Light-matter interactions at ultra-fast time-scales and high intensities:
modeling and simulation perspective

OPTI-583 Lecture Notes



Light-matter interaction models in optical filamentation

Models based on experience
from longer time-scales:

“traditional” filament modeling

first few fs plasma formation, THz, ...
Need to return to first principles, From free electrons to collective effects...
Ideally: @®How exactly does this happen?

Maxwell + Schrodinger @What about many-bod effects?



The “standard” model for light-matter interactions in extreme nonlinear optics

Optical pulse propagation
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The “standard” model for light-matter interactions in extreme nonlinear optics

Optical pulse propagation
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The “standard” model for light-matter interactions in extreme nonlinear optics

Medium response:
(beyond standard?)

Higher-Order Kerr Effect (HOKE):
An(I) = nol +nal® + ngl® + ngI* + nyol” ... no third harmonic

AN

harmonic order

.. or perhaps this:
AP(t) = An(E®)E = [na(E?) 4+ fia(E*)? + fig(E?)® + ns(E*)* + nio(E?)°] E(t)

... too many harmonics?

A

Since clearly neither of the two shown here is correct, e
what is the proper description of electronic nonlinearity?




NL-polarization, ionization rate
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The standard model: Conceptual deficiencies, problems

¢ |t is a phenomenological sum of uncorrelated parts
¢ electrons either bound (Kerr) or free (Drude plasma)

¢ Weakly bound states 'gnored ... which are important for intensities

characteristic of many self-organized regimes
¢ excited states are ignored

¢ free-electrons:
linear or nonlinear? Isotropic?
what is the meaning of 'collision time'?

¢ jonization:
expressed as ionization rate ... which means there is no dependence on history!
single frequency, long pulse regime
causes no losses!
causes no phase change!

¢ higher-order nonlinearity: not clear if susceptibility language is appropriate



Wanted: All-in-one solution

“Reading” non-linear response: Effect signatures

Kerr effect

weakly bound state

free electrons

——

third harmonic

-~ slope = ionization



Examples of regimes where simple models do not work

¢ Memory effects in ultrafast-excited ionization
¢ Exotic pulses, with extreme chirp and intensity spikes
¢ Anisotropic response to probing during and after excitation with strong pulses

¢ Multi-color and carrier-enginered filamentation



EX 1: Memory effects in strong-field ionization: When the yield depends on timing

Q: Modeling lonization in term of rate implies no memory. Where is the limit?

A
A: Synthesized Pulse Trains ——fg

Han-Sung Chan et al., Science 331, 1165 (2011): ' H

Two different driving fields:
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EX 1: Memory effects in strong-field ionization: When yield depends on timing
EXCITATION

5 harmonics were mixed, to synthesize two pulse trains:
different time separation between peaks of different polarity

—— Current model says:
41— i These two electric field waveforms are equivalent -
' | lonization does not depend on time delay between positive and negative pulses

NONLINEAR RESPONSE

Exact QM solution:
Different nonlinear responses in the two pulse trains
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First-principle informed, quantum solution:
reveals that history of the system driven by a strong field matters:
lonization is stronger if subsequent pulses “hit” fast
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EX 2: Extreme waveforms in mid-infrared pulses in leaky waveguides
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EX 2: Few-cycle mid-infrared waveforms generated in pressurized capillaries

“half-cycle” waveform from a 100fs pulse at 6 micron

electric field [arb.u.]
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EX 2: Few-cycle mid-infrared waveforms generated in pressurized capillaries

Extreme chirp from a 100fs pulse at 8 micron
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“Every single” (model-underlying) assumption broken!

Non-dispersive Kerr nonlinearity

lonization rate calculated for a specific frequency

0 50 100
time [fs]

150 200 250

instantaneous frequency
[hramonic order]
N
| I

N
I

)

CfOO 110 120 130 140 150 160
time [fs]



Self-consistent (all-in-one) models have their own problems
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Lesson learned:

nonlinear response spectrum

« Self-consistent model alone is not all we need

¢ Ability to calculate only the low-frequency part

of its nonlinear response is important

Only a tiny portion of the response spectrum
affects propagation (or feeds back into)
of the driving pulse:
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Nonlinear response spectra calculated for
an exactly solvable model



First-principle based modeling of light-matter interaction

¢ MASP - integrated Maxwell Schroedinger system simulation
¢ Extraction of nonlinear susceptibilities from TDSE simulations
& Analytic approaches (toy models an approximations)

@ From ionization to plasma formation: Maxwell-Bloch equations



First-principle based modeling: TDSE + Maxwell

Maxwell-Schrodinger-Plasma (MASP) model for laser-molecule interactions:
Towards an understanding of filamentation with intense ultrashort pulses

E. Lorin®“* S. Chelkowski®, E. Zaoui?, A. Bandrauk *"

Physica D 241 (2012) 1059-1071

Full Maxwel system, :B(r,t) = —cV x E(r, t),
Driven by microscopic polarization and current 5 g ) — ¢V x B(r, t) — 477 (atp(l- t) + J(r t))
V. B(r,t) =0,

V - (E(r,t) + 47P(r, t)) = e(p; — pe)-



First-principle based modeling: TDSE + Maxwell

Maxwell-Schrodinger-Plasma (MASP) model for laser-molecule interactions:
Towards an understanding of filamentation with intense ultrashort pulses

E. Lorin®“* S. Chelkowski®, E. Zaoui?, A. Bandrauk *"

Physica D 241 (2012) 1059-1071

Full Maxwel system, :B(r,t) = —cV x E(r, t),
Driven by microscopic polarization and current 3E(r. t) = cV x B(r, t) — 47 (atp(l- t) + J(r t))
V- -B(r,t) =0,

V - (E(r,t) + 47P(r, t)) = e(p; — pe)-

P(r, ) = p(r) Z Pi(r, t) = p(r) Z X (1) Polarization obtained from TDSE.
= = TDSE also provides “ionization rate”,
X /3 vi (0, XY (0, Ddr, and number density depletion
R XR+

iatwi(r/9 t) — _%l/ji(r/a t) + El‘j : r/l//i(r/9 t) + VC(r/)l/[i(r/9 t)



First-principle based modeling: TDSE + Maxwell

Maxwell-Schrodinger-Plasma (MASP) model for laser-molecule interactions:
Towards an understanding of filamentation with intense ultrashort pulses

E. Lorin®“*, S. Chelkowski®, E. Zaoui?, A. Bandrauk ®"

Physica D 241 (2012) 1059-1071

Full Maxwel system, :B(r,t) = —cV x E(r, t),
Driven by microscopic polarization and current 3E(r. t) = cV x B(r, t) — 47 (atp(l- t) + J(r t))
V- -B(r,t) =0,

V - (E(r,t) + 47P(r, t)) = e(p; — pe)-

P(r, ) = p(r) Z Pi(r, t) = p(r) Z X (1) Polarization obtained from TDSE.
= = TDSE also provides “ionization rate”,
X /3 vi (0, XY (0, Ddr, and number density depletion
R XR+

iatwi(r/a t) — _%l/ji(r/a t) + El‘j : r/l//i(r/a t) + VC(r/)l//i(r/a t)

TDSE “splits off” electrons deemed to be T
free of interaction with the atom, and these e pe(r, [) = —p(r) Z Xy @i (O[] 2 (0
contribute to the classical current. =1

82

1
)+ —J = —p.E.



First-principle based modeling: TDSE + Maxwell

Maxwell-Schrodinger-Plasma (MASP) model for laser-molecule interactions:
Towards an understanding of filamentation with intense ultrashort pulses

E. Lorin®“* S. Chelkowski®, E. Zaoui?, A. Bandrauk *"

Physica D 241 (2012) 1059-1071
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Fig. 14. Pulse amplitude maximum evolution for I = 10! W cm~? as a function
of time (fs).

Basic filament properties reproduced, BUT: it requires extreme computational effort



First-principle based modeling: TDSE + Maxwell

Maxwell-Schrodinger-Plasma (MASP) model for laser-molecule interactions:
Towards an understanding of filamentation with intense ultrashort pulses

E. Lorin®“* S. Chelkowski®, E. Zaoui?, A. Bandrauk *"

Physica D 241 (2012) 1059-1071

Appreciate the large computational scale

e The laser pulse possesses 5-6 cycles, with a pulse duration of
~ 15 fs.

e The initial pulse wavelength is ~ 800 nm.

The total physical time duration of the propagation (vac-

uum/gas/vacuum) is typically ~ 150 fs.

The propagation length in the gas is ~ 0.02 mm. ] _

The total length of the domain in z is ~ 0.05 mm. | - What is rather small

The transversal window size is ~10 wm x 10 pm. interaction volume

The chosen medium is a H, -molecule gas.

As of now, approach not practical for “whole experiment modeling”...
... but will be central to numerical experiments to elucidate new physics



First-principle based modeling: Extracting NL susceptibility from TDSE
PHYSICAL REVIEW A 87, 043811 (2013)
Saturation of the nonlinear refractive index in atomic gases
Christian Kohler,! Roland Guichard,” Emmanuel Lorin,? Szczepan Chelkowski.* André D. Bandrauk.,*

Luc Bergé,! and Stefan Skupin°

Linear system to extract susceptibility parameters:

bl

Pai(wo. 1)) = EOFT{XB)Ef(t) + X(S)EIS(I) R H
ISNL(G)OJQ) — EOFT{X(B)ES(I) + X(S)Eg(t) g H

20

wo’

9

This system is over-determined,
Optimal solution would suggest existence (physical meaning to) susceptibilities



First-principle based modeling: Extracting NL susceptibility from TDSE

PHYSICAL REVIEW A 87, 043811 (2013)

Saturation of the nonlinear refractive index in atomic gases

Christian K6hler," Roland Guichard,” Emmanuel Lorin.” Szczepan Chelkowski,* André D. Bandrauk.*
Luc Bergé,! and Stefan Skupin™®
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Single set of susceptibility parameters not applicable across different regimes/pulses



First-principle based modeling: Extracting NL susceptibility from TDSE

week ending

PRL 110, 043902 (2013) PHYSICAL REVIEW LETTERS 25 JANUARY 2013

High-Field Quantum Calculation Reveals Time-Dependent Negative Kerr Contribution

P. Béjot,]'* E. Cormier.” E. Hertz,' B. Lavorel.' J. Kasparian,?’ J.-P. Wolf.? and O. Faucher'

Py (1) = P(t) — N lima(ly)E(1),

\ plwo) e
'\ —
Implies linearity! Y E(w,) | B .
Aally) = ally) = flnlg}la““)’ Breaks causality!

where [ 1s the peak intensity of the pulse.



First-principle based modeling: Extracting NL susceptibility from TDSE
: : : : week ending
PRL 110, 043902 (2013) PHYSICAL REVIEW LETTERS 25 JANUARY 2013

High-Field Quantum Calculation Reveals Time-Dependent Negative Kerr Contribution
P. Béjot,"* E. Cormier,” E. Hertz,' B. Lavorel,' J. Kasparian,® J.-P. Wolf,? and O. Faucher'

Py (1) = P(t) — N lima(ly)E(1),

plwg) Iy—0

E(w)

a(wg) =
Aa(ly) = ally) — lima(ly),

{]'_)

where /, 1s the peak intensity of the pulse.

\./\j v

response here depends
on the max. intensity in the future!?




First-principle based modeling: Extracting NL susceptibility from TDSE

eek ending
PRL 110, 043902 (2013) PHYSICAL REVIEW LETTERS >S5 JANUARY 2013

High-Field Quantum Calculation Reveals Time-Dependent Negative Kerr Contribution

| 3 Béjot,]":" E. Cormier.” E. Hertz,' B. Lavorel.' J. Kasparia—m,?' J.-P. Wolf.? and O. Faucher'
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TDSE results compared to KD (Kerr and Drude) model

The same approach, yet very different conclusion... -> perturbation approach not suitable



First-principle based modeling: Exactly solvable ionization model
PHYSICAL REVIEW A 83, 013401 (2011)

Ionization of atoms by strong infrared fields: Solution of the time-dependent Schrodinger equation
in momentum space for a model based on separable potentials

H. M. Tetchou Nganso,">" Yu. V. Popov.? B. Piraux,"' J. Madrofiero,* and M. G. Kwato Njock?

0 p? 1 i . " R L R P) I - VA
T ;4(1‘)(5 p)] d(p,t) — / (2;:)31‘ (p.p " )P(p ', t) =0; d(p.0) = 2+ 1)
? Am 167
I ( 15’ jrj} '?) = —— — . I’ 3’ —}* / g s
Coulomb potential Separable potential,

the same ground-state

Exactly solvable model family. Ideal test-bed for approximate methods.



First-

principle based modeling:

Exactly solvable ionization model
PHYSICAL REVIEW A 83, 013401 (2011)

Ionization of atoms by strong infrared fields: Solution of the time-dependent Schrodinger equation
in momentum space for a model based on separable potentials

H. M. Tetchou Nganso,">" Yu. V. Popov.?
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Exactly solvable model family. Ideal test-bed for approximate methods.



First-principle based modeling: From ionization to equilibrated plasma

Many-Body Theory of Short-Pulse lonization
K. Schuh, J.Hader, J.V. Moloney, and S.W. Koch

* Ionizing electrons experience Coulomb interactions with all other ionized electrons and ions
* dynamic modifications of electron distribution already during pulse

* N atoms, arbitrary detuning of electromagnetic field

many—body Coulomb interaction
e—e scattering

\ e-ion scatterinwree electrons

>
g
% 9 photons
10 photons
11 photons multi—photon excitation
of arbitrary order
one photon energy

bound state = '

momentum

* simplest example: one bound state and ionization continuum



Many-Atom Bloch Equations

optical polarization between ground state and continuum

zh - Py = (€s — €1) P + 5 fr. — Qs £

Rabi energy .5 = d,sE(t) transition dipole d,3 =< a| —er|3 >

ground-state population
L 0 . ]
ih— s = D [ Prs — Qo PR
k

continuum-state population

i fr = QU Py, — Qs Pl + ?»hatfk‘

Coul

ok el
where — — — — field acceleration of ionized carriers

ot h



Coulomb Scattering

scattering between ionized electrons (low density limit)

el—el 1
Coul (ZFL)Q hur

. T SY (fads = F3.15) Vo (ha—ka)Ve (ky—ke)6 (2 +E2— (3+42))

f}/o

elastic scattering with static ions

el—ion h

%fk (?ﬁ)Q 2 ZO ex — ex)VE (K — k) [fx — fu']

Coul




Polarization (arb. units)

First-principle based modeling:
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Exactly solvable “1D atom” in a homogeneous electric field

Hamiltonian = continuum + Dirac delta + external field

—h? d* Y (x)

Hr(x) = = eFxy(x)
2m  dx-
dr(x dyr(x
Attractive delta-function potential realized through vix) — vix) = —AY(0)
“boundary” conditions: dx x=0+ dx o
Zero-field eigenstates: ground, continuum (even,odd)
| hk?
<zlg >= \/koe_ko“”‘ oo by = =
2m
1 ek
< xla(k) >= ﬁsin(k‘x) o g = Sy
1 ko
< x|s(k) >= —=cos (kx + sgn(x)o(k)) , tan(¢p(k)) = —
VT ¢



Exactly solvable “1D atom” in a homogeneous electric field

Hamiltonian resolvent
(tells us about the spectrum of the system)

GU(X:!O?}\‘)GU(O?,V?A‘)
/A = Gy(0,0,4)

L@/ W R YR) . <y
Go@9:A) = @)or )/ W wr. vr) | >y

(
oz, A) = Al(=¢)  ¢r(z,A) = Bi(=£) +1Ai(=¢)
¢=F'3(x+\/F)

G(x,y,A) = Go(x,y,A) +

and W =—FY3/r

Spectrum in a static field

zero field by non-zero field A . X
Homogeneous electric field
(H)! can never be a weak perturbation:
i coninuum 1] continum -~ Spectrum immediately changes
i its “topology”
resonance




nonlinear dipole moment

Exactly solvable “1D atom” in a homogeneous electric field

Exact solution for arbitrary time-dependent field

| | |
= e
\
0 N |
-5e-07 /\ —
- | L LY |-
5 10 15 20 o5

time [fs]



Exactly solvable “1D atom” in a homogeneous electric field
Step 1: evaluate classical electron trajectory for the given time-dependent field



Exactly solvable “1D atom” in a homogeneous electric field

Step 1: evaluate classical electron trajectory for the given time-dependent field
Step 2: solve the integral equation

& e iB [t et i(zq(t) — za(t'))? |
A(t) = Up(—zq(t),t) + — | dt —— exp = — 7 AR
(t) = Yr(—wzy(t),t) o e I[ ] (')




Exactly solvable “1D atom” in a homogeneous electric field

Step 1: evaluate classical electron trajectory for the given time-dependent field
Step 2: solve the integral equation

| " 1) B t EHBTQ(t!_f) i(zg(t) — zq(t" .
A(t) = Yr(—za(t), t' ex] [ ( E()()T — f,;( ) ]A(t") .

—————Xp
271 Vi =1t

\/ 21t 4 v 2t

‘ . et . LiBt+x e B2  [fiBt—x
Vr(z,t) = 5 (‘l‘f('( : +— erfc . :

Step 3: evaluate non-linear component of the induced current

J(n t i) B3W (1, 1: cz(m 2 (C)) | To(t1) — zy(ts
. ;J = L:[].]_]_ {/ (,H—]_-/ ’_'_( 1, 2) e 2(t1—t9) "rc(f]_)fl(fQ) . l L 1’( Ilt])_ ;23( 2)
/ T ./

Jrs = Im {zB/dh A*(t) [,“LBi"cf(fl)(lt((UJ”)(B“ — ?l‘c!(tl.))> _ 6Bi’pf(tl)(‘l'f('<(l+z)(Bf1 ¢ Id(h”)] }
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Step 4: optionally, integrate in time to obtain nonlinear polarization




Exactly solvable “1D atom” in a homogeneous electric field

Shoulder = High-frequency = HHG
Third harmonic generation

Slope =
free electron flies away

+ | | |
e /
£ 5e-07 M
g MM )
: .
5 0 n
b
é -5e-07 /\ G
F | AN B
5 10 15 20 25
time [fs]
“Envelope” following optical pulse= Oscillation = atom shaking
Kerr effect (excited and resonance states)

This is all-in-one, microscopically calculated nonlinear response
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7th 9th 11th 13th  15th
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Model consists of: £

= E 4
1. Linear chromatic §
dispersion and absorption : 3 -

. = (] : = |! 1! 1
2e+16 3e+1
2. Instantaneous Kerr AnouiartequencyLhis]
models contribution from
bound electronic states
_ 1

3. one-D quantum system, i0; + 53% + Bé(x) — xF(t)| ¥(x,t) =0

ground + continuum states,
exact solution:

1+2+3 are fed into a UPPE simulator,
and all frequency components
are simulated as a single field

What is “missing” from the model:

No ionization rate

No Drude plasma

No splitting into infra-red + high-harmonics
No splitting into bound + free electrons

... = most self-consistent approach yet
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Fully resolved, self-consistent model for HH generation
in a femtosecond enhancement cavity

50 MHz Frequency Com
~110 nJ/pulse
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Fully resolved, self-consistent model for HH generation
in a femtosecond enhancement cavity

Angularly resolved HHG spectra
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HHG physics similar to SFA

distance in the jet
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Fully resolved, self-consistent model for HH generation
in a femtosecond enhancement cavity

Simulation Experiment
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Despite the simplicity of the atom model, agreement is good...
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Lesson from using simple models:
Capturing qualitative physics more important than “fitting the result”

Way forward:

1) Characterize the atom/molecule by QM means

2) Tabulate and store “all important” responses

3) Use the latter in a full-blown Maxwell+Schrodinger simulation
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