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1. INTRODUCTION




1.1 Attosecond dynamics

Bohr's model of the H atom (1913)

Niels Bohr, 1885-1962

x| -

2 2
n=1 — € "me_ 12— 1. 23

\roundtrip time" | 1 =152 as

1 attosecond (as) = 10 s

Electron dynamics is attosecond dynamics



1.1 Attosecond dynamics (2)

Attosecond laser pulses: E(t)

. - N

Ferenc Krausz Munich
\Control" parameters shortest pulse (2012)67 as
E(t) = Eos(t) cos( (D)t+ )

Field strength

electric eldamplitudejE ) (! intensity)
polarization": E,= Eg "
pulse length (FWHM)envelopdunctions(t)
carrierfrequencyt
carrier envelopphase

! Krausz, Ivanov, Rev. Mod. Phys.81, 163 (2009) 2 Zhaoet al., Opt. Lett. 37, 3891 (2012)

Field envelope

Time
Electric field

§ Carrier-envelope phase (CEP) ¢



1.1 Attosecond dynamics (3)

General (strong-) eld-matter interaction phenomena

Polarization and linear response

Non-linear response and High Harmonic Generation
State-to-state transitions and electronic wavepackatiore
Above Threshold lonization (ATI)

Tunneling ionization

Charge tansfer

Electron localization

Bond softening and hardening

Above Threshold Dissociation (ATD)

Coulomb explosion

Field-induced phase transitions

Charge migration

.11 and many phenomena after core and inner-valence exastation
Autoionization, Intermolecular Coulomb Decay (ICD), EAliger decay, ETMD,: :

Here:l = "ocE5 10°° 10" W/cm? =) non-perturbative, non-relativistic regi

me

! Krausz, lvanov, Rev. Mod. Phys.81, 163 (2009)



1.2 Ultrafast electron dynamics in molecules

Electron wavepackets and their control: D >

124 A
104

(0]
1

energy / eV
(&)

o
(N

asymmetry
- o
o

® \. [ ]
0.2 -./ . \. / ./. \o’./ e
N —=—0-3eV —e—3-8eV
—v—>8¢eV
0 1 2 3 4
phase /
CEP controls electron localization
P. Rgr
A(Exin; )=
( N ) PL + PR

1 Kling et al., Science312, 246 (2006) -8-



1.2

Ultrafast electron dynamics in molecules (2)

Theoretical interpretation

energy

E(t)

o
(&)
1

Dt + Dt

I
o
o

asymmetry left/right
o

Dt +D

D+D

bond distance

: IE,. +t=h iE t=h
creation of a wavepacket: tf= Ae ¢ ++Be u

h jOj i =A2h 4jOj 1i + BZh 40Oj i +2Re €' 12 AB h 1jOj i




1.2 Ultrafast electron dynamics in molecules (3)

B Locafized Ninal state () B Chrltx

Tunnelling *

RO Sulphur P00y Sulpbur
L Wurth et al., Nature 436, 373 (2005)
HHG, orbital tomography 2 Charge migration 3
HOMO of N

1
0

-3 -2 -1 0

2 Corkum et al., Nature 432, 867 (2004) 3 F. Calegariet al., J. Phys. B 49, 142001 (2016)

2 3

-10-



2. THE TIME-DEPENDENT ELECTRONIC
SCHR ODINGER EQUATION

“11-



2.1 The molecular Schiedinger equation

Time-independent molecular Schiedinger equation (in atomic units)

|qo (rhR)= fel"' Vetel* Vetnu+ Thu* Viunu (RR)=E (1 R)

r=r=(rygryiiry) electron coordinated| electron{mass 1, chargel)
R:=R :631;32; i :BNA) nuclear coordinated o nuclei(massedl o, charges Z,)
Tol = % PiNzl i kinetic energy operator electrons
Thu = Fé flgl M—lA A kinetic energy operator nuclei
Velel %l ‘I\lb% electron-electron repulsion; (= jr;  r;j)
Velnu = Eéfb N F%\\ electron-nuclear attraction
Viunu = %y BAa A2 nuclear-nuclear repulsion
E total molecular energy
(nrnR) total molecular wavefunction
Time-dependent molecular Schiedinger equation (with explicith)
L, @ rR;t)
Ho+ V(t rnR;t) = ih
Ho, V(1) unperturbed Hamiltonian and time-dependent \perturoati

-12-



2.2 The Born-Oppenheimer approximation

The time-independent electronic Schiedinger equation

-ﬁel + Vel{'el + Vel:nu el:n(r;R) = Eern(R)
Z
Re (electronic Hamiltonian)

el:n(r; R)

Ee:n(R) =  electronic energy for state
el:n(r; R) = electronic wavefunction for state(parameteiR)

The Born-Huang expansion

P\
(nR)= ein(r R)  nun(R)

n

nun(R) = nuclear wavefunction for state
(translation, vibration, rotation)

Coupled nuclear Schiedinger equations

Putting the BH expansion in the molecular Schredinger saugives:
h :

fnu;—"‘ V+ Q = E

=0 e ez , num) = huclear wavefunction vector

-13-



2.2 The Born-Oppenheimer approximation (2)

The non-BO coupling matrix €

%A h2

émn — [h eI'mj A eI'ni +2h eI'mjr_A eI'nir_A]
At 2M a

couples di erent states, even for diagovial

The Born-Oppenheimer and adiabatic approximations
E Adiabatic approximationNeglect altfmn form 6 n; if Viom = Vi nm, then:

-ﬁnu + Wh(R) + énn nu;n(R) = E nu;n(R)

E Born-Oppenheimer approximatioNeglect alCmn (includingCin)

fnu + W\h(R)  nun(R) = E nun(R)

Time-dependent nuclear Schiedinger equation

. @ nu;n(R; t)
Ih @t

Describes motion on single potential energy surfegecan be t-dependent. (Time-dependent)
Potential coupling¥,n, may still lead to non-adiabatic transitions.

- -ﬁnu + Vh(R)  nun(R;t)

-14-



2.2 The Born-Oppenheimer approximation (3)

The BO approximation in the time-dependent case .
Start from time-dependent electronic Schredinger eguati
. @ (KR
e - R 0)  a(ntR)

Ansatz for the total wavefunction:

(rpR;t)=¢€ R nt;R) nu(R;t)

gives (with a special choice for tls@ological phask(R;t)), a nuclear Schredinger equation of the form

ih@ mg,)l:\;;t) = fnu + W(R;t) nu(R;t)
where
@!
W = ot non-BO terms of types

In case of a stationary electronic state, and neglectingpidorn-Oppenheimer term, gits= @ '!'=@%
V(R), i.e. the time-dependent Born-Oppenheimer nuclear Schredeygeation of above.

Extension to \group Born-Oppenheimer" approximation {dess

1 CederbaumBO approximation and beyond for time-dependent :, JCP 128, 124101 (2008) 15



2.3 Matter- eld interaction

TD electronic Schiedinger equation with matter- eld inte raction
Time-dependent electronic Schredinger equation witbreat perturbation¥ (t):

ih@e'((;tt;R) = By+01) otR)

Expression for Y (t) in case of matter-electromagnetic eld interaction
Basic quantities

E (r;t) . electrical eld strength }T( In Sl orEr=eq in at.u.)
B (r;t) : magnetic ux density T = X3 in Sl orh=eg in at.u.)
or

(r;t) : electrostatic potential \{ in SI)
A (r;t) . vector potential Tm in Sl)

@A
_ @’[
B=r A

r

E

r

andA are not unique; in Coulomb gauge: A =0
-16-



2.3 Matter- eld interaction (2)

Hamiltonian for single particl@gnassm, chargeg, possible static potentidk):

2
o hr_ qgA +Vs =9

2 : 2
A = Zhr_2+vs+ﬂq rA+Ar + 0 AA=Hy+ ¥

m 2m 2m
where
h? 5 —
I% = o r “+ Vs unperturbed Hamiltonian
V(r;t) = A aAsar -+ il A A  matter- eld coupling
. 2n  — — T 2n — —
Rewriting:

qz
A T1r + — AA
- 2m —

For not too strong elds follows the\ p form™ of matter- eld interaction:

Y= - A p

m - =

For N particles:

“17-



2.3 Matter- eld interaction (3)

Plane wave electromagnetic elds

A (r;t) = Ag coskr 't)

wherek, ! are wavevector and angular frequer)]ncy;z =jkj (wavelength), = =2 (frequency).
. _ q . il . +il
=) V(r:t) = %Ao dKl g itt o o iKI gritt p

Electric dipole approximation

For not too short wavelengths,®* =1 ikr 1 and:

V()= % A, €t +e™ p=V coslt)

{ V(t) is no longercoordinate-dependent; for arbitary vector el§t)= LA(t) p
{ Including ikr introduces (i)magnetic dipoleand (ii) electric quadrupolenteractions

{ In terms of matrix elements, it can be shown that

V)= ~E()
{ " is theelectric dipole operator for molecules given as (at.u.):
X XA
= r+  ZaRp
i A

-18-



2.4 Rabi oscillations and -pulses

General, coupled two-level system

E02 . 12> unperturbed stategli, j2i, with energie€?, ES

I Y E constant perturbatio’’ = const., coupling matrix elemekt, = hij\V2i
= |1>

1 )

E periodic perurbatioW (t) = V%, cos(t )

~

Case E

Neglecting Stark termilj¥jli, 2j¥j2 solution of 2-level TDSE gives, fort £ 0) = 9, Rabi
oscillationsfor the upper state populatid®y(t)

n +DL
4jV12j° : L\, 0 0212 ¢
P(t)= — sirt (4jVipj°+ (E? E —
2( ) 4] V12j2+ (E(l) E(2))2 ( J V12 ( 1 2) ) N
1 . 7\ | In degeneratecaseE? = EJ =)
= V71§ =E,=0
0.8+ 1— V71, E’=0,E=1 2 jV12j t
/ _ V12:0-5: E10=0, 0:1 PZ(t) = SIn h
06 \ I
o \ and aRabi period
0.4 \ “
\‘ T = .h - = h.
0.2 2]V12] jV12]
N
OO 2 4 6 8 10

Zeit -19-



2.4 Rabi oscillations and -pulses (2)
Case E

In the Rotating Wave Approximation(RWA), ¥ = Yy cos(t) = % &t +e it % gt the
periodically coupled 2-level TDSE gives

jvlozjz : 0 2 2 2t
= + —
P,(t) VT sir V5 o
whereV3 = hij¥gj2i and = h!  (E9 E9)is thedetuning
1 1
el ale
0.8 1 0.8
A>0
. 0.6 — 0.6
N
0.4 —0.4
]
0 0.5 1 1.5 0
Zeit Zeit Zeit
In resonantcasen! = E2 EJ =)
. 0.
P,(t) = sin? 2! T=
2( ) 2h JVlZJ

A -pulsewould be obtained by stopping eld aft€=2, whenP, = 1.

-20-



2.4 Rabi oscillations and -pulses (3)

-pulse excitation:
Consider perturbations of the form

V(t) = Vo s(t) cos{ 1ot)

with shape functions(t) (=1 in caseE above). An example is the electric-dipole excitation wtrial

eld E(t) (laser pulse)

V(t)= 12 Eqs(t) cos( 12t)

A -pulsecreates a population inversion in a 2-level system.
7

[ =

12E0 S(t)dt = h

Example:
s(t) = Gaussian, width = 1000h/E y,
Vo = 0:00017724
h ,=EY E?=0:1E

= 2-pulse excitation:
A =2-pulsecreates alal—z (ju + j2) wavepacket

Jingdse condition is (under the RWA):

T T T T
0.001 —
— u -
N
a 0
> - _
-0.001
| | | |
I T I I T
D) 1
o p— | ]
£ 0.8
o o 7
& L |— P, -
M 06 |— P, -
B. [~ | — Energie 7]
Q041 —
‘Q - —
=02 -
A -
0 I T N I
0 1000 2000 3000 4000 5000
Zeit

6000

21-



3. METHODS TO SOLVE TIME-DEPENDENT
ELECTRONIC SCHR ODINGER EQUATION

_29.



3.1 General overview

Fixed-nuclei, N-electron t-dependent Schiedinger equat on ( = ¢, h=1):

@ XXt A I

with x; = (r;;! i) combined spatial / spin coordinates, anet * i :\' r+ © ,TA ZaAR,.
Overview over solution techniques
E Numerically exact solutions fd small
E Single-active electron (SAE) approaches

| Single-determinant methods

TD-HF: ()= oft)
TD-DET: ()= 5(t)
| Multi-determinant methods
=) P
TD-CI: (t): Co(t) ot ar Cé(t) 2115 ab;rscfﬁ)(t) ;SE);
TD-CASSCF/MCTDHF: () = Co(t) o)+ 5 CL(t) GO+ aprsCH(1) 150 +
TD-CC
I Others

-23-



3.2 Numerically exact methods for few-electron systems

Example !: Field-driven electron dynamics in H 2
xed nuclel, dipole approximation

B rthi {=x/le

4=

@

cylindrical coordinates, z;, ;
(i=1;2)

nuclei along at R=2

{(umits of a, )

1..

-8~ Covalent B lonic

dual transformation grid T T

4 4 0 4 8

E(t) — (O, 0) Eo) S(t) sin!t 3__fl:ba=m'm

(0)= X' } ground state

(units of a )
=)
|

:.l-.. -\..'\-_\I\:}
""\-H-

analysis: reduced density

=1

V4 3-

—

P(zyzo)=  j( z125y;tj% dy

zs (units of a, ) z; (units of a, )

lonization from ionic state :Exfngglg .E1R:h4(7660 am)

s(t) = linear ramp up to 1 cycle, then constant
1 (=21)=3:15 10®W/cm?

| (3=21)=2:84 10“W/cm?

1 Kono, Bandrauk and coworkers, Phys. Rev. &6, 043403 (2002)2 Phys. Rev. A64, 043411 (2001).

_24-



3.3 Time-dependent DFT

[ T
Time-dependent Kohn-Sham equations
Prerequisites:

{ Electronic density: Z _ _
(r;t) = dbadxyiridxy J (X5 X0 X b))

{ Runge-Grosstheorem (analogue to Hohenberg-Kohn 1):
(r;t)$ V(r;t) (potential)

{ Action integral andvariational prinicple (analogue to Hohenberg-Kohn 2):

=0

A= (1) Bt Ra(t) (1) dt and 0

{ Time-dependent Kohn-Sham-Slater determinant, density:
= A[;(xl;t) >(X2 1) N(Xn: )]
X\I . .2 X\I . .2
(r;t) = gt db =) )

i=1 =1
C(x;t) = ©(r;t) (1) are KS spin orbitals, * and (! ) are spatial orbitals and spin functions

1 Runge, Gross, PRL52, 997 (1984) -25-



3.3 Time-dependent DFT (2)

I - TT———
Time-dependent Kohn-Sham equations (cont'd)

Real-time time-dependent Kohn-Sham equations
7

4=

0
Aty ©= %+ jr(L’:zj

dro+ v(r;t) + ve(r;t)  2(r;t) = i@t “(r;t)

whereh.(r;t) = KS Hamiltonian with kinetic energy (1st term), Hartree term (2nd), extépwtential
(3rd), exchange-correlation potential (4th). For mokeir an electric el& (t) (dipole approximation)

WA
v(r;t) = _ZA r E(t)

azg I Rl

Adiabatic approximation for exchange-correlation paént
Vyc(r; t) depends on density of all (previous) time-pointgidiabatic approximation:

VXC(L; t) E xc[ t(L)]: t(L)

where ((r) is the value of (r;t) at timett.

Linear-response TD-DFT

In linear-responseregime, theCasida equationsas quasi-stationary eigenvalue equations give excitatior
energie$ ; (out of the ground state) and oscillator strength§LR-TDDFT).

1 Casidaet al., JCP 108, 4439 (1998) -26-



3.3 Time-dependent DFT (3)

1.0 4

Advantages of (adiabatic) RT-TDDFT O s Lo )
:.:.—-CGOHole " ._:.\ ._,.“.,,-...'v ..

Applicable to large systems

Good for single-electron excitations
Reasonable for weak- eld excitations
Combination with classical MD

064 1}

0.4

Orbital Occupation Number

024 F % i ¥k

0.0+

Time (fs)

photogenerated holes and electrons in DMVA-

Disadvantages of (adiabatic) RT-TDDFT Tr=ae ! ' *
Fl=— U5
Multi-electron excitations || ¢cisp |
— PBE

6
5
Strong elds 4
Conical intersections 3
Long-range charge transfer, Rydberg states 2f
g
0

Resonant & -pulse excitations, Rabi oscillations|

|
0 10 20 30 40 50
Time [fs]

-pulse excitation of LICN(with h! 6 eV)
! Chapmanet al., JPC Lett. 2, 1189 (2011); 2 Raghunathan, Nest, JCTC7, 2492 (2011) -27-

AE [eV]




3.4 Time-dependent Hartree Fock

e T
Time-dependent Hartree-Fock equations
Time-dependent Slater determinant

= Al 1(Xp5t) 2Xxt) N(Xn;t)]
with i(x) = i(r) i(!) the HF spin orbitals (and(r) the HF spatial orbitals).

TD-HF equationgfor spatial orbitals)

Y (0= 5+ WED+RO+ VGO (0= 2

with f(r;t) = Fock operatoryy (r;t) = Hartree term,V}(t) = (exact, non-local) exchange term, and
v(r;t) the external potential as above.

Linear-response time-dependent Hartree-Fock equations

In linear-responseregime, theRandom Phase Approximation(RPA) results which gives excitation
energies$ ; (out of the ground state) and oscillator strengthg analogy to LR-TDDFT.

-28-



3.4 Time-dependent Hartree Fock (2)

S | I
Rabi oscillations for H 31 Non-resonant excitation of H 1
i 3 005(a)
3 & 0.00-
.S “ 0.05
“ 0.3 3 5, S
0.2 __'""'"""""';:':_‘,"':"_','. i 'L_:. o ,:':"'l'_'.'-".f'_:""'"""""““"'“"""
014 7y % 4 ¥ e —
Food - A PN e
ER T (RN :
"'"43:3::.---:::
? -4:|.-'|--_------2|:riI
s 0.5} 20,
= N e e B B e e e
1.00 <
—~ 099](c)
= 11:il
5 0.98 = -- 1o,
[~ TP 20,
0.01 4 2a, A
= .O"-;Bs'\ f N .l'r;'y\
0.00 Lot N F E T s N T N S—
0.4 T+
3 (d)
5 g - 0.2 4
g a
- o ool
u 02 _— I-Iydrc;géi:l 1
L. L' LTIl LTIl L. ””-m';'rd-mglm?|-|-|-|-|-|-|
0 20 40 60 80 100 120 140 160 180 200 1] 25 K0 75 100 4125 150 175 200 225
Time (a.u.) Time (a.u.)
cw eld, resonant, Eqg = 0:05 h/eap; TD-HF/STO-3G laser pulse,Ey = 0:07 h/eag; TD-HF/6-311++G(d,p)
Rabi accounted for wavepacket, good agreement with FCI

1 Schlegel and coworkers, PCCP, 233 (2005) -29-



3.5 Time-dependent Con guration Interaction

The CI wavefunction

X R XX | N
=Dy o+ D) L+ b apt higher excitation

a=1r=N+1 a<b r<s

S

= HF ground state Slater determinant

0
. = singly excited determinang(! r)
v, = doubly excited determinang(b! r;s)
N.. = number of virtual orbitals
Do;D; DL :it = coe cients

Example:N =4, N,, = (2K N) =6 (2K spin orbitals)

virtuell
D

pesetzt

BRI

El =l
1 = e
| BRI

=83
NES

ek
LR
e | [ 1 ||

22

-30-



3.5 Time-dependent Con guration Interaction (2)

Time-dependent CI: TD-ClI 1

E Start from ( eld-free) ground stateF-Slater determinant g

0= A[ 1(xp) 2x3) N (Xn)]

E Perform ( eld-free)Cl calculation

iDi — Ei Di

P
=) Cleigenstates®' = [ Dj; ; with energyE;; H;; = h |jRej si; 1.5 = Slater determinants
| Solve TDSEwith eld

i@ )=@t Hea NE() (1)) where (1)= " Ci(t) !

o :
eld-o case: (t+ t) = ) Ci(t)e Ei t C |
eld-on Case:g(t + ’[) = Q gy e IE () = t U e " tg(t)

( =xy;z) = dipole matrix with elementd =j~ j Cli
diagonalizes to ~
diag(E1; Eo; 1)

Al
I

L Klamroth & co.; Rohringer; Santra; Schlegel; Head-Gordon; lppi; Cederbaum; Bonitz; Saenz; Tremblay -31-



3.5 Time-dependent Con guration Interaction (3)

TD-CIS: Time-Dependent CI Singles

If only singlet excited states are of interest (opticalgwadd from singlet ground states), then

X—X
CIS _ 1 r
= Doji ot Dii ™ &
a r
with singlet con guration state functiorts |, = pl—é( '+ D
TD-CISD: Time-Dependent CI Singles/Doubles
CISD _ /\ /\ r r /\ /\ r1s r’s
i - DO;i ot Da;i a™T Da;hi ab
a r a<b r<s

TD-CIS(D): TD-CIS with perturbative Doubles

Number of Slater determinants increases rapidly with agianit level; CIS(D)improves ClSnergies
by perturbatively including double excitations but legvine size of CI matrix as for CIS:

2
rs
}X Uab; n X D' .\
s ECIS a;i ai
abrs ab '

EiC'S(D) — EiCIS

ar

The u's andv's contain 2-electron integrals and coe ciebt§;, the 's HF-orbital energy di erences;
the CIS(D) ground state is the MP2 energy.

1 M. Head-Gordonet al., CPL 219, 21 (1994) -32-



3.5 Time-dependent Con guration Interaction (4)

An example: Laser-driven electrons in a metal Im .

The model

- N electrons, Im of thickness d

- 1D jellium model with + (z2),
regularized CFgqurpb interaction,
e.g.v(z) = @) 0

(z z202+¢

- coupling to two sihlaser pulses, delay
- Fourier grid representation

-0)= o

-d/2 d/2

HF calculation

0.15- ' B

I I I I I I I
-80 -60 -40 -20 0. 20 40 60 80

z[a)]

TD-CIS calculation
(N=6, =0, h! 1.2=0:155 g,, FWHM 1.,=20 fs)
illl! 81%1

0.001
1e-04
1e-05
1e-06
1e-07
1e-08
1e-09
1e-10

p(z.b)

4000
3500
3000

2500

2000

1500

toys [V/(21E,)] 1000
500

0
-500

1 Klamroth et al, Appl. Phys. A 78, 189 (2004); Klamroth, PRB68, 245421 (2003) -33-



3.5 Time-dependent Con guration Interaction (5)

Variants of TD-CI

TD-FCI TD-ASCI TD-RASCI SAE
K —_— - max. n e -
I‘ FCI
a 00— —00—
—0-0— —@@— max.hh —0—0—
—0-0— —00— —0-0—
2 —0-0— —0-0— - -
1 - oo frozen -

TDFCI: TD Full CI, all up to N -fold excitations (TD-CISDT N), \exact" solution of the TDSE.

Problem: for excitation level, |Nget = E K N N (2K)"| =) truncation needed

TD-ASCI: Full or truncated TD-CI in active space
TD-RASCH: TD Resctricted Active Space Cl in various subspaces
SAE?: Single Active Electron approach

1 Hochstuhl, Hinz, Bonitz, EPJ Spec. Top.223, 177 (2014) plus refs.2 Kulander et al., IJQC QCS 25, 415 (1991) -34-



3.6 MCTDHF and TD-CASSCF

Multi-Con gurational Time-Dependent Hartree-Fock 1

The MCTHF wavefunction is
MCTDHF X X
(X Xy ) = Ci, in() A jixut)  jy(Xnst)
J1=1 jn=l
MCTDHF X X \N
or Xy 010 XN 1) = Ajp jn(t) i (X 1)
j1=1 jn=1 k=1

with antisymmetric coe cient tensorA;, ;,(t). The ; (spin orbitals, single-particle functions) are time-
dependent; there arespin orbitals in the expansion.

TD-CASSCF: TD Complete Active Space Self Consistent Field
MCTDHF is analogous to CASSCF(M,P):

K
TD-CASSCF(M,P= M electrons in the active space ——
of P (spatial) orbitals r
TD-CASSCF(N,N/2)= TD-HF o AS=(4.5)
TD-CASSCF(N,2K)= TD-FCI a
ele 2
1 Kono; Scrinzi; Nest; McCurdy; Bonitz; Cederbaum; Bande; Thoss;afinor; Fisher o1 -35-



3.6 MCTDHF and TD-CASSCF (2)

\ - TT———
Coe cients A and orbitals from Dirac-Frenkel variational principle

h ( jHA @) i@@j[( )i =0

Equations of motion for coe cients and orbitals

i : @A A . .
Coe cients: i _ h SiBa(t) L
@t
J
e @ N i
Orbitals: i—=@1 P) h+ v _
@t — —eliel —
| P P o Hartree product, with combined indéx= i4; N
P = e DA, M TR (X t) single-hole functions
i =hjjoi single-particle density matrix
Hvekﬁiﬂ = h ijeI;elj |i mean elds
P = jnzlj iih ] projector on space spanned by orbitals
A(r;t) = % + v(r;t) single-particle Hamiltonian with external potentié)

Note: EOM are not unique; other choices are possible

1 Hochstuhl et al., EPJ Sp.Top. 223, 177 (2014); Kato, Kono, CPL392, 533 (2004);
Nestet al., JCP 122, 124102 (2005); Haxtoret al., PRA 83, 063416 (2011) -36-



3.6 MCTDHF and TD-CASSCF (3)

- TT———
Convergence of TD-CASSCF(M,P) to FCI
Imaginary-time propagation: = it
()=el ()= me® o+be®
Two examples with six electrons each:
1D jellium modél Li» moleculé
d=100 @, N =6, K orbitals LCAO-MO, TD-CASSCF/6-31G
, -403.5 | |
- I I
~ — TD-CASSCF (6,3) — CAS (6,3
Do — TD-CASSCF (6.4) — CAS (64
e ? TD-CASSCF Ee,rg -404- —Chsieel
— — TD-CASSCF (6,6) < —— CAS (6,7
22 TD-CASSCF (6,7) 7| 2
— ) (=
— 23 i g-404.\_
o o
()
-2.4 - )
C \ 405
25 =
| | |
o .1 . 2 . 3 4 -405. ' ' ' '
imaginary time (fs) 02 04 20 08 1

! Nest, Klamroth, Saalfrank, JCP 122, 124102 (2005) 2 Nest, JTCC6, 653 (2007) -37-



3.6 MCTDHF and TD-CASSCF (4)

Excited states by real-time propagation .

via FT of autocorrelation function via FT of dipole moment
D) )
h()j(ti= C,C,e Ent Mit)=  1.mCiCn g (En Em)t mjAjmi
10_ O ! ! ! ! ! ! ! ] I I 1 |2,3 I |4
= | polarized puise N
=) 1+ - i | | |
> 5 | |
Ty ‘ f ‘ £ |
0.01 'Hl - : i
r4* ul ¥ [I I !

9 B89 88 87-86 -85 84 83 8.2 0005 0L 015 0F 025 03
energy (hartree) excitation energy (hartree)

gives absolute energies gives energy di erences

LiH molecule, TD-CASSCF(4,4)/6-31G

1 Nest, Padmanaban, Saalfrank, JCA.26, 214106 (2007) -38-



3.6 MCTDHF and TD-CASSCF (5)

Excited states by real-time propagation .

Performance of dipole method (LiH)

n=1 n=23 n=4
35 35
30f o Exc. energy = 3.30455 eV - * e energy = 4.33232 eV Exc. energy = 7.08095 eV {30
251 + + {25
<) ’ )
%E, 20 -+ 4 - zoE
=15 + T {15=
9 V'S . E
S0 e + + {105
51 T T 15
0] SRR ®. . .y i .. i S @ ... i -0
L 2 ¢ ¢ *
- | | | | | | | | | | ® | | | 4 | L1 5
&) N O N N O O N O N N O O N O N N D
N Q ) DY DOV S Q 52 DY DOV S Q 52 PN
O7 @ P 0T TR 07 GV PR T 07 oY P T

1 Nest, Padmanaban, Saalfrank, JCA.26, 214106 (2007) -39-



3.7 TD-CCSD

Time-dependent Coupled Cluster theory and wavefunction

@ ¢ @ o, WO
CC Single Doubles:

(1) = f(t) Ta(t) + Ta(t)

=1

P P
wherefy o= _ ti(t) LandT, o= ... t(t) & andt are cluster amplitudes.

Imaginary time propagation 1! Real time propagation 1
TD-CCSD / 6-31G NHj3, ! =0:389 Eh—h sm2 pulse with =100 h/Ey
T T T T 0.0002 T T '
— CH, g
0.01 L NI—I: =
A - ; 0.00015 1
. 0.0001f \ =
oy 2
% 1e-06 w M o |
le—OS: ; 5e-05f 1
le-10, ' 20 L 20 Oy TR R T
T [h/(27E, )] t [h/(27E,)]
convergence to CCSD ground state resonant excitation

1 Klamroth, Huber, JCP 134, 054113 (2011) -40-



3.8 Other methods

Semiclassical methods for electron métiBloquet theory, : : :

Semiempirical electronic Hamiltoni&ns

Reduced-dimensional electron dynafnics

TD-CI and TD-CI like approaches with few-state models

TD-CI like approaches with state enerdigsand dipole matrices calculated from

LR-HF (RPAY X
ELR-DF'ISW ) (0= Gl
{ EOM-CC® Qw)

{ CASSCE, ADC, ::: | at H (t) C(t)

Hy =B 4 _; E()

E.g., Smirnova, Spanner, Ilvanov, PRA77, 033407 (2008) (eikonal approach)
E.g., Chuet al.,, Phys. Rep. 390, 1 (2004)

E.g., Mukamel and coworkers, JCPL19, 4722 (2003)

1D and 2D models, e.qg., Bandrauk, Lein, Scrinzi, Gross, Pd&m group
E.g., Manz (ring currents), and many others

E.g., Schlegel and coworkers, JPCA15, 4678 (2011)

E.g., Tremblay and coworkers, JCP145, 174704 (2016)

E.g., Head-Gordon and coworkers, Mol. Physl10, 909 (2012)

E.g., Smirnovaet al.

Cederbaum, Dreuw and coworkers, e.g. JCP32, 144302 (2010)
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4. EXTENSIONS / SPECIAL ASPECTS

_42-



+o5
> 5
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QO = e
C O ? ———————— _>
(D) & i ]
b I
c
>
o
®)] ———
pulse 1 pulse 2 pulse 3 pulse 4
1 \ T T
\‘ P . -
\ s
‘\ f'\ ,\ 3
08P, V' i P, PP \
[ ! t
[ 1 1
1 i
: i i
= 0.6 Vi 2! L
S 1 ! i
k= ¥
= 3 i i
& o4k A i i
: ! I A
: i |
02} \ i ' ! _
“\ : i |
\ l' L -‘.\ ll'
‘.'. \\ _I. -'._ ..' \ ,’
0 I B S et It it et shtiine kT ark—d PN (VRN e
0 4000 8000 12000

4.1 Treatment of Ionization

lonization in TD-CIS: A heuristic model

Time (h/Eh)

! Klinkusch, Saalfrank, Klamroth, JCP 131, 114304 (2009)

i
CIS CIS
E;”!D E, N
2
» = ionization rate of state, if ES'S > 0
—
— X Dr 2 2"r:me
n=— an
a,r d

ballistic model,

empirical escape lendth

Example:LICN, 4-pulse excitation

11 4 Imax
2, 3 I'max

9 10 W/cm?
35 101 wW/icm?

above threshold ionizatig

_43-



4.1 Treatment of ionization (2)

Atom-centered real-space imaginary absorbers L 18y AE(t)  Vandr)

butadiene:absorberd/aps norm lossedepending on eld polarizatién
0.9 \
£° s

time / au

100 200 300 400 500 G500 rgele]

time / au
laser eldE(t): 800 nm, 7 cycles TD-CIS/aug-cc-pVTZ+di use fcts.

1 Schlegel, Krause, JCP141, 174104 (2014); 2 Krause, Saalfrank, unpublished -44-



4.1 Treatment of ionization (3)

Atom-centered real-space imaginary absorbers: TD-CIS-CA P! (cont'd)
Test: lonization rates for H

o : - 3.0 Al
mt_ernuc.lear distanck I\ ee= hiw, = 0.043 E;, |
- orientation along E i — hw. = 0.057 E,
| 90 ! === hw, = 0.057 E, -
- Sirf pulse, ve cycles, 800 nm, = !
1=10*W/cm? e
. . 2 1.0
- various polarizations =
S
- TD-CIS-CAP/aug-cc-pVTZ L -

vs. \exact"? calculation

25

Bandrauk and coworker,
Theochem 547, 97 (2001)

20 4

15 A

10

lonization Rate(10'%/s)

Charge Resonance Enhanced Ionizédi 51

4 6 8 10 12 14 16 18 20

! Krause, Sonk, Schlegel, JCR41, 174104 (2014) 2 Bandrauk et al., Theochem547, 97 (2001) -45-



4.1

Treatment of ionization (4)

Fu

rther methods / basis sets:

Grid-based methods

B-splines/hybrid bases

non-AO centered absorbing potentials in real space
ADK#* and other approximate methods

R-matrix methods

Dyson orbital$ : ::

o OB~ W NP

Bandrauk; Madsen; Becker; Nest, Klamroth, Saalfrank; McCurdymany others
Saenz; Martin; Bonitz; Madsen; many others

Scrinzi; Riss, Meyer; Santra; many others

Ammosov, Delone, Krainov, JETP64, 1191 (1986)

E.g., Smirnowa and cow., JPB: AMOP48, 245101 (2015)

E.g., Oana, Krylov, JCP 127, 234106 (2007)
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4.2

Treatment of nuclear motion

\Exact" non-Born-Oppenheimer treatment for small systems

TD-Cl and variants: Multi-state models witR-dependence

”fnu;+ V(R 1) + QI _(RiD) = i@”‘éﬂt; H

plus semiclasscial variants (\surface hopping", Landaed]

(Real-time) TD-DFT. Combination7with classical MD

4=

1, (rt)

ﬁKS(L; t) = é jl‘ rq

dro+ v(r; R(t); t) + Vie(r; 1)

with, e.g, Ehrenfest coupling

MCEND: Multi Con gurationa\I{Elgctron and Nuclear Dynanti¢s

/' \ /' \

( X1 B’ t) - AJe|Jnu (t) eI;Je|(X; t) nu;Jny (Bs t))
Jel Jnu

with Slater determinants ¢;;,, and nuclear Hartree products,;j,,

AW N

Bandrauk; Manz; Paramonov; Lein; Gross; many others

E.g., Provorse, Isborn, 1JQC116, 739 (2016), and references therein.

Ulusoy, Nest, JCP136, 054112 (2012)

For a similar MCTDH-like approach, see: Haxton, Lawler, McCurdy, RA 83, 063416 (2011)
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4.3 Treatment of dissipation

\
Open-system density matrix theory in a nutshell L H = A+ Hy+ He

expectation valugd hAi (t) = tr f At) Ag
/y\ 11
density operator of system-bath A= Wn] nih p
A i
Liouville-von Neumann equatid @gt) = L Hs+ Hp+ By 7
reduced density matrix®s = tr p #
bath approximation #
Markov approximation?s(t) = f [7(t)] " # :
- @) — i .
LVN equation folopensystem é@(t) = Hon + %St )
#

Red eld, Lindblad
Lindblad disspative part

X N i
O _ipn=" Gl 122 GG
@t , ) ;

with Lindblad operatorsC, accounting foenergyand phase relaxationfor example.

1 Blum, Density Matrix Theory and Applications Plenum (1996) -48-



4.3 Treatment of dissipation (2)

LVN equation for laser-driven electrons: The -TD-CI| method 1
perturbation

i
@t - H[qu ig(t)’ "l + @t energy relaxation
@t (z bo_@ty 1 "
system dissipation system,'H, Coupling. Hso
A

N
dephasing bath, Hy

Lindblad dissipation, Cl eigenstate basis (N states)
Populations:Diagonal elements of,” ,n, = nj”jni

)(\l .
d = = [ IH[Vnp(t) pn anpn(t)] +( p! n pp n' p nn)] an Gh'>m
P

The n, (state populations for state) change according to:

dipolecoupling:|Vmn(t) = E(t)

[T

energyrelaxation: G !~ mimihnj|, with rates

Dephasingntersvia an e.o.m for o -diagonals,,_through dephasing rates.

! Tremblay, Klamroth, Saalfrank, JCP 129, 084320 (2008) -49-



4.3 Treatment of dissipation (3)

I \ - TTTT—
Spontaneous emission in vacuum 1 Relaxation at a \metal surface"
— - ! %n 2 - dS
m!n—Amn—3h003 mn m!n—Amnl
LICN, JOi '] 2 transition,A,y = 43 ns, A,y =430 fs, 5 and 75 fs pulses
50 and 1 ns pulses, -TD-CIS(D)/6-31G
1 : : : : : : : : 1
|0>
0.8 - 08 |
1 ' 1 —
S 08 r T S 08 | -
g 0.6 | 06 - \ | . (_gﬁ- 0.6 0 | |
9 04 r 1 g 04 } =
£ o4} 02f § ] \\/ £ 04tg,l |
5 . & P —
0 0.5 1 %0123 45
02 Time (ns) 1 02 Time (fs)
° 0o 5 io 1|5 2|0 2|5 slo 3:5 4|0 4I5 50 ° 0 10 20 ?;0 4IO 50 60 70
Time (ns) Time (fs)

only for long pulses important, selectjve short pulses needed, less selective

! Tremblay, Klamroth, Saalfrank, JCP 129, 084320 (2008) -50-



4.4 Beyond the dipole approximation

Inclusion of magnetic dipole term in TD-CI
Chiral distinction by femtosecond laser ioniz&tion circular dichroism in ion yield
(R )A+L/R-circ. pol. h !

(L )A+L/R-circ. pol. h !

3-methyl-cyclopentanone

O
|

(S)

O
|

(R)

magnetic dipole couplingySp) !

V(t) =

_E()+ m B(t)

n transition is dipole-forbidden but magnetic-dipole

allowed

(S1)

(R )A* +e
(L A" +e

0.25 4t

1

CD =2

Yice  Yrep

Yicp + Yrep

0.20
0.15
0.10

CD in ion yield

0.00 3———

0.05 *

m (R).-3-.|V|ICF;
,EliliiliiiiIEiIEII
(]

0

pulse duration / fs

1111111111111111111

250 500 750 1000

0.45]

0.40]

co[S)
o
&

= (R)-3-MCP

0.30] .

0.25-]

-------------------

pulse duration / fs

! Kmner, PCCP 17, 19643 (2015) ; Horsch, Urbasch, Weitzel, Kener, PCCR3, 2378 (2011)




4.5 Optimal control of electron dynamics: QOCT

Time-dependent Schiedinger equation:

ihgj[ i = He(t)j i| forward propagation from=0,j (0) i = oi

He(t) = Ha  ~E(t). Optimal eld is to be found.

Maximize constrained target functional J:
e . z i . z t L@ i .
J = h( t;)j0j ( tr)i JE (t)j°dt dth( t)j= + ~He(t) ( t)i + c:c:
0 0 @t h

O = target operator, = penalty to avoid strong elds; = nal control time

Lagrange function ( t): Backward propagation

ih@@jt( i = He gg(t)' i (1)i| backward front = t¢ ,j ( t;)i = Oj ( t;)i

Calculate eld iteratively to self-consistency

E®= - Imh( 0} (1)

1 Rabitz and cow., JCP88, 6870 (1988); Koslo and cow., CP139, 201 (2009); Klamroth, JCP124, 144310 (2006) -52-



4.5 Optimal control of electron dynamics (2)

A rst example: State-selective excitation
an optimal 6fs laser pulse

N-methyl-6-quinolone, TD-CIS(D)

goal: selectivgy! S; transition

Multi-state models and selectivity

intense pulses require multi-state models

due to multi-photon excitation

1 Klamroth, JCP 124, 144310 (2006)

0.8

0.6

S, population

o
~

@
o

1

G© T-pulse
EEOCT

A~ e

| i aal —
100 1000

Number of states

~ 10000

-53-



4.5 Control of electron dynamics (3): Further aspects

Time-dependertargets and (multiple) \terminal” ¢;) targetsR
Further constraints: Frequency range, t-dependent shaf®, E dt=0, :::
GuidedLocal Optimal Contral (GLOCT)
Hybrid local / optimal control
Stochasti®Pulse Optimizatioh(SPO)
3¢ 1
E(t) = s(t) [aycos(2 t)+ hsin(2 t)]
1=0
de ne tness to judge on quality of stochastically determined coe @ent

Optimal control indissipativeenvironments>=°
Coherentcontrol
Rational pulsalesign: Analytic pulses =!f(s (t); Eo; ; polarization)

E.g., Serban, Werschnik, Gross, PRA1, 053810 (2005)

Tremblay, Saalfrank, PRA 78, 063408 (2008)

Beyvers, Saalfrank, JCP128, 074104 (2008)

E.g., Schenborn, Klamroth, P. Saalfrank, JCP144, 044301 (2016); Grosst al.

E.g., S. Beyvers, Y. Ohtsuki, P. Saalfrank, JCPL24, 234706 (2006)

RI-sTDCI, where both dissipation and pulse optimization are sichastic: Klinkusch, Tremblay, JCP144, 184108 (2016)
E.g., Brumer and Shapiro: Interference strategy 54
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5. APPLICATIONS:
LASER-DRIVEN DYNAMICS

-55-



5.1 State-to-state excitation

Laser-pulse excitation of H

1
/’C:n/u"‘
\\\ EF'sS
/ ] g |
1 +
\ 8Ly v — |

el \

-09

L E(D) \\;_,4

X’Z/
11\ Z

! Potential curves from Kutzelnigg,Einfahrung in die Theoretische ChemigVCH)

R [a.]

-56-



5.1 State-to-state excitation (2)

I
TD-CISD (=FCI): Laser-pulse excitation of H 2

TD-CIS/aug-cc-pV5Z0i 'j 1i (* ) laser excitation
with sirf-shaped -pulsesE,(t) = Eq Sirf (t=2 ) cos( 1qt)| with FWHM
= 1000h=Ej, \short pulse® =50 h=Ej;

1

\long pulse®

2(t)
1r
O5¢f
ol
05}
1+t

2000

0
2500  -0.1

0
1500 0002 Ez .
¢ 2000 3550~ 500 ) 1:0
o O
[ c
052 10:5.2
o ©
I > I >
o o
o (@)
[a o
110.0

. . - 100 oo comee micensmmmd - deeeoot 1, oW o
LN LULTEY YL TR LR LR

E [En] 1:86 1:395 093 (465 Q0

singlephoton, state-to-state

E [En] 186 1395 093 0465 00

multi-photon, wavepacket

! Krause, Klamroth, Saalfrank, JCP127, 034107 (2007) -57-



5.1 State-to-state excitation (3)

LICN: A molecular dipole switch? 1!

CIS(D)/6-31G* state energies of LIONE ™) = ECIS + EP)

E [Eh]n .
—9 Computed dipole moments:
8 —6—r7
. .5 state character dipole ; (e &)
2 ——3 0 Li*CN -3.71
0:2- —1; 2/3 | LICN +2.80
7/8 |Li "CN -1.18
- 03y
0:17 m y
Lt CN~
0:04 0

Goal: Laser-pulse controlled dipole switch

! Krause, Klamroth, Saalfrank, JCP123, 074105 (2005)



5.1 State-to-state excitation (4)

LICN: TD-CIS(D) calculations 1

TD-CIS/6-31G; j0i '] 2 laser excitation
with sirf-shaped -puIsesLFEx(t) = Egsirt(t=2 ) cos{t )| with FWHM

LT
£CIS(D)

1NN AR
83 | longpulse [ = 2000h=E;, (50 fs)]
06| | )

0.5} 1 -
04 1

0:3}
0:2}
0:1¢

eigenstate

0:25
0:20r
0:15;

0.10 i =) | electronic wavepacket
0:05 1

shortpulse [ = 100h=E} (2 fs)]

0.0 0:2 04 06 Q8 10 12 14
E [En]

! Krause, Klamroth, Saalfrank, JCP123, 074105 (2005) -59-



5.1 State-to-state excitation (5)

LICN:

Dipole moments, obtained with $ilaser pulses with di eremolarizations E(t), E,(t)

1 Krause,

TD-CIS(D) calculations 1

G = 100 [W/(2nE,)]

G = 2000 [h/(27E, )]

I I I I I I I I I I I ! 1

- __ 2
B ER
B 70
I —-1
| —-2
i B1] ] 3

1 I 1 ]

i —t—]
= —1-3.5
B —1-3.6
- 1.3.7
_ 3-3.8
Vv | | | | | | | B339

100 200 300 400

t (V/(2RE, )]

dipole switch with \long", x-polarized pu

Klamroth, Saalfrank, JCP123, 074105 (2005)

se

1000 2000 3000 4000

E.(t)



5.1 State-to-state excitation (6)

LICN: TD-CIS(D) calculations 1
Switching sequences apulses

i | I | 1 | I | I | i

2r T §

— Ir T §
8 o -+ -
Sy T =
T af T §
=iy T N

2 0.004 - + .
= 0.0021 T .
= OF T ]
= -0.002 - T 7
LTJM_OOO4 L | | 1 By 1 | 1 | 1 | 1 B

2000 4000 6000 8000 2000 4000 6000 8000
t [W/(2RE )]

reversible and \branched switching

! Krause, Klamroth, Saalfrank, JCP123, 074105 (2005)



5.1 State-to-state excitation (7)

I T
Switching in larger molecules 1!
Molecules NC-(PRjLi with n =1;2; 3 n=1: pulse? to molecular axis

X = molecular axis [ T ' I ' I ' I

m() [ea)

m(t) [eq)]

F.(t) [E/(eq)]

I A R
0 1000 2000 3000 4000 500c
t [M(2pE,)]

some loss of state-selectiyity

1 Krause, Klamroth, JCP 128, 23407 (2008) -62-



5.1 State-to-state excitation (8)

\
Intermolecular, long-range charge transfer in a Donor-Acc eptor system *!
Model system: £H, C2(CN)4 -

D Z % |
:;%i 2
\*/ HOMO (D)

LUMO (A)
Potential energy curves: CIS vs. LR-TD-DFT
Cl1S/6-31G TD-BP86/6-31G
E—= -522.7 —— \\ E: -525.95
g -522.8- direct || indirect Sl 82 - ~ -526
-5229 SO -526.05
R 6 8 RDAI?aO] 12 14 16 S0l 6 8 RD]/:) ] 12 14 16
correct 1/R behaviourideal: = IP(D)+EA(A)-1/R ) no correct 1/R behaviour

! Klinkusch, Klamroth, Saalfrank, PCCP 11, 3875 (2009) -63-



5.1 State-to-state excitation (9)

Intermolecular, long-range charge transfer (cont'd)
. . L . P
Single (sif) pulses § S Back-switching with :
02x = 0:86 eg, h! g2x = 0:2207 [, Rpa =7:21 & pulsevs. OCT pulse
p* -
o' = 125h=E;, dipole moment,
7 T T T 1 T 1 T
JE 2 2 - -09/_‘
s a allY a2 4 6fF 5
ethylene  TCNE L — T pulse 1
dipole moment ,: — OCT pulse
7 T T T T | T T T 24 — target (82)
°r ] :f3—
51 — L
2
S, s T
N — 0= 12
= 3F — 06=250 | 0 | | I I ' '
— ¢ =2000 0 100 200 300 400 500 600 700
2 . t[W/Q2TE,)]
1 ‘ ’ ‘ a
0 | X ql | 7I .‘ | —
O Y waaey ™ Better selectivity for short pulses

Long pulses selectjve
! Klinkusch, Klamroth, Saalfrank, PCCP 11, 3875 (2009) -64-




5.1 State-to-state excitation (10)

Intermolecular, long-range charge transfer (cont'd)
pulse sequencg S S ! S Trimer: DDA
2 pulses, 1.x = 2 = 2000h=E},, can overlap 2 pulses, 1.x = 2, = 1000h=E, non-overlappinc
p* — — — — e— — — — —
—p —e —e —_ _T . —o
o T e _.é s oy oo oo _ oo oo _ | s oo
ethylene TCNE ethylene ethylene TCNE ethylene ethylene TCNE ethylene ethylene TCI
o pulse 1 (x) >< pulse 2 (z) - 1 pulse 1 (x),\pulse 2@z
< - > S i | .
j_pulse 1 (x) pulse 2 (2) = Sg
= OpTTTTTTTTTTT 5. Fo i,
iN "= Ac= 2000 =
sl — At = 4000
SZ
3 spm——-—---—ppr———apj+----—-—-—-———————————
1=___;7V AV/\AJ- | | | | | | | |
00 1000 2()Ioo 3()I00 4()I()0 50I()() 6()I()0 70'()() g()l()() 00 1000 2000 3000 4000 5000 6000 7000 8000
t[(W/(Q2TE)] t[h2nE,)]
still highly selective, F small Long-distance transfer

Also: DDDA, 3 pulses
! Klinkusch, Klamroth, Saalfrank, PCCP 11, 3875 (2009) -65-



5.1 State-to-state excitation (11)

E ects of ionization and dissipation 1

-TDCI extended by complex absorbers in state-Space
Liouville-von Neumann equation with loss terms

%t: 'ﬁ He ié\ﬂ/ "E(D); "+ Lp”

Absorbing boundaries for states above IP: lonization

X
W = ajnihn;j

n

with heuristic ionization rate model for states above IP

Lindblad dissipation

X h |
Lp/= ENCY 122 CYC, A

n

+

with Lindblad operators and transition rates calculateefsre:

0

El T T ijlihkj wi=A 513

! Tremblay, Klinkusch, Klamroth, Saalfrank, JCP 134, 044311 (2011)
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5.1 State-to-state excitation (12)

E ects of ionization and dissipation ! (cont'd)
H,, bound! bound excitationOi '] L!j 2! |5
3-pulse -pulse excitation with; = 0:5 , = 3=500h=E,, TD-CIS(D)/aug-cc-pVQZ

1

0.9 1

0> 1 12>
[1>
081 H T 5> e 08 -
|9>
S O 6 ..'!‘l..'|||ll-N9!‘lm..‘_ |1 0>
g | 0.7 1 9>
=)
s
- 17> 6> 8>
061 o o . o o * o o
0.2 I5>
Free 05 [3> ———— W5z — 4
2 "0 K B — 2> K
0 l I 2 — 1>
A J
0.8 | 04
.S 06 03 - o
© \
=)
8- 04 t v )
- . 0.2 1 Ho3x "‘ ’,' Hoay
02 .
with ; 0.1 - \
ionization HEY ' \
0 T S A . Al L y
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 50 0 0
Time (fs) Time (fs) ) - 0>

Note: lonization can enhance target yield

! Tremblay, Klinkusch, Klamroth, Saalfrank, JCP 134, 044311 (2011)



5.2 Electronic wavepackets

Electronic wavepackets in LiH obtained with MCTDHF

Excited states

staten| Eon (En) 2 (@) o (e@) &, (ed)
T+  0.1139 2301 { 1.157
1 0.1502 0193 1521  {

1+ 0.1962 3.259 -0.421

CASSCF(4,5)/6-311++G(2df,2pR = Ro = 2:472A

Few-cycle laser pulses

Tt
E(t)= Eqe 22 cos{ct+ )

L H
Z= molecular axis

Time (fs)

also: large role of CEP phase

L4

! Nest, Remacle, Levine, New J. Physl0, 025019 (2008)

Dipole moments after pulse excitation

= 40 h/E, JEoj = 0:025 E/(eap)
= =3,h! (=0:133 F (T =47 h/E})

(a) z-polarized

(a)

e
e — M
™ 14

12

10

=
)

B 1002 00 02
@O (x) (1)

i0i,jli WP

Time (fs)

P |
1 w%_m_

(b) (xz)-polarized

(b)

-0.8
~09 _0p-0.1-0.00.102

joi, j1i, j2 WP




5.2 Electronic wavepackets (2)

Validity of xed-nuclei approximatior\ll invquantum electron

AJeIJnu (t) eI;Je|(X; t)

MCEND wavefunctior

N -tuple Jei = (j§
coe cients Ay, j,, -

dynamics 1

7/ \

I X;Rt) =

Jel

/' \

Jnu

nu;Jny (B’ t))

j), Slater determinants ¢3,; (3Na
Expansion length Qe=2; ny) if ne spin orbitals (electrons),n, SPFs for k-th nuclear DOF.

6(5))-tuple Jei = (j 17

Laser-driven electron-nuclear dynamics for LiH

sin’-shape envelope, 2= 4 fs, frequency! , amplitude Eo,

1.2
1
~0.8
L)
A 06
v

0.4

0.2

(3,2),initial vibrational ground state
(h! =0:120 E,, E§ = 0:02 E/(eay))

2 4 6
time (fs)

time (fs)

no large e ec

~t

10 12

(4,1),two initial vibrational wavepacket
(h! =0:125 B, EZ = 0:025 E/(eao))

1.2F ' 27 l RN H
>26F .
» 25k N -
19 FF N
= 23 | 1 1 1 1 |
mD
— 06_
A
N
vV 0.4f
0.2t
0.0f
0 2 4 6 6 10 12
time (fs)

some e ect at later times

1 Ulusoy, Nest, J. Phys. Chem. A116, 11107 (2012)

::1), Hartree products u.3,,;

= 0; MCEND(x,y)/6-31G + add. basis functions

S
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5.2 Electronic wavepackets (3)

Charge migration after hole creation *

N Hole migration along molecular axis
- Initial state a)

j (O) i = /a|J Oi hole density Q(z,1)
03 r

& creates hole in MQ, o= HF ground state 02 |

- Cl-like expansion o¢f( t)i, ADC(3) states 0.4

0 A

- Three donor-acceptor molecules

6
CC e time [fs]

molecular axis

b)
hole density Q(z,1)

0.3
0.2

- Sudden hole creation in donor site

0.1

6
T time [fs]
molecular axis 0

MePeNNA BUNNA c)

hole density CXz,1)

0.3 r
0.2
0.1+

0

molecular axis

! Lennermann, Kule , Cederbaum JCP 129, 104305 (2012) -70-



5.3 Response

Linear response: Static polarizability of H o
General strategy:

Apply Eq = Eoq Sirf( t= 2 ) cos( t) and compute induced dipole moment,

X X X

Q= afE L) + 5 adtPoE () Eqofl) +
qO qO qOO

with g, o = x;y;z, = polarizability, = 1st hyperpolarizability.

Kennlinien for H: Static polarizability:! =0
= 1000 E=h, Eoq = 10 ° En/eay, variable!

TD-CISD?* | Exp. | Stat. QC
« | 6.3989 6.303 6.3970
» | 4.5845 |4.913 4.5749
| 5.1893 |5.554 5.1822

all in ag; @ aug-cc-pVQZ;® FCl/aug-cc-pVQZ

! Krause, Klamroth, Saalfrank, JCP127, 034107 (2007)



5.3 Response (2)

Linear and non-linear static response at xed | 60: H,01

Kennlinien for HO: y-polarization Polarizability:h! = 0:08856 E
= 1000 E,=h, Eqy = 0:05 E//eap, h! =0:03675 K

TD-CIS* | TD-CISDP | exp.
« | 8.3166| 2.64 | 9.549
y| 105923 5.83 |10.311
.21 9.39 4.3 9.907
av| 9.4363 4.26 | 9.223

all in ag; @ aug-cc-pVDZ;P cc-pvVDZ

Hyperpolarizability:

L) 0zt o !;!)Ey(t;!)+% ay( 2051 EXE!)

zyy( 20511 ) for di erent methodsh! = 0:08856 E:
z TD-CIS/aug-cc-pVDZ = 18.8%
TD-CIS(D)/aug-cc-pVDZ = 25.23

! Krause, Klamroth, Saalfrank, JCP127, 034107 (2007) -72-




5.3 Response (3)
I - TT——
Dynamic polarizability of H = 1
General strateg(for cw eldE = E, cos{t )):

. X 1 X
a9 (t) = gl ;1) Egecosit)+ 1 aief 2 ;51 ) Eggp Egeocod (It ) +
o g0
where::: give ( 3!';L;I;1 ) etc. With variable eld components, e.g, Eqoq cos( 1t), Eoq cos( 5t) etc., one can obtain

( (!1+!2);!1;!2), ( (!1+!2+!3);!1;!2;!3)etc.

.7 for Hy: TD-Cl/aug-cc-pVQZ Static Sum-Over-States. TD approach
i = — 5 X 2
sir?, =1000 E=h, Eqq = 10 ° En/eag SOS/PT: =2 - L .lng
ngo - N0 °

with transition dipole moments on.q = h oj*g ni-

! Krause, Klamroth, Saalfrank, JCP127, 034107 (2007) -73-



5.3 Response (4)

I \ T
Dynamic polarizability of H 5. E ects of ionization and dissipation L2

SOS expression for polarizability of systems with niegififes :

RcP( 11 ) = X On;g no:qP ('no !) + on;g noO:qP ('not!)
e ) — 1 1
with decay rate ,, for staten.

TDCI ionization and SOS calculations fo?HTD-CIS/cc-pVTZ
Sire pulse with = 2000h=E;; ,, values

1 Jensenetal.,, JCP 122, 224115 (2005) 2 Klinkusch, Saalfrank, Klamroth, JCP 131, 114304 (2009) -74-



5.3 Response (5)

High Harmonic Generation (HHG)
3-step model for High Harmonic Generation (HHG) of Cotkum

The (classical) cuto formula

The cuto region is determined bW . = (IP +3:17Up)=!

with driving frequency g, ionization potential IP, angonderomotive energy

Up = 1°<(4! §)

and laser intensity = "o ¢ E§. Also useful: Th&eldysh parameter = (IP=(2U,))**|. For > 1,
multi-photon ionization dominates and fox 1, over-barrier or tunneling ionization.

1 Figure from Midorikawa, Jpn. J. Appl. Phys. 50, 090001 (2011) -75-



5.3 Response (6)

Three ways to compute HHG spectra from power spectra L2
z it : 2
P()= h(t)jj(tie™ dt
tf ti t
with the choices: P,(!). =2z dipoleform (or, )
P,('): =% dipole-velocity form (c%) 2
Pa(!): = % dipole-accelaration form (%[7)

and relation! 2P,(!) Py(') %Pa(!).

An example: H atof

! Bandrauk et al., PRA 79, 023403 (2009)

2 Cocciaet al., 1IJQC 116, 1120 (2016)
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5.3 Response (7)

Calculating \HHG spectra" from TD-CI

H,: Inversion symmetry

only oddsignals

! Krause, Klamroth, Saalfrank, JCP127, 034107 (2007)

1

FO: No inversion symmetry

evenandoddsignals

_77-



5.3 Response (8)

H, HHG: Accessible by Gaussian basis sets? !

h! =0:057 5, =1102h=Ep, | =10 W/cm?, TD-CIS

HHG cuto requires di use functions (+Rydberg, continuum), hard to converg@

! Luppi, Head-Gordon, Mol. Phys.110, 909 (2012), JCP139, 164121 (2013)
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5.3 Response (9)

H, HHG: The role of ionization losses

HHG spectrum of 5 TD-CISD
I ' I ' I '

5

|A_I

-10

Iog10 P
K
(&)

20—

25+

[
— d-aug-cc-pVQZ (no lifetimes) []
— d-aug-cc-pVQZ (with lifetimeg)

10 20 30
Harmonic order N

l 0=0:057 R, =1102h=E;, | = 10" W/cm?

1

dipole moment
— d-aug-cc-pVQZ (with lifetimeg

' | |— d-aug-cc-pvQZ (no lifetimes)
0.4
g o2
= i
c
e 0
o
£ _
Q@
3 -0.21
&
-0.4—
1 | 1 | 1 | 1 | 1
0 500 1000 1500 2000

Propagation time [Ht, |

Further improved HHG spectra (?), but what are the benchstark

1 White, Heide, Luppi, Head-Gordon, Saalfrank, Mol. Phys114, 947 (2016) -79-



5.3 Response (10)

HHG for larger molecules: Useful for analytics?

experiment

1800 nm, 1.1 10“W/cm 2

1 Wong et al., PRA 84, 051403(R) (2011)

theory (TD-CIS-CAP)

2 Krause, Saalfrank, unpublished
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5.3 Response (11)

HHG of molecules: Active control of H

» HHG spectrum 1

Stochastic pulse optimizatipRourier form, withtness function

P

F =

ok Wi (1 P2
kUkj z(! k)j2

with weights for wanted (W) and unwanted (U) frequency regio
suppressed and enhanced areas

-
4 10 ! | T T
@ I R B I I
— pure pulse 2 11
— optimized pulse 3 control are
—~ € 110"
2 1 8
S | —Xx10. > 110°
> =
2 & 110"
C 9 = I O O
~ ’ —]
3210 1357 9111315
%) w ]
c
@
+
£

12
ww]

1 Schenborn, Saalfrank, Klamroth, JCP144, 044301 (2016)
see also: Rasanen, Madsen, PR8&6, 033426 (2012); Hongt al., PRA 80, 053407 (2009)

pureandoptimized elds

0.01- M

E®) [E/(eq)]

-0.01- w

— pure pulse
M — optimized pulse

I
"

1 I 1
0 1000 2000

t [h/E ]
h! o=0:057 B, = 1000 h=E;
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5.4 Controlled electron dynamics

\Controlling" electron transport through MIM junctions .
Metal-Insulator-Metal junctions Possible processes
(h! =1:5eV)

\Control parameters"

1. bias V
2. laser pulsek,(t)
3. Im thickness

1 Thon, Merschdorf, Pfei er, Klamroth, Saalfrank, Diesing, App. Phys. A 78, 189 (2004)
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5.4 Controlled electron dynamics (2)

\Controlling" electron transport through MIM junctions ! (cont'd)
Experiment: 2-pulse-correlation

control parameter: pulse delay
e 20 fs

E()

Theory: TD-CIS, 1D jellium model

1 Thon, Merschdorf, Pfei er, Klamroth, Saalfrank, Diesing, App. Phys. A 78, 189 (2004)
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5.4 Controlled electron dynamics (3)

Optimal control of aromaticity: Creating wavepackets .
Bond order8 and Mulliken charge® in benzene

State Bii+1 Bistii+2 | Qi Qi+1 E character
So 1.41 1.41 -0.19 -0.190.0000 aromatic
S; 1.21 1.21 |-0.21 -0.210.2138
S 1.24 1.24 |-0.21 -0.210.2932
WP (i): So+ S;| 1.04  1.751-0.20 -0.20 non-aromatic
WP (ii): So+ S| 1.32  1.32 | 0.05 -0.4bH non-aromatic

CISD(18,18)/6-31G all in atomic units

target|O = jSp+ S$1ihSo+ Sy
pathSo! Sot+ S3! Sp+ S5l Sp+ 5

target|O = jSp+ S,ihSe+ Sy
pathSo! Sot+ Sl Sp+ S5 So+ S

1 Ulusoy, Nest, JACS133, 20230 (2011) -84-



5.4 Controlled electron dynamics (4)

TD-CISD/6-31G (20 states)
OCT pulsesky, Ey), WP (i) state populations, WP (i)

1 Ulusoy, Nest, JACS133, 20230 (2011)

Optimal control of aromaticity: Creating wavepackets 1 (cont'd)
Controlled destruction of aromaticity and subsequent ahyost

subsequent dynamics l{dMPs)

-85-



5.4 Controlled electron dynamics (5)

Control of electron correlation 1

Time-dependent \correlation energy"
LiH, TD-CASSCF(4,n)/6-311++G(2df,2p), excitation withder pulse

Sire pulse, 3fsEq = 0:01 B/(eag), h! =0:15F, sir? pulse, 3fsE = 0:025E,/(eag), h! =0:15 g,

| | | | |
-7.96- -
TD-HF (4,2)

-7.98
TD-CASSCF (4,4)

energy ()

]
(o]

-8.02
-0.015
o
=
o)
[
()
c -0.02
i)
ke
g
S
; 5 | | | | |
0.02 0 1 2 3 4 5 6
time (fs)
Ecorr(t) <0 Ecorr(t) > Ol

\Correlation energy”{Ecoi(t) = Erp.casscr(t)  Epe(t)

! Nest, Saalfrank, unpublished -86-



5.4 Controlled electron dynamics (6)

Other (statistical) measures of correlation
One-electron density operatoafd matrix
7

[ ==

MNL19 =N (1:2:::;N) (1®2:::;N)d2:::dN| 1-density operator
L
i = did® ;1) @1 ;@9 1-density matrix in HF orbital basis

If is the HF ground state, then =1_.

One-electron entrop$ and and \quantum impurity"C

S= kg Tr In C=1 zTr 2

\entanglement of formatich \correlation", \linearized entropy"
If Is a single-determinant state (such as the HF groundesfathenS = C =0,

Two questions:
E What is the dynamics of a HF state under the in uencél g

E Can we make a HF state, at a given time, from a correlated grstate?

1 Wootters, PRL 80, 2245 (1998) -87-



5.4 Controlled electron dynamics (7)

The Hartree FOCk State "correlated" "Hartree-Fock"

"Hartree-Fock"

energy

"correlated"

D.R. Hartree (1897-1958) V.A. Fock (1898-1974)

The Hartree Fock state as an excited state: H > minimal basis
TheFull-CI't o correlated statei, j1i derive from deter-

minants pe = j14, | %% = j22 as :ﬁ
GISD = 0 = cos(=2) j11i +sin(=2)j22 energy Eg s
CISD = j1j = sin(=2)jlli +cos(=2)j22 energy E;
with mixing angle -
=tan 1 ZMYHj2=(Ey  Ey) 1> s



5.4 Controlled electron dynamics (8)

Dynamics of an initial Hartree Fock state

Initial state:| (0)= He= o=cos(=2)j0 sin(=2)]jl

Propagated state:( t) = e He=h (0) = e E1=h cog(=2)e! 1¢j0i

sin(=2)jli

with the Bohr frequency o= (E1 Eg)=h.

Entropy and correlation:

S=kg = 2 (ky N(f))In(ky  B(t)) + (ka+ Bb(t))In(kz + 1))
Ct)=1 (ki b(1)?+ (ko + K1))?

with k1 = cos( = 2) + sin*( = 2) andk, = 2 sir’( = 2) cod( = 2) and
0(t) = ko cos{ 10t) = ko cos(2t=T)

Example:TD-CID/STO-3G, R=1.4 g
=) oscillation with period

— 2h
T_El Eo

ultrafast buildup of electron correlatigon

1 Nest, Ludwig, Ulusoy, Klamroth, Saalfrank, JCP138, 164108 (2013)
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5.4 Controlled electron dynamics (8)

entropy S [K]

Dynamics of an initial Hartree Fock state (cont'd)
H,, TD-CIS/6-31G other species, TD-CIS/6-31G
| ! | ! | ! 2.5 I I I I I I
0.5 0.20
_ A\ _ Al ‘
04l 0.163 _ "‘\" \‘\J"\‘/‘/’“{‘J ) “‘w e ﬂ A'\"\N 'MM‘
_ ER I (1| ) S o | A
0.3H 0.12% %15 “ V v‘ v I V“ “}"
é g- I I !
2 £ 4 0 S .
0.2f 0.08§ o 15 — ¥ — 26
7 I ] NO'
0.1\# “ ~0.04 05F 05 § I
AT AT VAN A
1 05 01 o 02
T R S s B Y S—
t[h/(2pE )] propagation time [fs]

attosecond dynamics and ultrafast buildup of correlation

! Klinkusch, Beyvers, Saalfrank, Klamroth, unpublished -90-



5.4 Controlled electron dynamics (9)

Building a Hartree Fock state from a correlated ground state

H,, TD-CISD/cc-pVQZ with eld optimized eld, (0) = TD-CISD gound state §'SP

P
0= HE= Caini,|Pn=]jCpj? Optimal Control Theory|O = j oih ¢

llllllllllllllllllllll

TITTTTTITTITTITTITTTT
T

0.990

0.989

0.988

0.983

0.982

0.981

0 200 400 690 8000 10 20 30 40 50

time t(V(@E) Y OCT iterationdh

complicated pulse, partial succ@ss

! Klinkusch, Saalfrank, Klamroth, unpublished
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5.4 Controlled electron dynamics (10)

Building a Hartree Fock state from a correlated ground state

TD-CISD/QZ basis

<r,,>(a,) correlation C(t)

HF populations

Dynamics of HF state

0.05
0.04
0.03
0.02
0.01

0) =

it
1.46
1.44

1.42
1.40

0.012

0.008

0.004

.‘\/I

AN/

0.000
0

50
time (as)

100

T =40 as, \breathing" electrons

. Hel
Control Strategy

Makeapproximate HF statej ppi g5
from correlated ground state

complicated, indirect, ionizipg

1 Nest, Ludwig, Ulusoy, Klamroth, PS, JCP138, 164108 (2013)
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5.4 Controlled electron dynamics (11)

0.04

Building a Hartree Fock state from a correlated ground state . Be, Mg
Dynamics of HF state Optimal control for Mg atom
P
TD-CISD/QZ,| (0) = nF Approximate HF state ¢ n=0:1325 Cnj NI
0.25 .
Be
0.2
— 25
0.15F 1 13 0
0.1 - -— |®
&y 0.05 . @
— , ---=-1,2,3
s Y - ~all
=006k f\ MI R\ @
@ I ] 0)
S
&)

0.02

/
3 stateé'I

0 500 1000
time (as)

0

3-pulse strategyt{ =15 fs) work:

JJ

1 Nest, Ludwig, Ulusoy, Klamroth, Saalfrank, JCP138, 164108 (2013)

\ T
1
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5.4 Controlled electron dynamics (12)

Optimal Control Theory and TD-DFT
Target functional to be maximiz€dlosed-shelN=2 spatial orbitals):

1

Z

JE (t)j°dt
0

J = Jaf (1))

2

=2 Z y

j

1

0

dth

@

@t

+ IﬁﬁKs(t)j “i + cic:

with A (t) and « as before. ©© are Lagrange-KS orbitals, obtained in more complicatechenaghan in

normal OCT due taon-linearity of fi._(t).

Charge transfer in a quantum dot

- 2D double weN/ (x;y)

- two efectrons, initially \left”
-|Ji= ., (te)dr
- eld x-polarized

- several eld constraints

1 Castro, Werschnik, Gross, PRL109, 153603 (2012)
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5.4 Controlled electron dynamics (13)

Optimal Control Theory and MCTDHF .

Problem:
Due to form of MCTDHF - hon-linear optimal control problem. Way out: Solve astimentrol
problem and use MCTDHF to solve foMCTPHF  and Lagrange-WFMCTDHF  for hackward prop-

agation.

Example:State-to-state transition in 1D He

target evolution optimal els

N, controls the accuracy of MCTDHR, = Ngiig = 1 =\exact”, Ny =2 = TDHF

1 Mundt, Tannor, NJP 11, 105038 (2009) -95-



6. Summary and Outlook

Summary
Methodsfor electron dynamics

{ Density- and WFT-based
{ Linear and non-linear methods
{ TD-CIl, MCTDHF systematic

Extensions

{ lonization

{ beyond dipole approximation
{ nuclear motion

{ dissipative systems
{ optimal control

Applications

{ state-to-state transitions

{ wavepacket creation

{ response

{ controlled electron dynamics

Outlook

Methods

{ ionization

{ multidimensional nuclear motion
{ beyond dipole approximation

{ quantized elds

{ very strong elds
{ bosons€.g, MCTDHBY)

Applications

{ real environments
{ solids and surfaces
{ open systems (dissipation, transport)

1 Streltsov, PRA 88, 041602(R) (2013) -96-



