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Research projects
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• Calculation of the electron affinity of polonium with the single reference CCSD(T) approach

• Influence of the basis set parameters: cardinality, augmentation, correlating functions

• Influence of the method used : DHF, CCSD(T), CCSDT(Q)…

• Influence of the size of the correlating space

• Estimation of the uncertainty

• QED effects

• Submit for publication – collaboration with Miranda Nichols (ESR 06)

• Field shift calculation for a transition in gold with single reference CCSD(T) approach

• Similar investigations

• Calculation of the mass shift for a transition in gold with CI+MBPT approach

• Determination of the atomic factors for several transitions in fluorine with CI+MBPT approach

• Calculation of hyperfine structure and isotope shifts in plutonium
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DIRAC program and

Tel Aviv Package

AMBiT program

Work in progress



Training - Teaching activities 

• Workshops & courses at the University of Groningen
• Literature review

• English conversation for academics

• Project management

• Scientific writing

• Efficient communication in Academia

• Scientific integrity

• Computer infrastructure management

• Dutch A0-A1
...

• Teaching assistant for 3rd year bachelor students: Material Design – Theoretical Methods
• Tutorials

• Computer labs

• Grading
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Scientific motivation

The last electron affinity to measure in the 6 first rows of the p block
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Framework: the LISA project
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• Laser Ionization and Spectroscopy of Actinides

• 15 PhD students

• 3 years

• Research scope:

• Fundamental understanding of the atomic structure

• Societal applications: targeted cancer therapy and 

radioecology

• https://lisa-itn.web.cern.ch/
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https://lisa-itn.web.cern.ch/


Electron affinity (EA) of Polonium

• Definitions:

• IP and EA gives access to fundamental 

physicochemical properties: 
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𝐸𝐴 𝑒𝑥𝑝𝑡 > 0

𝐸𝐴 𝑡ℎ𝑒𝑜 > 0

𝐸𝐴 𝑒𝑥𝑝𝑡 < 0

Figures Adapted from Leimbach, D., Karls, J., Guo, Y. et al. The electron affinity of astatine. Nat 
Commun 11, 3824 (2020). https://doi.org/10.1038/s41467-020-17599-2

𝑃𝑜 𝑔 + 𝑒− → 𝑃𝑜− 𝑔 𝐸𝐴 = 𝐸(𝑃𝑜, 𝑔) − 𝐸(𝑃𝑜−)
𝐸𝐴 𝑡ℎ𝑒𝑜 < 0



Previous work and collaboration

• The electron affinity of Po will be measured in the near 

future at ISOLDE (Miranda Nichols, ESR 06, based in 

Gothenburg (Sweden)

• The EA will be measured by laser photodetachment

• Previously, the electron affinity have been calculated

by Borschevsky et al, and other research teams, but a 

higher accuracy is expected with the present 

calculations

7

Borschevsky, A., Pasteka, L. F., Pershina, V., Eliav, E., & Kaldor, U. (2015). Ionization potentials and electron affinities of the superheavy elements 115-117 and their 

sixth-row homologues Bi, Po, and At. Physical Review A, 91(2)

Leimbach, D., Karls, J., Guo, Y. et al. The electron affinity of astatine. Nat Commun 11, 3824 (2020). 
https://doi.org/10.1038/s41467-020-17599-2



Method

The relativistic single reference coupled cluster approach
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Relativistic coupled cluster approach
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• Born-Oppenheimer approximation

• Dirac-Schrödinger equation

• Hartree-Fock method

• Electron correlation: include (single, double,…) excitations 

• Treatment with an exponential ansatz



Method, Hamiltonian and Basis Sets
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What can we play with?
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• Method: DHF, CCSD, CCSD(T), CCSDT(Q),…

• Basis set

• Cardinality: Double, Triple, Quadruple  Zeta

• Number of correlating functions: valence (v), core-valence (cv) or all electrons (ae)

• Single, double,… diffuse functions

• Number of correlated electrons and virtual cut-off

• 2 components and non-relativistic Hamiltonians



• Atomic orbitals described as a linear combination of basis 
functions

• Expression of the functions:

• Radial part described with Slater (STO) or 
Gaussian (GTO) functions

Basis sets: definition
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Gaussian functions
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Figure 4: Gaussian functions with different
exponents 



Parameters

• Cardinality: number of functions describing each atomic orbital:
• Double zeta 2 functions

• Triple zeta 3 functions

• Quadruple zeta 4 functions
…

• Number of correlation optimized functions: valence (v), core-
valence (cv), all electrons (ae)

• Additional diffuse functions:
• s-aug 1 layer of diffuse functions

• d-aug 2 layers of diffuse functions
…
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Preliminary results

Tellurium and Polonium
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Te: effect of the method used
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Method EA(eV) ΔEA(eV)

DHF 1.314 0

CCSD(T) 1.033 -0.281

Exp. 1.971

Method EA (eV) ΔEA(eV)

DHF 1.680 0

CCSD(T) 1.863 +0.183

Exp. 1.971

v2z v4z

➢Correlation has a very large impact on the electron affinity

➢The CC method improves the results for a sufficiently large basis set



Te: effect of the cardinality of the basis set
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➢Large effect of the zeta character for the electron affinity: 4z character 

necessary to obtain the desired meV accuracy
Correlating space: -1200au to 1200au

exp. EA



Te: number of correlating functions v, cv, ae
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➢The inclusion of core-valence basis functions improves the accuracy. All-

electron functions have a slight effect (2meV) 
Correlating space: -1200au to 500au
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Te: Effect of additional diffuse functions
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Correlating space: -1200au to 1200au

➢The inclusion of 2 layers of diffuse functions reduces the error by half
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Te: Number of correlated electrons and virtual cut-off
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Number of 
correlated 
electrons

Virtual
cut-off(au)

EA (eV) ΔEA(eV)

24 30 1.918 0

52 50 1.917 -0.001

52 1200 1.917 0

52 3000 1.917 0

Exp. 1.971

➢Correlating a larger space has a very small effect on the calculated EA: ~ 1 meV for the EA
Basis set: s-aug-cv4z



Po: effect of the method used
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Method EA (eV) ΔEA(eV)

DHF 1.695 0

CCSD(T) 1.372 -0.323

4C+CCSD(T)+
QED + Breit* 1.469

v4z

➢Same conclusions as for tellurium

*Borschevsky, A., Pasteka, L. F., Pershina, V., Eliav, E., & Kaldor, U. (2015). Ionization potentials and electron affinities of the 
superheavy elements 115-117 and their sixth-row homologues Bi, Po, and At. Physical Review A, 91(2)



Po: effect of the cardinality of the basis set
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➢Same conclusions, with even a larger effect than for tellurium

Correlating space: -1200au to 1200au

Ref. EA

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

2 3 4

EA
(e

V
)

Zeta character

Electron affinity of Po (eV) w.r.t.
the cardinality of the basis set



Po: number of correlating functions v, cv, ae
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➢Similar conclusions than for tellurium with a stronger effect
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Po: Effect of additional diffuse functions
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Correlating space: -1200au to 1200au

➢Larger effect than for tellurium: double augmentation improves the accuracy



Po: Number of correlated electrons and virtual cut-off
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Number of 
correlated 
electrons

Virtual
cut-off(au)

EA (eV) ΔEA(eV)

48 30 1.427 0

80 300 1.424 -0.003

84 50 1.424 0

84 3500 1.424 0

4C+CCSD+
QED + Breit* 1.469

➢Small but larger effect than for tellurium.
Basis set: s-aug-cv4z



Extrapolation to the CBS limit
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• The “true” energy of the system corresponds 

to an infinite number of basis functions,

impossible in practice

• To approach this number, we extrapolate

our results

• This is done w.r.t. the cardinality of the basis

set, major source of uncertainty
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CCSD(T) energy of Po (eV) as a function 
of the cardinality of the basis set
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Vasilyev, V. (2017). Online complete basis set limit extrapolation calculator. Computational and Theoretical Chemistry, 1115, 1-3.



Final tables – basis set 
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Final tables – Method
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Extending our approach to Se (Z=36) and Lv (Z=116)
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Conclusion

• Basis set of our final calculation: d-aug-ae4z, after extrapolation to the CBS, we obtain:

𝑬𝑨(𝑷𝒐) = 𝟏. 𝟒𝟕𝟖 𝐞𝐕

• Excellent agreement with literature: within 10 meV

• Knowledge of the influence of the different basis set parameters

• For tellurium with the same approach, we obtain:

𝑬𝑨(𝐓𝐞) = 𝟏. 𝟗𝟖𝟓 𝐞𝐕

• Excellent agreement with the experimental value: 1.971 eV

• Calculation of the EA for Se, Te, Po, and Lv: predominance of relativistic effects while 

increasing Z, leading to a dramatic decrease of the EA
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Outlook

• Estimation of the uncertainty 

• Non-relativistic calculations 

• Higher order excitations,  beyond triples

• Calculation of the Breit contribution

• Calculation of Quantum ElectroDynamic (QED) effects
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https://sites.google.com/view/atomsionsmolecules 33



https://lisa-itn.web.cern.ch/ 34

https://lisa-itn.web.cern.ch/


PhD project

• Title: « Relativistic coupled cluster (CC) and configuration interaction (CI) investigations of 
properties of heavy and superheavy elements »

• Two secondments of 3 months each: 

• University of New South Wales (UNSW) in Sydney (Australia)   

• Tel Aviv University (Israel)

• Use of the DIRAC and AMBiT programs and Tel Aviv package

• Calculations of electronic structure, predicted spectra, ionization potential, electron affinity, 
hyperfine structure parameter, Isotope shift, with meV accuracy

• Estimation of relativistic and Quantum Electrodynamic Effects (QED), using CC and CI as 
complementary approaches

• Estimation of the uncertainty
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Input

Output



Personal presentation

• Bachelor Degree in Physics and 
Chemistry, Clermont-Ferrand - 2015

• Master Degree in Theoretical Chemistry, 
Toulouse - 2017

• Teacher in Secondary School, 
La Rochelle - 2018

• Master degree in Education in Physics 
and Chemistry, Toulouse - 2019

• PhD candidate at the University of 
Groningen – 08/2020 – present day
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Te: Effect of additional diffuse functions
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Basis set IP (eV) ΔIP(eV) EA (eV) ΔEA(eV)

cv4z 9.014 +0.005 1.858 -0.113

s-aug-cv4z 9.024 +0.015 1.915 -0.055

d-aug-cv4z 9.024 +0.015 1.916 -0.055

t-aug-cv4z 9.024 +0.015 1.916 -0.055

Exp. 9.010 1.971

Convergence reached

Correlating space: -1200au to 1200au

➢ The inclusion of diffuse functions reduces the error by half on the EA, and seems to cause 
a small increase of the error on the IP… But we have more effects to take into account.



Po: Effect of additional diffuse functions
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Basis set IP (eV) ΔIP(eV) EA (eV)

cv4z 8.395 -0.031 1.368

s-aug-cv4z 8.380 -0.045 1.424

d-aug-cv4z 8.380 -0.045 1.429

t-aug-cv4z 8.380 -0.045 1.429

4C+CCSD+
QED + Breit* 1.429

Exp.
8.426

Convergence reached

Correlating space: -1200au to 1200au

➢Larger effect than for tellurium: double augmentation improves the accuracy



Summary of the calculations
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Basis set N_corr
Virtual 
cut-off 

(au)
EA (eV) ΔEA(eV)

v2z 48 30 0.568 0

v3z 48 30 1.189

v4z 48 30 1.372

cv4z

ae4z

s-aug-
ae4z

d-aug-
ae4z

Ref. 1.469


