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Quantum chemistry and high-harmonic generation

Quantum chemistry theoretical methods (Configuration interaction, Coupled clusters, … )  
 are very efficient to calculate molecular properties : 

1. total energy, vibrational frequencies, reactivity 
  

2.  linear response excitations (weak field) 

3.  what about electron dynamics in strong field and in particular 
high-harmonic generation ?   
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Quantum chemistry and high-harmonic generation

Is it possible to describe HHG spectra with quantum chemistry approaches ?
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HHG spectrum contains the structural and dynamical information of the molecules
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Time Dependent Configuration Interaction (TDCI)
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Time Dependent Configuration Interaction (TDCI)
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TDCI and ionisation
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• Ab-initio lifetimes model Coccia, Luppi, Assaraf, Toulouse work in progress



Finite lifetimes on HHG spectrum
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Forms of the HHG spectrum (6-aug-cc-pVTZ)
!2Pz (!) ⇡ Pvz (!) ⇡
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Large number of diffuse functions for Rydberg states (6 converged)

T ! s, p and d shells (computational balance)
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HHG and TDCI for H atom

6-aug-cc-PVTZ



What about using Gaussian basis sets in TDCI ?

How 6-aug-cc-PVTZ describe the continuum states ?
Continuum states
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Asymptotic behaviour (r→∞) from the free-electron Schrodinger equation 



Universal Gaussian basis set of Kaufman et al. J. Phys. B (1989)   

Generating sequences of exponents spanning low-energy continuum solutions

The role of continuum 
universal Gaussian basis set of Kaufmann et al. J. Phys. B 22 (1989) 2223 

Generating sequences of Gaussian exponents spanning low-energy 
continuum solutions Electronic states

6-aug-cc-pVTZ +3K +5K + 8K
Total 68 95 113 140

Bound 42 42 46 51
Continuum 26 53 67 89
Max energy 3.454 6.313 6.681 6.927
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What about using Gaussian basis sets in TDCI ?



HHG spectra
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HHG and TDCI for H atom : optimal continuum Gaussian



HHG : gaussian vs grid Gaussian vs grid for HHG (6-aug-cc-pVTZ+8K)
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Coccia et al. Int. J. Quantum Chem (2015)6-aug-cc-pVTZ+8K



HHG : gaussian vs grid Gaussian vs grid for HHG (6-aug-cc-pVTZ+8K)
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Coccia et al. Int. J. Quantum Chem (2015)6-aug-cc-pVTZ+8K



Conclusion

TDCI with Gaussian basis seems  
to be a promising method to describe the electron dynamics in HHG

This afternoon Felipe Zapata will present what happens when we  
describe HHG in small molecular systems.
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TD-CI in Gaussian basis set

The method has to be studied, analysed and improved keeping in mind 
the physics beyond HHG  (3 step model)

2.   How good gaussian basis for  continuum 
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Continuum states
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Asymptotic behaviour (r→∞) from the free-electron Schrodinger equation 

Continuum
TD-CI in Gaussian basis set 



HHG spectra
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Ionisation: the heuristic lifetime model 
S. Klinkusch, P. Saalfrank, and T. Klamroth 

Laser-induced electron dynamics including photoionization: 
 A heuristicmodel within time-dependent configuration interaction theory 

J. Chem. Phys. 131, 114304 (2009)

εr
e- 

virtual energies

εr =
1
2
v2 v= 2εr =

d
τ

τ =
1
Γ

Γ i =
0 Ei

CIS < I p

Ca,i
r 2 2εr

da,r
∑ Ei

CIS > I p

escape velocityv
escape lenghtd
lifetimesτ

1. 



The role of additional basis function centers
5-aug-cc-pVTZ  (110.1 Å)

(220.1 Å)

50 Å0.741 Å50 Å

Linear (L)  2 ghost atoms 

z

distance from the origin  
50.3705 Å

z
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y

Octhaedral (O)   
6 ghost atoms 

3. 
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One center vs Two centers recombination
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State of the art: 
HHG and basis representation

Grid
• Theoretical model (single-active electron)
Bandrauk et al. PRA (2009)

Ruiz et al. PRA (2006)
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 Taieb et al. PRA (2003) 

• Time-dependent density-functional theory TD-DFT
Chu et Groenenboom PRA (2012)
Telnov et al. PRA (2013)

• Wavefunction methods: 
TD configuration-interaction single/double (TD-CIS/D)
TD restricted-active-space self-consistent-field (TD-RASSCF) 

Miyagi and Madsen PRA (2014)
Greenman et al. PRA (2010)
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HHG with TD-CI(S) with Gaussian basis set
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HHG with TD-CI(S) with Gaussian basis set
the problem of using a finite basis set
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HHG with TD-CI(S) with Gaussian basis set:
ionisation losses 

we replace every state energy by a complex energy  

ionization rate of CI state k

S. Klinkusch e al. JCP 131, 114304 (2009)

ECI
k ! ECI

k + �k
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The role of bound Rydberg 
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The role of continuum states:
Gaussian exponents spanning low-energy continuum 
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