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Groupe Optique Lasers Femtosecondes – GOLF
Mid infrared sources for chiral strong field physics

Jean-Christophe Delagnes, Stéphane Petit

Generation of ultrabroadband radiation (from VUV to visible) from soliton dynamics
with tunable polarization state and Orbital Angular Momentum

Dominique Descamps, Stéphane Petit

Chirality at CELIA



  

Groupe Interaction, Fusion par Confinement Inertiel, Astrophysique –  IFCIA
Irradiation of dielectric materials by intense femtosecond OAM laser beams

Benoit Chimier, Rachel Nuter, collaboration with Etienne Brasselet

Chirality at CELIA

      Simulations of the interaction between dielectric material and OAM laser beam 
performed by using Maxwell-Fluid code ARCTIC : Maxwell solver coupled to electron 
dynamics (APA 127, 334 (2021))

      OAM laser beam are characterized by a helical 
wave front with an optical vortex in center  

      Modeled by numerical algorithm able to inject any kind 
of exotic laser beams in Maxwell solver (JPC 321, 1110 
(2016))

Electric field in an OAM 
laser pulse

Energy deposition in bulk 
of fused silica

(laser pulse comes from 
the top)

Intensity ~ 1013-1015 W/cm² 



  

Groupe Harmoniques XUV et Applications – HXUV
Time-resolved XUV circular dichroism in angle-resolved photoemission spectroscopy (ARPES) 
to probe ultrafast dynamics in quantum materials

Samuel Beaulieu, Jérôme Gaudin

Photoelectron circular dichroism
and novel probes of ultrafast chirality 

Chiral femtochemistry –  See Valérie Blanchet’s poster

Fast and accurate measurement of enantiomeric excess –  See Antoine Comby’s poster

Strong fields and attoseconds –  See Debobrata Rajak’s poster and this talk

Probing chiral nanomaterials –  CHIMERA project with CBMN, ISM, LCP-A2MC Metz

Chirality at CELIA

Dichroism originating from Berry phase



  

CELIA Bordeaux 
Experiments :
Samuel Beaulieu,
Sandra Beauvarlet,
Etienne Bloch,
Antoine Comby,
Debobrata Rajak,
Valérie Blanchet, 
Yann Mairesse 
Laser Team :
Dominique Descamps,
Stéphane Petit

Theory :
Alex Clergerie,
Sylvain Larroque, 
Baptiste Fabre,
Bernard Pons

Chirality in strong laser fields

Yann Mairesse, 
CELIA, Université de Bordeaux – CEA – CNRS

http://harmodyn.celia.u-bordeaux.fr

Weizmann Rehovot
Shaked Rozen
Ayelet Julie Uzan
Nirit Dudovich

LCPMR Paris
Richard Taïeb



  

Énergie
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Énergie 

Énergie potentielle: 
V(x)= -e / (4pe

0
x)Potentiel

d'ionisation
Orbitale atomique
ou moléculaire

Infrared laser field

( )E t
2.7 fs @ =800 nm

Value of laser electric field ?

I=1014W/cm² → E= 2.8x1010 V/m

Coulomb electric field ? 
First Bohr orbit of the hydrogen atom → E=5.1x1011V/m

  → It is possible to reach electric fields values similar to the atomic binding potential with fs laser pulses

t

Strong field processes



  

Strong field ionization

Modified potential : 
V(x)= -e/(4pe

0
x) - Ex

The strong laser field lowers the barrier

The electron can tunnel out
 → Tunnel ionization

What happens next ?



  

Coulomb potential in a strong laser field

Tunnel ionization restricted to a few 100 as
Followed by acceleration by the laser field

667 as



  

Coulomb potential in a strong laser field

Step1 : classically forbidden region – sub-barrier
tunneling

Step1



  

Coulomb potential in a strong laser field

Step2

Step1 : classically forbidden region – sub-barrier
tunneling

Step 2 : post-tunneling dynamics – continuum
acceleration by the laser field

Step1



  

Electron trajectories in a strong laser field

Laser electric field

Classical electron trajectory
Strong field approximation : 

neglect the influence of ionic potential



  

Electron trajectories in a strong laser field

Laser electric field

Classical electron trajectory
Strong field approximation : 

neglect the influence of ionic potential

Motion depends on initial conditions
ie ionization time of the electron



  

Electron trajectories in a strong laser field

Laser electric field

Classical electron trajectory
Strong field approximation : 

neglect the influence of ionic potential

Motion depends on initial conditions
ie ionization time of the electron

Different trajectories : 
 ‘Direct trajectories’ 
→ direct escape
’Indirect trajectories’ 
→ come back to ion before escaping



  

Electron trajectories in a strong laser field

Laser electric field

Classical electron trajectory
Strong field approximation : 

neglect the influence of ionic potential

Motion depends on initial conditions
ie ionization time of the electron

Different trajectories : 
 ‘Direct trajectories’ 
→ direct escape
’Indirect trajectories’ 
→ come back to ion before escaping

Validated by quantum calculations
Bohmian trajectories



  

Electron dynamics in a strong laser field

Acceleration of the electron by the laser field

 → kinetic energy gain 
(typ. several 10 eV, ~ few Angstroms)

Above-threshold ionization (ATI)



  

Electron dynamics in a strong laser field

Frequency-domain picture of Above-threshold ionization :

Spectrum = series of peaks, separated by one laser photon energy
(the process repeats every laser period)

Photoelectron spectrum

m

Acceleration of the electron by the laser field

 → kinetic energy gain 
(typ. several 10 eV, ~ few Angstroms)

Above-threshold ionization (ATI)



  

Used for many applications in molecular imaging

Strong field processes



  

Used for many applications in molecular imaging

Strong field processes

Angle-resolved photoelectron spectroscopy



  

Used for many applications in molecular imaging

Strong field processes

Angle-resolved photoelectron spectroscopy XUV spectroscopy
High-order harmonic 
generation
(attosecond pulses)



  

Step1 Step2

Step1 : classically forbidden region – sub-barrier
tunneling

Step 2 : post-tunneling dynamics – continuum
acceleration by the laser field

Step 3 : re-collision 

Step3

Strong field processes



  

Step1

Structural sensitivity of strong field processes

Step1 : classically forbidden region – sub-barrier
tunneling

Phase shift of the emerging wavepacket

Step 2 : post-tunneling dynamics – continuum
acceleration by the laser field

Step 3 : re-collision 



  

Step2

Structural sensitivity of strong field processes

Step1 : classically forbidden region – sub-barrier
tunneling

Phase shift of the emerging wavepacket

Step 2 : post-tunneling dynamics – continuum
acceleration by the laser field

Scattering off the potential 
  → angle-resolved photoelectron spectrum

Step 3 : re-collision 



  

Structural sensitivity of strong field processes

Step1 : classically forbidden region – sub-barrier
tunneling

Phase shift of the emerging wavepacket

Step 2 : post-tunneling dynamics – continuum
acceleration by the laser field

Scattering off the potential 
  → angle-resolved photoelectron spectrum

Step 3 : re-collision 
Radiative recombination 

 → High-harmonic spectroscopy

Diffraction of the electron wavepacket by nuclei
Laser-induced electron diffractionStep3



  

Structural sensitivity of strong field processes

Step1 : classically forbidden region – sub-barrier
tunneling

Phase shift of the emerging wavepacket

Step 2 : post-tunneling dynamics – continuum
acceleration by the laser field

Scattering off the potential 
  → angle-resolved photoelectron spectrum

Step 3 : re-collision 
Radiative recombination 

 → High-harmonic spectroscopy

Diffraction of the electron wavepacket by nuclei
Laser-induced electron diffraction

Chiral response in strong-fields?



  

Chiral response in ionization ?

Measurement of mass spectrum
  → Circular Dichroism

Different number of ions produced by left and right CP

Magnetic dipole / electric quadrupole transitions 



  

Chiral response in ionization ?

Measurement of mass spectrum
  → Circular Dichroism

Different number of ions produced by left and right CP

Magnetic dipole / electric quadrupole transitions 

Measurement of angular distribution of electrons
  → PhotoElectron Circular Dichroism

Different number of electrons ejected forward and backward by LCP and RCP 

Strong effect : electric dipole transition 



  

Detector : Velocity Map Imaging spectrometer

  → Projection of the angular distribution of the photoelectron spectrum 

 Photoelectron circular dichroism



  

Light propagation 

B. Ritchie, PRA 13, 1411 (1976)
I. Powis, JCP 112, 301 (2000)
N. Bowering et al., PRL 86, 1187 (2001)

Photoelectron circular dichroism

For reviews see M. Janssen and I. Powis, PCCP 16, 856 (2014)
   L. Nahon et al., J. Elec. Spec. Rel. Phen. 2014, 322 (2015)



  

Light propagation 

PECD=Pure electric dipole effect  much stronger than most other CDs→
Up to 34 % measured For reviews see M. Janssen and I. Powis, PCCP 16, 856 (2014)

   L. Nahon et al., J. Elec. Spec. Rel. Phen. 2014, 322 (2015)

Photoelectron circular dichroism
B. Ritchie, PRA 13, 1411 (1976)
I. Powis, JCP 112, 301 (2000)
N. Bowering et al., PRL 86, 1187 (2001)



  

Physical origin of PECD

Scattering phases of the outgoing electrons in the chiral potential

For reviews see M. Janssen and I. Powis, PCCP 16, 856 (2014)
   L. Nahon et al., J. Elec. Spec. Rel. Phen. 2014, 322 (2015)



  

Physical origin of PECD

Classical interpretation ? 

S. Beaulieu et al., New J. Phys. 102002 (2016)

1D trajectories, linear polarization, 
without potential

3D trajectories, circular polarization, 
with chiral potential

 → PECD



  

Step2

Chiral sensitivity of strong field processes

Step1 : classically forbidden region – sub-barrier
tunneling

 

Step 2 : post-tunneling dynamics – continuum
acceleration by the laser field

Scattering off the potential 
  → angle-resolved photoionization cross section
 → Photoelectron circular dichroism 



  

Photoelectron circular dichroism in strong field ionization

Ionization by strong Mid-Infrared (1850 nm) laser pulses – tunneling regime

Laser propagation direction
Clear PECD, ~1 %

Target : fenchone



  

Photoelectron circular dichroism in strong field ionization

Ionization by strong Mid-Infrared (1850 nm) laser pulses – tunneling regime

 → Signatures of chiral potential during electron acceleration in the continuum

Time-resolved attosecond photoionization of chiral molecules
Few attosecond delay between electron ejected forward and backward

Laser propagation direction
Clear PECD, ~1 %

Target : fenchone

Target : camphor



  

Chiral sensitivity of strong field ionization ?

Step2

Scattering off chiral potential in Step 2:
  → imprints a phase and amplitude asymmetry 

in the photoelectron distribution

Issue : if the electron emerges far from the core, 
the chiral part of the potential vanishes



  

Chiral sensitivity of strong field ionization ?

Step1

Scattering off chiral potential in Step 2:
  → imprints a phase and amplitude asymmetry 

in the photoelectron distribution

Issue : if the electron emerges far from the core, 
the chiral part of the potential vanishes

Scattering off chiral potential in Step 1 ? 
  → is there an influence of chirality on the 

wavepacket emerging from the tunnel ?
 



  

Chiral sensitivity of tunneling

Sub-barrier dynamics induce a chiroptical response
No chiral tunneling delay
Sub-barrier amplitude and phase modulation of the wavepacket
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Sub-barrier dynamics induce a chiroptical response
No chiral tunneling delay
Sub-barrier amplitude and phase modulation of the wavepacket
Dynamical process : must feel the rotation of the laser field



  

Chiral sensitivity of tunneling

Sub-barrier dynamics induce a chiroptical response
No chiral tunneling delay
Sub-barrier amplitude and phase modulation of the wavepacket
Dynamical process : must feel the rotation of the laser field

Non-adiabatic tunneling

The excitation process can be chirosensitive The electron gets excited under the barrier 



  

Chiral sensitivity of strong field processes

Step1 : classically forbidden region – sub-barrier
 → Photoelectron circular dichroism  

Step 2 : post-tunneling dynamics – continuum 
 → Photoelectron circular dichroism 

Step 3 : re-collision ?

Step3

Step1 Step2



  

High-order harmonic generation

attosecond 
e- wavepacket

attosecond
XUV pulse



  

High-order harmonic generation

attosecond 
e- wavepacket

attosecond
XUV pulse

Recollision probability decreases with ellipticity

Sensitivity to chirality ? 



  

Strong difference (1%) in the emission from left and right elliptical light

Chiral recollision

Chiral high-harmonic generation



  

Strong difference (1%) in the emission from left and right elliptical light

Chiral recollision

Chiral high-harmonic generation

Origin: 

Attosecond rotation of the hole under the laser magnetic field



  

Sub-cycle shaped laser fields

Key idea of strong-field physics : 
electron trajctories can be manipulated by shaping the laser field

 → Can we shape trajectories optimizing the chiral response ? 
Can we get the electrons to rotate but also recollide ?  

Optimizing the strong-field chiral response



  

Bi-circular bichromatic fields

Bicircular fields : 
Superposition of fundamental and second harmonic fields
Intensity ratio r
Circularly polarized (helicity s)



  

Bi-circular bichromatic fields

Bicircular fields : 
Superposition of fundamental and second harmonic fields
Intensity ratio r
Circularly polarized (helicity s)



  

Bi-circular bichromatic fields

Bicircular fields : 
Superposition of fundamental and second harmonic fields
Intensity ratio r
Circularly polarized (helicity s)

2D manipulation of the electron 
trajectories



  

Bi-circular bichromatic fields

Bicircular fields : 
Superposition of fundamental and second harmonic fields
Intensity ratio r
Circularly polarized (helicity s)

Chiral photoionization with clover field : 

PAD PECD



  

Bi-circular bichromatic fields

Combine circular polarization and highly probable re-collision
 → Great tool for chiral high-harmonic generation

Bicircular fields : 
Superposition of fundamental and second harmonic fields
Intensity ratio r
Circularly polarized (helicity s)

Chiral high-harmonic generation with clover field : 



  

Bi-linear bichromatic fields

Linearly polarized 
fundamental Linearly polarized 

second harmonic



  

Bi-linear bichromatic fields

The field rotation direction reverses every half cycle
Shape depends on relative phase between w and 2w components

Linearly polarized 
fundamental Linearly polarized 

second harmonic



  

Chirality in a w-2w bilinear laser field ?

The field rotation direction reverses every half cycle
Shape depends on relative phase between w and 2w components



  

Chirality in a w-2w bilinear laser field ?

Can a field with zero net chirality produce a chiroptical signal ?

The field rotation direction reverses every half cycle
Shape depends on relative phase between w and 2w components



  

Sub-cycle chirality

p
z

p
y

Circular polarization



  
p

z

p
y

Clear up/down antisymetric chiroptical signal
Signature of sub-cycle chiral response

Circular polarization Bilinear polarization

Sub-cycle chirality



  

Conclusion : the strong-field chiral toolbox

Electron trajectory manipulation
Control of optical chirality

attosecond electron dynamics

+spin-orbit interaction 

molecular dynamics in pump-probe 
spectroscopy

complex chiral systems 
– attempts on beetles (with CEMES) 

     chiral Pt (with ISM) Tools
Targets

Processes

+Orbital angular momentum in 
strong field or XUV light

+Locally and globally chiral light



  

CHIMERA

Chiral Induction from Microns to Electrons for Radiative Anisotropy
ANR2021

Experiments @ CELIA: 
- Coherently drive electrons with a strong field in chiral nanohelices

 → chirosensitive high-harmonic generation
- use orbital angular momentum in the XUV range

 → light helix with a pitch adjusted to the nanostructure

Compare to well established spectroscopies

Investigate the link from chiral nanoassembly down to the electron’s 
response
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