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Why laser-matter interaction?

Two protagonists….. Laser….. And matter….

Tools to address the interaction

Numerical simulations

Some practical applications

 Electronic structures of a material

 Probing structure and dynamics

 Ultrafast processes in nanostructures 

Outline



What happens when we shine a material with light

ionization

100%

laser intensity

weak

all ionized

strong



http://inspirehep.net/

Which regime are we talking about?



http://inspirehep.net/

Which regime are we talking about?

Normally

Increased intensity increases ionization

more chance for electron to pick up energy around nucleus

At super-strong fields

Laser also distorts electron orbits

reduces the chance of interaction with nucleus

+ –

+ –



Use LASER to understand and control materials

Period of first Bohr orbit : 150 as

Control and trace the motion of atoms in 

molecules 

 Control chemical reactions

Control & trace electrons inside atoms & 

molecules 



1878- Eadweard Muybridge 

froze the motion of a horse -

a millisecond event.

To examine electrons?

we must take “pictures” 

at the attosecond level.

1 as : 1/2 second = 1/2 second : the age of the universe.

Attoscience for dynamical systems
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FOURIER

TRANSFORM

Pulse = sum of different
spectral components

Spectral composition of a LASER pulse

Fourier decomposition of a signal:

LASER Electric field:
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More spectral components => Shorter pulse

Less number of spectral components/ 

Spectral components not in phase (« chirp ») 

=> Longer pulse

Single ω => Monochromatic continuous

pulse



• Fourier limit: Δω ∙ Δt ≥ ½

• For a perfect Gaussian: Δω ∙ Δt = ½

Δt: pulse duration Δω: spectral widthFourier 

transform
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Fourier limit : Pulse duration & its spectral width

So…. Pulse « limited by Fourier transform »

If the spectral components ω are not in 

phase, the pulse is lengthened: there is a 

chirp

Shorter pulse -> wider bandwidth + no 

chirp



Harmonic generation : semi-classical 3-step model

3 Recombination to
fundamental state

 

0t ~ 2p

hn=Ip+Ek

Acceleration in the
electric LASER field

0t = 3p/2

2Tunnel
ionization

0t ~ p/2

Elaser

K. Kulander et al. SILAP (1993)

P.B. Corkum PRL 71, 1994 (1993)

 

x

0t = 0

Ip

1

Ek

Energy of the emitted photon = 

Ionization potential of the gas (Ip) + Kinetic
energy won by the electron (Ek)

- - - -

-

-

-

Electron of a gas atom
Fundamental state
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Soft-core:

L = 1.5×1014 W/cm2

L = 790 nm

L = 5 fs

X = 1011 W/cm2

X = 80 eV

X = 250 as

a = 1.59 a.u.

Xe Ip = 12.31 eV

Strong laser field: XUV:

Strong field
XUV



V(x)  1/ 1 x2
Atomic potential model

One electron model

• Calculate bound 

state electron density 

• Ionization occurs in 

steps with large 

depletion of the 

bound states 

population appearing 

near the peaks of the 

strong field.



Effective mass of electrons in crystal, TDSE

Dynamics of the electron in free 

space and in the lattice are different. 

Free 

electron 

momentum

Effective 

potential in 

solid

Effective velocity of the particle 

= phase velocity of the wave packet

TDSE – simple yet efficient tool to handle dynamicsInteraction of light with atom
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LHS involves variation of  with t while RHS involves variation of  with x. Hence look 

for a separated solution:
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Semiemperical

Huckel & extended 
Huckle method 

Thomas-Fermi model

Ab-initio methods

Hartree-Fock technique 

Density functional 
theory

Density functional 
perturbation theory

Time dependent DFT

Ab-initio MD

Others

Classical MD

Quantum mechanics/ 
molecular mechanics

Hybrid 

methods



Ab-initio methods for attoscience: High harmonic interferro-
metry & multi-electron dynamics of CO2

O. Smirnova et al,  Nature (2009).

Different molecular orbitals (note their 

different symmetries) contributing to the 

harmonic emission

50 Hz Ti:Sa laser, τ~ 30 fs, 800 nm

I~ 1012-1014 Wcm-2



Density Functional 

Theory(DFT): W. 

Kohn, Nobel prize 

Chemistry, 1999

How ab-initio method works?

 Quantum 

espresso (free)

 Octopus (free)

 VASP (licensed)

 Siesta (free)

TDDFT for excited state 
properties and dynamics. 

fundamental variable is the 
many-body charge density.

 Structure, 

energetics….

 Cheap, virtual 

experiment



Hohenberg and Kohn (1964): )()( r          r Vn

All physical observables of a static many-body system are, in 

principle, functionals of the ground-state density

most modern electronic-structure calculations use DFT.

).(rn

Runge and Gross (1984): ),(),( tVtn r          r

Time-dependent density               determines, in principle,

all time-dependent observables.

TDDFT: universal approach for electron dynamics.

),( tn r

Static and time-dependent DFT

DFT : eigen-value problem

TDDFT : initial-value problem



Nonlinear response and ionization of atoms 

and molecules in strong laser fields

Real-time electron dynamics in materials

Generic situation:

Molecule in laser field
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Strong laser (vlaser(t) ≥ ven) :

Non-perturbative solution of full TDSE required



Inter and intra-band transitions in graphene

• Massless Dirac Fermion

• Very high mobility, conductivity

• Extreme tunability



Few layer graphene : shift of Dirac cone



Non-equillibrium Dirac carrier distribution in graphene

Measured snapshots of the band structure (close to K)Direct interband transition => population   

inversion 

Free carrier absorption in graphene

I. Gierz et al,  Nature Mat. (2013)

Sorngard et al, Phys. Rev. A (2013)

1 kHz Ti:Sa laser, τ~ 30 fs, 790 nm, 

XUV pulse + ARPES 
to probe non-eq response of electrons

200 meV

ħpump < 2µe 

µe =

ħpump > 2µe 

200 meVµe =



• Variety of intercalant possible

• The Dirac cone of graphene preserved.

• New bands around the Dirac cone, near EF

• Many new allowed transitions

• Possibility of carrier multiplication

Intercalated graphene on SiC

Intercalated graphene 



Snapshots of the tube formation 

process: AIMD simulation

H. Lim et al,  Nature Com. 4, (2013).

experiment theory

HOMO: bonding     LUMO: anti-bonding

M. U. Kahaly et al, 

Small  21, (2008).

Twisting of graphene …. Defects…. CNT growth



Strong field processes: HHG from TD-DFT

From static DFT calculation => initial ground state:

Solve TD KS equations self-consistently => TDKS orbitals:

 0,rj

   tntj ,, r   r 

Dipole moment :     tnrdrtd ,r   

Power spectrum & spectral density :
2

)(d

excitation energies,

HHG spectra

Fourier transform

TD-DFT

Driver (laser pulse, XUV etc) Driven system (atoms, 

molecules, graphene etc)



=

Gaussian type orbitals

Multicentre system (graphene) – extended

• Involves additional multicenter effects because of its in-plane 

symmetry, 

• To take account of the ordered structure of the highest occupied pz-

like molecular orbitals

Sorngard et al, J. Phys. B (2015)



HHG power spectrum for circular graphene sheet

343

954

2918

Cut-off harmonic order as a function of polarization angle in case of linearly 

polarized field : for atoms = 343

6 cycle, 800 nm laser

Peak intensity= 4.6 X 1014

W/cm2

 The intensity of the 

harmonic spectrum 

reduces with 

increasing harmonic 

order.

 HHG cutoff is 

sensitive towards the 

system size. 



Induced charge distribution (e/Å3 )of the CNT 

(a, b) at the tip; (c, d) in a plane bisecting the 

tube.

Experiment                           Theory 

Charge modulation & field emission from the tips of CNTs 



Attosecond dynamics in acetylene: from ELF

M. U. Kahaly, J. Phys. Chem. A 111 (2007) 

T. Burnus et al, Phys. Rev A 71 (R) (2009) 

A. Castro et al,  Phys Stat. Solidi. 243 (2006)

 

bonding

anti-bonding

C C

Ionization Oscillation

Expansion Expansion Bond-breaking

Excitation of acetylene; E ~17.15 eV (= 72.3 nm), 

 ~ 7 fs, I~ 1.2 × 1014 Wcm−2 (XUV pulse)

Attosecond bond dynamics

Electron localization function (ELF) : Electron-pair probability

 Maps localization of electron cloud in a bond in the scale of 0 to 1.

 ELF=1: perfect localization, =0.5: free electron gas, =0: no electron 



Reactant

TS

Product

DE=13.08 kcal m-1

Site selectivity observed 

during last few steps

MU Kahaly et al, submitted

Acylation of antibiotic: tune the transition barrier



3D

2D

1D

0D
Molecules                  Clusters

Nanotubes                  Nanowires

Graphene                  Films and coats

GaN Perovskites

Densities of states

• Reduced dimensions

• Size effects

• DOS : tunable with laser field

Structure Dynamics

Functionalities

Materials applications: tuned and controlled using laser field
Summary



Highly nonlinear 

processes

Core electrons

Coincidence measurments

Activity range at ELI-ALPS
ELI-ALPS user facility

1) Generation of XUV/X-ray femto- and attosecond pulses

→   Attosecond scale of electron dynamics in atoms, molecules, 

plasmas and solids

ATTOSECOND Beamlines & User Facility

2)  New direction in attoscience: Advancement of laser science and technology
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