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Regimes of strong field ionization

Multiphoton-ionization Tunneling-ionization
-low intensity, > - high intensity

E-field of laser weak - classical field picture
compared to atomic field - field ionization in
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Regimes of strong field ionization

Multiphoton-ionization Tunneling-ionization Over-the-barrier-ionization
-low intensity, > high intensity > - highest intensities
E-field of laser weak - classical field picture - complete suppression of
compared to atomic field - field ionization in the Coulomb-barrier of bound
- perturbative regime quasistatic laser field state
-Atomic system dominated by
A Eel external field
e »
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Case studies:

» Strong Field Ionization

— SFA does not work
 Single ionization of H @ IR: 5.5 fs pulses, 750 nm, 107415 W/cm?2

— Accurate atomic potential is essential
 Single ionization of Li @ IR: 25 fs pulses, 785 nm, 1011-14 W/cm?2

— Many-electron correlation is essential
* Double ionization of He @ XUV:

- Time-resolved atomic reactions

— Electron correlation resolved in time
 Double ionization of He
e Single ionization of noble gases
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» Basis based integration vs coordinate space integration
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Outline

* Theoretical model

— Time-dependent Schrodinger equation
» Basis based integration vs coordinate space integration

— Field-free atomic states
* One-electron HF states
 Two-electron CCC states

— Discretization of continuum
 Pseudostates vs continuum states
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Theoretical Model

Field on:

. - . ov .
Time-Dependent Schrodiger equation v HY
A 2 > 2 2 1
H:p1 +p2 —— ——+ + D.F ;¢ coswt
2 2 r1 ro  |ry— 7o
KITP 2010



Theoretical Model

Ll

Field on: ¢ . | Time
. . . oV A
Time-Dependent Schrodiger equation v HY
A 2 2 2 2 1
Hzp1 +p2 —— — —+ + D.F ;¢ coswt
2 2 1 T2 |T‘1 — T‘2|
Solution:

U(ry,ro,t) = Y ai(t) ), (r)dn, (r2) [11(1)12(2) L)

jz{nlnzN} . NIIANY — 1.5, .
iy L Pseudostate basis: (¢;' |H|¢;') = E;bi;
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Theoretical Model L
Ll

Field on: I s

v .
Time-Dependent Schrodiger equation z%—t = HU

A ) 2 2 2 1
Ll + P 2 _ + + D.F ;¢ coswt
2 2 1 T2 |T‘1 — 7"2|

Solution:
U(ry,ro,t) = Y ai(t) ), (r)dn, (r2) [11(1)12(2) L)

jz{nlnzN} . NIIANY — 1.5, .
hily L § Pseudostate basis: (¢;'|H|¢;') = Eidi;

Matrix notations:

iR-a(t) = H-a(t), with intial condition ¥(ri,rs,t =0) = Yo(ry,r2)
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Theoretical Model

Field off:

CCC expansion for two-electron continuum
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Theoretical Model

Field off:

CCC expansion for two-electron continuum j f k,

Wpesty (71, 72) = Wiy (r1, 7o) (Rl ), e = K3/2

(kf|T|K'7)
k'2/2 — g; +10

Ugs(r1,m2) = xX(r1)dp(r2) + Z E_ Xk (T1)$5(72)
k'j
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Field off:

CCC expansion for two-electron continuum j f k,
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Theoretical Model

Field off:

CCC expansion for two-electron continuum j f k,

Uhiky (11, 72) = Uy (r1,72) (Kol f) , €5 = k3/2

(kf|T|K'7)
k'2/2 — g; +10

Ugy(r1,m2) = Xu(r1)95(r2) + Z E_ Xk (T1)$5(72)

Coulomb wave \

Pseudostate
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Theoretical Model

Field off:

CCC expansion for two-electron continuum j ’ f k,

Uhiky (11, 72) = Wiy p(r1,m2) (Rl f) €5 = k3/2

(kf|T|K'7)
k'2/2 — g; +10

‘I’kf("“h?“z) Xk US| ¢5f ’-"2 + ZE ka("“l)(bj(?b)

Coulomb wave \

Pseudostate

Fully differential cross-section

do
dk,dk- = |<‘I’('-'°1, ro,t = T)|‘I’k1kz(r1, 7’2)>|

9 27

I'=N— , N>1
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Strong IR Field Ionization of Hydrogen

IR: 750 nm, w=1.5 eV, T=2.5fs, FWHM=5.5 fs, | = 107415 W/cm?

||6fS
+|

|||

KITP 2010 ANSF

Australian Attosecond Science Facility



Strong IR Field Ionization of Hydrogen

IR: 750 nm, w=1.5 eV, T=2.5fs, FWHM=5.5 fs, | = 107415 W/cm? 1[|| 6 fs

> _||| -

e ||..
il ' | 2

| = 10" W/cm?
y=1,U,=0.25%au, {=U,/0=5
Ecur=1OUp N = Ecut /w= 50
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Strong IR Field Ionization of Hydrogen

IR: 750 nm, w =1.5 eV, T=2.5 fs, FWHM=5.5 fs, | = 107415 W/cm? I s
a) Optical field ionization b) e~ acceleration and re-collision _>i'l|j|| |1

E L(f] I'I IL! | |_| ||j l._l_'l'-.

-y | = 10" W/cm?
—
.ﬂ\g y=1,U,= 0.25au, §=Up/a)=5

E, 210U, N=E /o= 50

cut

cut
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Strong IR Field Ionization of Hydrogen

IR: 750 nm, w =1.5 eV, T=2.5 fs, FWHM=5.5 fs, | = 107415 W/cm? I s
a) Optical field ionization b) e~ acceleration and re-collision ) ||| |1

E L(f] I'I IL! | |_| ||j l._l_'l'-.

-y | = 10" W/cm?
—
.ﬂ\g y=1,U,= 0.25au, §=Up/a)=5

E, 210U, N=E /o= 50

cut

cut

TDSE
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Strong IR Field Ionization of Hydrogen

IR: 750 nm, w =1.5 eV, T=2.5 fs, FWHM=5.5fs, | = 10415 W/cm? .
b) e~ acceleration and re-collision _ﬁ' i|| | '| r_

E(f)

a) Optical field ionization

| = 10" W/cm?

-
—Q
.1\2 y=1,U,= 0.25au, §=Up/a)=5

E,.~10U, N=E,, /o= 50

cut

Probability
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Strong IR Field Ionization of Hydrogen

IR: 750 nm, w=1.5eV, T=2.5fs, FWHM=5.5fs, | = 107475 W/cm?

Probability

a) Optical field ionization

e

0.01

05 1 1.5 2 25 33
Electron energy (a.u.)
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b) e~ acceleration and re-collision

| = 10" W/cm?

E

cut
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/w= 50

y=1,U,=0.25%au, {=U,/0=5
RI0U, N=E

Probability
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Strong IR Field Ionization of Hydrogen

IR: 750 nm, w =1.5 eV, T=2.5 fs, FWHM=5.5 fs, | = 10475 W/cm? ) 6t
—}a||

a) Optical field ionization b) e acceleration and re-collision |||||
EL(n |||| |H

-
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Strong IR Field Ionization of Hydrogen

IR: 750 nm, w=1.5eV, T=2.5fs, FWHM=5.5fs, | = 107475 W/cm?

||| 6 fs
> | |
a) Optical field ionization b) e acceleration and re-collision |||||
E (0 = E (1) |||| |H
/’,’fﬁ -
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Strong IR Field Ionization of Hydrogen

IR: 750 nm, hw =1.5 eV, T=2.5 fs, FWHM=5.5 fs, | < 105 W/cm? ﬂﬁs
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Intensity, arb. units

Strong IR Field Ionization of Hydrogen

IR: 750 nm, hw =1.5 eV, T=2.5 fs, FWHM=5.5 fs, | < 107> W/cm?

data
prediction

o 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

Photoelectron energy, eV Photoelectron energy, eV
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Over-the-barrier ionizaton

@795nm IP[eV] | Ipg[W/em?] | T(Zyg)
Li 5.4 3.38*1012 3.2
He 24.6 1.46*101° 0.5
Ne 20.2 2.33%101 1.2
Ar 15.8 8.72*1013 1.8
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Over-the-barrier ionizaton

@795nm IP[eV] | Ipg[W/em?] | T(Zyg)
Li 5.4 3.38%10!2 5.2
He 24.6 L46%10}1° 0.5
Ne 20.2 2.33%10 1.2
Ar 15.8 8.72%10 1.8
Over-the-barrier field strength (from 1D-model):
IP? — -
Fopr = Ve » |onization probability approaches 1
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Over-the-barrier ionizaton

@795nm IP[eV] | Ipg[W/em?] | T(Zyg)
Li 5.4 3.38%10!2 5.2
He 24.6 1.46*101° 0.5
Ne 20.2 2.33%10 1.2
Ar 15.8 8.72%10 1.8

Over-the-barrier field strength (from 1D-model):

IP? — -
Fopr = E » lonization probability approaches 1
Over-the-barrier intensity:
2 31p4
m ce 1P
I 5 [W/em®] = 6022 =4x10°(IP[eV])* Z*
e
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | = 2-107"-14 W/cm?

-
MPIK, Heidelberg \\\\ ‘
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | = 2-107"-14 W/cm?

. 25 fs

==
MPIK, Heidelberg \\\\ )
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | = 2-107"-14 W/cm?

. 25 fs
—> <«

1 2 3 4 5 6 _ © =
Angular momentum MPIK, Heidelberg \\\
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | < 2-10"" W/cm?

N\
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | < 2-10"" W/cm?

[=4- 10" W/em? Up= 0.02 eV [(=8- 10" W/eny? Up=0.04eV  [=2" 10" W/em? Up= 0.12¢V
=0.24 - [opi y =8.2 =0.59 - [opp y =4.7

=0.06 - Iogi y =11.6

0.2 0.3 04-04 -0. 0.2 0.1 0.1 02 03 04-04 -0. -0.2 -0.1 0.1 U. 0.3 0.4
longitudinal momentum (a.u.)

transversal momentum (a.u.)

04 03 02 -0.1 0.1
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | < 7-10"3 W/cm?

)
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | < 7-10"3 W/cm?

D =8 10°Wem*  Up=047eV =20 10°Wem* U= L16eV  I,=7-10°Wem®*  Uy=4.07¢eV

=24 lopi y =24

:6.0'1()31 Y =1.5 =21 'I()B[

transversal momentum (a.u

0 01 02 03 04-04 -0.3-0 0.1 0 01 02 {).3 04-04 -0.3 0.2 -0.1
longitudinal momentum (a.u.)
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | = 2:1073 W/cm?

N\
«© I )

1 v

MPIK, Heidelberg \\\\ “
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | = 2:1073 W/cm?

Li Atom potentials

\A. Sarsa. F. J. Galvez. and E. Buendia. At. Data Nucl. Data
‘Tables 88, 163 (2004).

K. Bartschat, Computational Atomic Physics (Springer-Verlag
(Heidelberg, New York). 1996).

=
ome 13

MPIK, Heidelberg \\\\ ;
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Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | = 2-1073 W/cm?

=2 10°W/ecm? Up=1.16¢eV
=6.0 - IOBI N = 1.5

Li Atom potentials

transversal momentum (a.u.)

A. Sarsa, F. J. Galvez, and E. Buendia. At. Data Nucl. Data
Tables 88, 163 (2004).

K. Bartschat, Computational Atomic Physics (Springer-Verlag
(Heidelberg, New York), 1996).

0.4-03-0.2-0.1 0 0.1 0.2 03 04 -
longitudinal momentum (a.u.)

N

MPIK, Heidelberg \\\\ \

KITP 2010




Strong Field Ionization of Lithium

IR: 785 nm, FWHM=25fs, | = 2-1073 W/cm?

electron momentum (a.u.)
0.10.2 0.3 04045 05 055
J7 T i

Exp
x10 ——MIM
--—--ALM

1.5 2 25 3 35 4 45
electron energy (eV)

Li Atom potentials

A. Sarsa, F. J. Galvez, and E. Buendia. At. Data Nucl. Data
Tables 88, 163 (2004).

transversal momentum (a.u.)

K. Bartschat, Computational Atomic Physics (Springer-Verlag
(Heidelberg. New York). 1996).

0.4-03-0.2-0.1 0 0.1 0.2 03 04 -
longitudinal momentum (a.u.)

N

MPIK, Heidelberg \\\\
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Mechanisms of double photo-ionization

Shake-off f

XUV Q% / e Fast, ©2>> DIP
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Mechanisms of double photo-ionization

Shake-off f

XUV Q%/ o Fast, Q>> DIP

| s —
@ } Teo = (E;;mn — Eiml) ~ 20 as
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Mechanisms of double photo-ionization

Shake-off f

XUV Q%/ P Fast, Q>> DIP

, o -
@ Tso = (E:;Onl — Ei()n) = 20 as

Recollision, or
knock-out
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Mechanisms of double photo-ionization

Shake-off f

XUV Q% / a Fast, ©2>> DIP

| ° | 1 @ E Tso = (E;:mm = Eion) ~ 20 as

Recollision, or
knock-out
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Mechanisms of double photo-ionization

Shake-off f

XUV Q% / a Fast, ©2>> DIP

| o | @ } Tos = (E&j;mn — Eion) ~ 20 as

Recollision, or
knock-out
Slow, & - DIP << DIP
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Mechanisms of double photo-ionization

Shake-off f
XUV Q% / a Fast, ©2>> DIP
° \ f @ ; Tso = (_E;mm — Ei;n)_l ~ 20 as

Recollision, or
knock-out
Slow, & - DIP << DIP

& ____--———OD Tho 22 (g

— Bact) ™! 200 as

KITP 2010
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Ratio of double to single ionization in He
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Ratio of double to single ionization in He

COLTRIMS experiment
Knapp et al PRL 89:033004, 2002

0 S50 100 150 200 250 300 350 400 |450 (500 550

‘Photon energy above the threshold [eV]
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Ratio of double to single ionization in He

COLTRIMS experiment
Knapp et al PRL 89:033004, 2002
4
3,51
3~
0_4-+ [0 :| 25 T
e | 2 ___ Shake off
1,5 1
1 .
0,5
0
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Ratio of double to single ionization in He

COLTRIMS experiment
Knapp et al PRL 89:033004, 2002
4
3,51
3_
0_4-+ [0 :I 25 - [T
e | 2 ___ Shake off
1,5 1
1 .
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0 50 100 150 200 250 300 350 400 |450|500 550

‘Photon energy above the threshold [eV]
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PHYSICAL REVIEW LETTERS week ending

PRL 94, 213001 (2005) 3 JUNE 2005

Use of Electron Correlation to Make Attosecond Measurements without Attosecond Pulses
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Dynamics of the decay: direct time domain measurement OR the spectral phase ®(E)
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Photoelectron energy distribution in He
XUV only
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Photoelectron energy distribution in He
XUV only
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Photoelectron energy distribution in He
XUV only
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Photoelectron energy distribution in He
XUV only

A
E1
q A

E

<y 4
E=0 |+

% XUV Q
-24.6eV —— He
-54.4eV —— —‘»— He*
KITP 2010

18



Photoelectron energy distribution in He
XUV only
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Photoelectron energy distribution in He
XUV only
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Photoelectron energy distribution in He
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Photoelectron energy distribution in He
XUV + IR
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Photoelectron energy distribution in He
XUV + IR
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Photoelectron energy distribution in He
XUV + IR
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Photoelectron energy distribution in He

XUV + IR
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Photoelectron energy distribution in He
XUV + IR

A X B R _
--w\,,f’\v;' \ 'U’ '~.,Uf \ f\# IR field Ecos(mt)
E1
-y , He: Q=95eV, E,+E, = 16eV
E_A
E=0 — % I
% XUV Q =
-24.6eV—— Y\.) H e
-54.4eV—{— gf He* \

E,(eV)

KITP 2010



Photoelectron energy distribution in He
XUV + IR
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Photoelectron energy distribution in He
XUV + IR

A /A O S
f\/\j\ ‘U/ "gU/ \ M IR field Ecos(mt)

(!) —+

He: Q= 95eV, o = 3eV

E*A
E:O 1
% XUV Q
-24 .6eV—{— v.3 He

L 2

E,(eV)

-54.4eV——

He*

E,(eV)

KITP 2010 19






When Does Photoemission Begin?

KITP 2010

sub—10-as regime has been enabled by waveform-
controlled near—single-cycle pulses (duration
~3.3 fs) of near-infrared (NIR, carrier wavelength
~750 nm) light (26). These pulses permit the gen-
eration of isolated sub—100-as extreme ultraviolet
(XUV) pulses via high-order harmonic generation
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When Does Photoemission Begin?

Exp: At)- At, =21%5 as

Coulomb-Volkov: 6.4 as
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Conclusion
Numerical solution of TDSE applied to

* lonization
—  (Ny,e) on H
—  (4y,e)on Li
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Conclusion
*  Numerical solution of TDSE applied to

. lonization
—  (Ny,e) on H
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« Electron correlation resolved in time
— Double ionization of He

*  Further directions
— Single ionization of noble gases
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