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Introduction

Simulation of strong-field-matter interaction

P Time-dependent Schrédinger Equation (hard in general)

» Time Dependent Perturbation Theory H=H,—D-F(t)

P> What about strong field? Model systems!
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Photoionization

one photon absorption
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Photoionization

one photon absorption

Photoelectron spectrum

0.00012
¢
B = 0.0001
5
E=oo - 1 £ 8e0s
o E
L = 6e-05
X 3
L &
S 4e0
Vo 2
I w 2e-05
p
0
yaR o | s 10 15 20 25
E (eV)
¢O . ﬁ/wL - Ip

Marie Labeye (ENS) Workshop MSQM 2024 4/32



Photoionization
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Photoionization

High-order Harmonic Generation

Three-step Model

1. Tunnel ionization

I
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Photoionization

High-order Harmonic Generation

Three-step Model

1. Tunnel ionization 2. Propagation 3. Recombination
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Photoionization

High-order Harmonic Generation

3. Recombination .

typical HHG spectrum
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Photoionization

High-order Harmonic Generation

3. Recombination
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Incident 800nm IR Laser ~1 eV — XUV emission (up to 1keV)
Coherent XUV light source!
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Model systems for HHG

Analytical models

P Classical trajectories
P Lewenstein model

Marie Labeye (ENS) Workshop MSQM 2024 9/32



Model systems for HHG

Numerical models
Analytical models > Single Active Electron with

. . ) pseudo-potential
P Classical frajectorles > Low-dimensional model
> Lewenstein model » TD quantum chemistry methods

(TDCI, real-time TDDFT)
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Model systems for HHG
Classical trajectories
Hypotheses

P After tunnel ionization, a classical free electron is "born”
o with zero initial velocity
e at nucleus position
o it is "ionized” — does not feel the potential

P This classical electron oscillates in the field F(t) = —F, cos(w t)
P The ionization can happen at anytime ¢,
P The field has a constant amplitude

Equation of motion

m,Z(t) = eFy cos(wyt)
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Model systems for HHG
Classical trajectories
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Model systems for HHG
Classical trajectories
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Model systems for HHG
Classical trajectories
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Model systems for HHG
Classical trajectories
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Kinetic Energy at return

0 02 04 0 08 1
S L
. v, d Y

Marie Labeye (ENS) Workshop MSQM 2024 13 /32



Classical trajectories Model systems for HHG

Kinetic Energy at return

25 | ] » Kinetic energy at
: return € [0,3.17U ]

0 02 04 0 08 1
S L
. v, d Y

Marie Labeye (ENS) Workshop MSQM 2024 13 /32



Classical trajectories

Kinetic Energy at return
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Classical trajectories

Kinetic Energy at return
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Model systems for HHG

Kinetic energy at
return € [0,3.17U ]

Two classes of
trajectories: short
and long

In the quantum
world, these
"trajectories” can
"interfere"”
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Model systems for HHG
HHG emission

Time-Frequency Gabor transform of HHG emission signal
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Model systems for HHG

Harmonics?

1 generating laser cycle

temporal profile HHG spectrum
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Model systems for HHG
Harmonics?

2 generating laser cycle

temporal profile HHG spectrum
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Model systems for HHG
Harmonics?

3 generating laser cycle

temporal profile HHG spectrum
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Model systems for HHG
Harmonics?
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Model systems for HHG
Harmonics?

6 generating laser cycle

temporal profile HHG spectrum
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Model systems for HHG
Harmonics?
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Model systems for HHG
Harmonics?
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Model systems for HHG
Harmonics?
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Lewenstein Model

PHYSICAL REVIEW A VOLUME 49, NUMBER 3 MARCH 1994

Theory of high-harmonic generation by low-frequency laser fields

M. Lewenstein,»* Ph. Balcou,? M. Yu. Ivanov,*! Anne L'Huillier,>* and P. B. Corkum?

! Joint Institute for Lab y A hysics, University of Colorado, Boulder, Colorado 80309-0440
2 Service des Photons, Atomes et Molécules, Centre d’Etudes de Saclay, 91191 Gif sur Yvette, France
3 National Research Council of Canada, M-23A, Ottawa, Ontario, Canada K1A OR6

Livermore National Lab Y, L-443, P.O. Boz 5508, Livermore, California 94550
(Received 19 August 1993)

4r

We present a simple, analytic, and fully quantum theory of high-harmonic generation by low-
frequency laser fields. The theory recovers the classical interpretation of Kulander et al. in [Pro-
ceedings of the SILAP III Workshop, edited by B. Piraux (Plenum, New York, 1993)] and Corkum
[Phys. Rev. Lett. 71, 1994 (1993)] and clearly explains why the single-atom harmonic-generation
spectra fall off at an energy approximately equal to the jonization energy plus about three times the
oscillation energy of a free electron in the field. The theory is valid for arbitrary atomic potentials
and can be generalized to describe laser fields of arbltrary ellipticity and spectrum. We discuss the
role of atomic dipole matrix el 1 ing p , and of depletion of the ground
state. We present the exact quantum-mechanical formula for the harmonic cutoff that differs from
the phenomenological law I, + 3.17U, where I, is the atomic ionization potential and U, is the
ponderomotive energv. due to the account for line and diffusion effects.

17/ 32
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Lewenstein Model

Hypotheses

P Single Active Electron

P Bound states contributions are neglected

P Ground state depletion is neglected

P Plane Wave Approximation for continuum states
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Lewenstein Model

HHG emission dipole
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Saddle-point Approximation

Compute the integral with Saddle Point Approximation:
V<S(p7 tr’ tz) - wtr) =0
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Saddle-point Approximation

Compute the integral with Saddle Point Approximation:
V<S(p7 tr’ tz) - wtr) =0
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Saddle-point Approximation

Compute the integral with Saddle Point Approximation:
V<S(p7 tr’ tz) - wtr) =0

t’l‘
/ [p+A(7)]dr =0 classical trajectory with r(¢,) = r(¢,)
t;
[p+A(t))
e L —w =0
[p+A(t)]
# + Ip =0
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Saddle-point Approximation

Compute the integral with Saddle Point Approximation:
V<S(p7 tr’ tz) - wtr) =0

t’l‘
/ [p+A(7)]dr =0 classical trajectory with r(¢,) = r(¢,)
t;

A(t,)]? . I
[p+2<’“)] +1,—w =0 energy conservation at recombination
[P+ A(t,)]

— s +1, =0
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Saddle-point Approximation

Compute the integral with Saddle Point Approximation:
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Low-dimensional Models
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Low-dimensional Models
1D models

1D electron on a grid

N|

P Soft-Coulomb potential V(z) = — with Z = 1 for (neutral) atoms

va? + 2
Z, Zy

Va2 +(@—Ry/2)? \a+ (z+ R,/2)?

P Molecular Soft-Coulomb V(z) =

with Z2, + Z, =1
P Adjust regularization parameter a to match ionization potential
P 2nd-order Laplacian approximation — Tridiagonal Hamiltonian
P Crank-Nicolson algorithm

[1 +iH (t + %) %] Wb(t + At)) = [1 _iH (t + %) %} (1)) + O(AE)
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1D models Low-dimensional Models

2-center interference

Molecules act like Young's two slits!

Harmonic intensity (arb. units)
1x10°6 1x10™* 1x10°2 1

[ — T T

Harmonic order Q/w

E(t) (aw)

2) V(@) B _0.05 4

—0.1 1 L Il

bs(z+R/2)

[Labeye et al., PRA (2019)]
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Low-dimensional Models
2D Models

Z

/a2 +x2 +y2

> lelectronin2D V(z,y) =—
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Low-dimensional Models
2D Models

Z

/a2 +x2 +y2

> lelectronin2D V(z,y) =—

» 1 electron in 1D and 1 nuclear coordinate

Z, 22
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Low-dimensional Models
2D Models

Z

/a2 +x2 +y2

> lelectronin2D V(z,y) =—

» 1 electron in 1D and 1 nuclear coordinate

Z, 22
Ve )= Va (Rt (x—R/22  \ay(R)?2 + (x + R/2)?

P 2electrons in 1D V(zy, ) = Vo (zy) + Vye (@) + Vo (21, T5)
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Low-dimensional Models
2D Models

Versatile!

Z

/a2 +x2 +y2

> lelectronin2D V(z,y) =—

» 1 electron in 1D and 1 nuclear coordinate

7, 22
Viz, B) = Va (R2+ (x—R/2? +Jay(R)2+ (z + R/2)°

P 2electrons in 1D V(zy, ) = Vo (zy) + Vye (@) + Vo (21, T5)
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Multielectronic models
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Multielectronic models
HHG in molecules

Limits of the Single Active Electron approximation

Ground state of the ion Excited state of the ion
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Choice of the Basis

» Grid:

o Good representation of the bound states
o Good representation of the continuum states
o Costly! (ok for low dimensional systems)

d(zn)

Marie Labeye (ENS) Workshop MSQM 2024
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Multielectronic models
Choice of the Basis

P Grid:
o Good representation of the bound states
o Good representation of the continuum states
o Costly! (ok for low dimensional systems)

P Gaussians:
o Good representation of the bound states
o Allow to reduce computational cost
e What about continuum states ?

-0.5
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Multielectronic models
Choice of the Basis

P Grid:
o Good representation of the bound states
o Good representation of the continuum states
o Costly! (ok for low dimensional systems)

P Gaussians:
o Good representation of the bound states
o Allow to reduce computational cost
o What about continuum states ? Kaufmann optimized gaussians [J.Phys.B (1989)]
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Multielectronic models
Choice of the Basis

P Grid:
o Good representation of the bound states
o Good representation of the continuum states
o Costly! (ok for low dimensional systems)

P Gaussians:
o Good representation of the bound states
o Allow to reduce computational cost
o What about continuum states ?

G(x)

Low dimensional systems can be used to benchmark the

Gaussian-based method!
Marie Labeye (ENS) Workshop MSQM 2024 25/ 32



Multielectronic models
Ground state

1D H+ 1D H, (cut at z, =0)
2 0.35 : ‘ —
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o 04f 3
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Good representation of the ground state

[Labeye et al. JCTC (2018)]
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Multielectronic models
Continuum states

1D HY
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—— QGaussians
T E = 0.06 a.u. 105}

Pe(X) (a.u.)

1t 1-05} ,

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
x (a.u.) x (a.u.)

Marie Labeye (ENS) Workshop MSQM 2024 27 / 32



Multielectronic models
Continuum states

1D H, E=0.02 a.u.

Pe(Xq,X%o) (a.u.)
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Multielectronic models
Continuum states lifetime

The continuum states are centered around the nuclei
The ionized electron "cannot leave”

Heuristic Lifetime Model

P Enforce a decrease of population to model ionization
P> Add an imaginary part to the energy of continuum states — finite lifetime

P The lifetime is computed as 7 = 4

V2E

[Coccia et al. Int.J.Q.Chem. 2016]
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Multielectronic models
HHG spectrum

1D H;
—— Girid
—— B-splines
—— Gaussians
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log;o Harmonic intensity (arb. unit)

Good agreement at medium intensity
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Multielectronic models
HHG spectrum

1D H,

—— Girid
—— CIS
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logy Harmonic intensity (arb. unit)
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Harmonic order (w/wy) Harmonic order (w/w)

Good agreement at medium intensity
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Multielectronic models

2-center interference
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Conclusions
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Conclusions

P Strong field processes require to solve the full TDSE

P Approximations have to be made

P Low dimensional systems are versatile tools to model complex processes

P Gaussian-based method can model strong field processes at medium intensities
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