
  

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 

1fs 10fs 100fs 1ps 10ps 100ps

“traditional” filament modeling

first few fs plasma formation, THz, ...

Models based on experience 
from longer time-scales:

Need to return to first principles,
Ideally:  
     Maxwell + Schrodinger

From free electrons to collective effects...
How exactly does this happen?
What about many-bod effects?



  

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

Optical pulse propagation

Not computable, but available...
You want this separated from the rest of medium properties

Can we obtain this from QM, 
without doing (much of) QM?



  

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

Optical pulse propagation

Medium response:
(short time)

Kerr and third harmonic generation

ionization

freed-electron current evolution

additional current to account for loss



  

Medium response:
(beyond standard?)

Higher-Order Kerr Effect (HOKE):

.. or perhaps this:

... no third harmonic

... too many harmonics?

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

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



  

Higher-order Kerr-like nonlinearity signatures

Ground-state depletion effectively suppresses higher-order nonlinear signatures Ground-state depletion effectively suppresses higher-order nonlinear signatures 

maximal self-focusing response

decreasing nonlinearity
Un-depleted response

               Depleted resonance response



  

It is a phenomenological sum of uncorrelated parts

electrons either bound (Kerr) or free (Drude plasma)

weakly bound states ignored

excited states are ignored

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

ionization: 
    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

... which are important for intensities 
characteristic of many self-organized regimes

The standard model: Conceptual deficiencies, problems 



  

Wanted: All-in-one solution 

“Reading” non-linear response: Effect signatures

slope = ionization



  

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

Examples of regimes where simple models do not work 



  

A: Synthesized Pulse Trains
Han-Sung Chan et al., Science 331, 1165 (2011):

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

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

Two different driving fields:

flip+delay



  

Different slopes
reflect different  
ionization yields

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

Exact QM solution: 
Different nonlinear responses in the two pulse trains

Current model says:Current model says:
These two electric field waveforms are equivalent - 
Ionization does not depend on time delay between positive and negative pulses

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

First-principle informed, quantum solution:First-principle informed, quantum solution: 
reveals that history of the system driven by a strong field matters:
Ionization is stronger if subsequent pulses “hit” fast
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Mechanism???Mechanism???
Coherent excitation of Coherent excitation of 
Higher-energy resonance statesHigher-energy resonance states



  

EX 2:EX 2: Extreme waveforms in mid-infrared pulses in leaky waveguides Extreme waveforms in mid-infrared pulses in leaky waveguides

Pulse simulation in a pressurized capillary

Ar Radius 100-200 micron
Pressure 10-20 atm
Wavelengths 4-8 micron



  

EX 2:EX 2: Few-cycle mid-infrared waveforms generated in pressurized capillaries  Few-cycle mid-infrared waveforms generated in pressurized capillaries 

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

time distance
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Potential for phase-matched HHG

initial energy tuned



  

EX 2:EX 2: Few-cycle mid-infrared waveforms generated in pressurized capillaries  Few-cycle mid-infrared waveforms generated in pressurized capillaries 

Extreme chirp from a 100fs pulse at 8 micron

time

di
st

an
ce

electric field amplitude

visible region 

““Every single” (model-underlying) assumption  broken!Every single” (model-underlying) assumption  broken!

● Non-dispersive Kerr nonlinearity

● Ionization rate calculated for a specific frequency



  

Self-consistent (all-in-one) models have their own problemsSelf-consistent (all-in-one) models have their own problems

Only a tiny portion of the response spectrum 
affects propagation (or feeds back into) 
of the driving pulse:

Nonlinear response spectra calculated for
an exactly solvable model

Lesson learned:

Self-consistent model alone is not all we need

Ability to calculate only the low-frequency partAbility to calculate only the low-frequency part
      of its nonlinear response is importantof its nonlinear response is important



  

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



  

Physica D 241 (2012) 1059-1071

First-principle based modeling:    TDSE + Maxwell

Full Maxwel system,
Driven by microscopic polarization and current



  

Physica D 241 (2012) 1059-1071

First-principle based modeling:    TDSE + Maxwell

Full Maxwel system,
Driven by microscopic polarization and current

Polarization obtained from TDSE.
TDSE also provides “ionization rate”,
and number density depletion



  

Physica D 241 (2012) 1059-1071

First-principle based modeling:    TDSE + Maxwell

Full Maxwel system,
Driven by microscopic polarization and current

Polarization obtained from TDSE.
TDSE also provides “ionization rate”,
and number density depletion

TDSE “splits off” electrons deemed to be 
free of interaction with the atom, and these
contribute to the classical current. 



  

Physica D 241 (2012) 1059-1071

First-principle based modeling:    TDSE + Maxwell

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



  

Physica D 241 (2012) 1059-1071

First-principle based modeling:    TDSE + Maxwell

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

Appreciate the large computational scale

...in what is rather small 
   interaction volume



  

First-principle based modeling:    Extracting NL susceptibility from TDSE

Linear system to extract susceptibility parameters:

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



  

First-principle based modeling:    Extracting NL susceptibility from TDSE

BAD NEWS:BAD NEWS:
Single set of susceptibility parameters not applicable across different regimes/pulsesSingle set of susceptibility parameters not applicable across different regimes/pulses



  

First-principle based modeling:    Extracting NL susceptibility from TDSE

Implies linearity!
Breaks causality!



  

First-principle based modeling:    Extracting NL susceptibility from TDSE



  

First-principle based modeling:    Extracting NL susceptibility from TDSE

TDSE results compared to KD (Kerr and Drude) model

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



  

First-principle based modeling:    Exactly solvable ionization model

Coulomb potential Separable potential, 
          the same ground-state

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



  

First-principle based modeling:    Exactly solvable ionization model

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

Ionized electrons momentum spectrumAdiabatic field following 
in the ground-state survival



Many-Body Theory of Short-Pulse Ionization

K. Schuh, J.Hader, J.V. Moloney, and S.W. Koch

First-principle based modeling:    From ionization to equilibrated plasma

• 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

• simplest example: one bound state and ionization continuum



Many-Atom Bloch Equations

optical polarization between ground state and continuum

Rabi energy transition dipole

ground-state population

continuum-state population

where                         field acceleration of ionized carriers



Coulomb Scattering 

scattering between ionized electrons (low density limit)

elastic scattering with static ions



• one bound state plus continuum

• transition energy 13.6 eV (91.2 nm)

• 15 fs excitation pulse

• central energy 1.5 eV (826.6 nm)

Adiabatic following of field
in the ground-state survival

First-principle based modeling:    From ionization to equilibrated plasma

Three disparate time-scales treated in one model:Three disparate time-scales treated in one model:
Quantum dynamics, optical pulse, and plasma equilibration Quantum dynamics, optical pulse, and plasma equilibration 



  

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

Hamiltonian = continuum + Dirac delta + external field

Zero-field eigenstates: ground, continuum (even,odd)

Attractive delta-function potential realized through
“boundary” conditions: 



  

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

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

Spectrum in a static field

Homogeneous electric field Homogeneous electric field 
can never be a weak perturbation:can never be a weak perturbation:

Spectrum immediately changesSpectrum immediately changes
its “topology”its “topology”



  

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

Exact solution for arbitrary time-dependent field



  

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 



  

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 

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

Step 4: optionally, integrate in time to obtain nonlinear polarization



  

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

Slope = 
free electron flies away

Oscillation = atom shaking
(excited and resonance states)

“Envelope” following optical pulse=
Kerr effect

High-frequency = HHGShoulder = 
Third harmonic generation

This is all-in-one, microscopically calculated nonlinear responseThis is all-in-one, microscopically calculated nonlinear response



  

 Integration of Quantum-Mechanical and Pulse Propagation Solvers

Model consists of:Model consists of:

1. Linear chromatic 1. Linear chromatic 
dispersion and absorption :dispersion and absorption :

2. Instantaneous Kerr,2. Instantaneous Kerr,
models contribution frommodels contribution from
bound electronic statesbound electronic states

3. one-D quantum system,3. one-D quantum system,
ground + continuum states,ground + continuum states,
exact solution:exact solution:

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

What is “missing” from the model:What is “missing” from the model:

No ionization rateNo ionization rate
No Drude plasma No Drude plasma 
No splitting into infra-red + high-harmonicsNo splitting into infra-red + high-harmonics
No splitting into bound + free electronsNo splitting into bound + free electrons

... = most self-consistent approach yet... = most self-consistent approach yet



  

  Integration of Quantum-Mechanical and Pulse Propagation Solvers

Fully resolved, self-consistent model for HH generation Fully resolved, self-consistent model for HH generation 
in a femtosecond enhancement cavityin a femtosecond enhancement cavity



  

Fully resolved, self-consistent model for HH generation Fully resolved, self-consistent model for HH generation 
in a femtosecond enhancement cavityin a femtosecond enhancement cavity

angle

fr
eq

ue
nc

y

HHG physics similar to SFA

Angularly resolved HHG spectra

  Integration of Quantum-Mechanical and Pulse Propagation Solvers



  

Fully resolved, self-consistent model for HH generation Fully resolved, self-consistent model for HH generation 
in a femtosecond enhancement cavityin a femtosecond enhancement cavity

Simulation Experiment

Despite the simplicity of the atom model, agreement is good...

  Integration of Quantum-Mechanical and Pulse Propagation Solvers



  

  Integration of Quantum-Mechanical and Pulse Propagation Solvers

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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