fon

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

Auger effect

Ejection of a core electron

N 23 E OLERIR)

Instantaneous

Core-excited 1on

NIRICIRRE D A A >

~ a few fs

E ectlon of a Valence electron

uﬁh ﬁﬂ%%ﬁ&u

Observation of the ejection of Auger electrons

—Jonizing X rays < a few fs
— Attosecond pulse

34



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

How to measure the electron ejection time?

Pump (A A>{tZ5|E#kIT) =R (HHG)

Probe (BEFOWRHERX%ZH3) L —t—3 (laser)

nem .



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

How to measure the electron ejection time? Itatani et al., Phys. Rev. Lett. 88, 173903 (2002)

Attosecond streaking

attosecond
pulse

0.010

0.008 -
0.006 | infrared
0.004 | laser

0.002 -
0.000 |}
-0.002 -
-0.004 -
-0.006 -
-0.008 -
-0.010

Electric Field(a.u.)

0 > 4 6 6 10
Drescher et al., Nature 419, 803 (2002) Time(fs)

SR E L —Y—%ZIE  Irradiate an atom with an

JERERS & 35 - C IR attosecond pulse and laser pulse
with delay

T :



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

How to measure the electron ejection time?

E(t) = Ey(t) cos(wt + ¢)

dp dv
D _ 2 — _eE@
o~ Mg~ eEW

ionization at ¢ = ¢, CHEHE

Initial momentum FJEE (GEE) &)

Py = \/Qm(hwx —1,)

R ER C O EE) &= Momentum at the detector vector potential

o0 /
b= po — / eE(t)dt = po + eAlt)

to

electron momentum

(energy) change

ejection
time

m 37




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

Life time of the Auger decay~8 fs

Auger effect
HEEF
o Auger
i —YIRY electron
EEF
Probe---Laser
750 nm
Pump---HHG soft x rays
Photoelectron 13 nm

71 LMNPEEDEBSERBENIRZS !
- am Ultrafast process ~ a few fs
nem

38



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

Delay in photoemission
(How long does the photoelectric effect take?)

BIRICIEEY b EH ?

nem 39



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

When Does Photoemission Begin?

The photoelectric effect is usually considered instantaneous.

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

|

time delay?

m 40



Energy [eV]

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

The 2s electron appears to come out 21
attoseconds earlier than the 2p electron!

Number of delay scans
0 2 4 6 8 10

0 4 8 12 1
counts / AE -40 v

e

Delay [as]

Mean delay: 21 (£ 5) as

T T T T T+ T T T T T T 1
0.0 0.1 0.2 0.3 04 0.5 0.6

Delay [fs] Streaking laser electric field amplitude
[x 10" V/m]

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

m 41



Quantum Beam Generation Engineering (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)
Py | Ve i
Ultrafast electron dynamics in phenylalanine
initiated through ionization
amino acid

by attosecond pulses e
Calegari et al., Science 346, 336-339 (2014) \

O

radiation damage of
biomolecules

ERD T DS IRIEE




pump
sub-300 as XUV
|5-35 eV

probe

4 fs VIS/NIR
|.77 eV / 700 nm

detect
*+*NH,-CH-R dication




Quantum Beam Generation Engineering (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

dication yield oscillates with period ~ 4.3 fs

assigned to electron dynamics in the molecule




Quantum Beam Generation Engineering (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

time-frequency analysis

static-exchange DFT
+ first order time-dependent perturbation theory







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

Delay In photoemission

Number of delay scans
0 2 4 6 8 10

©+ measured by attosecond streaking
—
Ne Ner -40 vz
-20 4
2p 1 +
delay o4
p— — i
Ne % Vi —
x ® e Jl;
I
| Ne Ne =
I
I 80 Mean delay: 21 (+ 5) as
I
100
[
|

A

|

|
— T " T T+ T T T T T T 1
>: 00 01 02 03 04 05 06
I Streaking laser electric field amplitude

.. o
electron emission [x 10" V/m]
Schultze et al., Science 328, 1658 (2010)

, how long does it take?
1
photon absorption

What is happening?

. stationary-state correlation
Mechanism /

Eisenbud—\/\/igner—Smiﬁ delay
Coulomb-laser coupling <«— laser effect
laser-induced state distortion *
unknown mechanisms ...

Dynamic multi-
electron
correlation?

47



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

Time-dependent
ab-initio simulation of inner- **"*

shell photoionization k

of an excited He atom
(e.g., 1s2p)

48



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

Method: Time-dependent Schrodinger equation (TDSE)

.0
z5 Y(r,,r, 1) = [Hatom +(z, + zz)E(t)]z/J(r1 X, .0)

2 2 1 | & 4dx
_=22A+1r“ _EYM(r) £

A=0

L Il

AG, (], = E lyml, - m|LOYY,  (8)Y, _, () Coupled spherical harmonics

Discretization of P%( b at) on (r,n) erid

2 2
Ishikowa et al., Phys. Rev. A 72, 013407 (2005), Phys. Rev. Lett. 108, 033003 (2012), Phys. Rev. Lett. 108, 093001 (2012)

.1 .1
h— (Jl B _)Ar h— (‘]2 - _)Ar - Pllz( & ’t) nd Plllzjljz( )

49



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

inner-shell photoionization

M e
of an excited helium atom

L
XUV pulse

3D TDSE

D TDSE

_|_

2 ~2
A p?: 2
Hy = E —
: i= [2 i

1 p? 2 N
ry — 1o 12 \224a?| (z1— )2+ b2

a=0b=0.8a.u.

temporal evolution of the ionic state

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

2. remove doubly excited (autoionizing) states

3. project on each Ionic state

50



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

3D simulation

Photoionization of |s2p!'P He
temporal evolution of the ionic state
two distinct time scales /2.9 €V, 5 cycles, 1012 W/cm?

2347 235 BB
3.0x10° — — — :
2p
25+
FE/N)L 7
4o 20 .
o
S 15 ISILATRD2, SpELDILE EAY
by DHE, THTWLSEF] AEET
N 52&T. TRHEBEF] OEFIRE
] M2s, 3d, 4f---FELIAFE D,
‘ 3d
200 4 400 500 500 1000
I BrfE (7 BFD)

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

51



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

Similar dynamics Is seen
for D simulations

from the |st excited atom  from the 2nd excited atom

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

odd-number states (b)
ulated by knock-up

3
g3 0

only odd-number states

| -
only even-number states can be populated by

can be populated by |

410 . .
photoabsorption 510" photoabsorption |
| / ‘ﬂ—
— 23
0 an : ! | L | % | . | |
0 10 20 30 20 = * L
Time, a.u. Time, a.u.

Sukiasyan, Ishikawa, Ivanov, Phys. Rev. A 86, 033423 (2012)
52



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

D <nock-up lasts longer for
from the 2nd excited atom . . ,
nigher 1onic channels.
SAhake-up‘Knock-ue 3 D

3.0x10° — T T

25
XU
2.0

15

Population

1.0

0.5

0.0~ "
0

reflects the larger
radii of the higher
excited states

20
Time, a.u.

Sukiasyan, Ishikawa, Ivanov, Phys. Rev. A 86, 033423 (2012)
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Advanced Radiation Application (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

[Time-dependent transition matrix element by the
e-e Interaction

(@1, 20.8) |1/ (21 = 22)7 + 82| @ (21, 22.)

‘ 2

0.025——

/-8 1D

| 3 _8‘ 9

attosecond| cascades

oo 1 increasing delays
reflect the larger
1  radi of the

| | excited states

30 40 50 INvolved

Time, a.u.

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