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Abstract 

Complete basis set extrapolations are successfully used with the new relativistic 

prolapse-free Gaussian basis sets, RPF-XZ (X = 2, 3, and 4), in four-component 

Coupled Cluster Theory calculations with single, double and perturbative triple 

substitutions for double ionization energy determinations in simple atomic systems. 

 
 

Introduction 

 

     Important relativistic effects in 

chemistry are frequently encountered in 

different properties [1].  However, the 

electronic structure treatments based on the 

four-component formalism, which is one of 

the most advanced methodologies to 

include such effects, require specifically 

tailored basis sets. However, these basis 

sets can suffer from variational prolapse, 

which is an incompleteness issue associated 

to a poor description of inner electrons that 

can lead to smaller energy results than the 

exact values [2,3]. Hence, basis sets with 

variational prolapse are not recommended 

for calculations of properties more 

dependent on inner electron distributions. A 

few years ago, relativistic prolapse-free 

Gaussian basis sets of quadruple-ζ quality 

(RPF-4Z) were developed [4-6]. Our 

research group is now working on 

generating double- and triple-ζ quality 

members of the RPF-XZ family, which is 

almost finished for s and p-block elements 

[7]. 

     Thus, Complete Basis Set (CBS) 

extrapolation schemes can be used to 

achieve more accurate electronic energies 

by carrying out calculations with basis sets 

of different sizes within a family [8]. 

However, considering relativistic 

calculations, it is mandatory to address the 

variational prolapse problem before 

extrapolations are employed or else the 

electronic energies will inevitably lead to 

wrong absolute results, which can will tend 

to be significantly smaller than the exact 

values. 

     Here, the RPF-XZ family (X = 2, 3, and 

4) will be used to achieve extrapolated CBS 

results including high level treatments for 

relativistic effects and electronic correlation 

in order to obtain double ionization energies 

for some closed shell atoms (He, Be, Mg, 

Ca, Sr, Ba, and Ra).      

 

Methodology 

 

     The Dirac-Coulomb (DC) Hamiltonian 

was used in all calculations, which are 

performed with DIRAC23 [9,10]. The 

default Gaussian nuclear model and light 

speed value are used. Uncontracted basis 

sets are considered here. Moreover, 

repulsion integrals between small functions 

generated by kinetic balance conditions, 

(SS|SS), are replaced for an approximation 

[11]. The energy results are obtained in 

four-component Coupled Cluster Theory 

calculations with single, double and 

perturbative triple excitations, DC-

CCSD(T), with an active space composed 

by valence plus sub-valence electrons and 

virtual spinors up to 100 atomic units (au).  



 
     Two common extrapolation equations 

[12,13] are evaluated here for obtaining 

CBS results for energies (ECBS): 

 

E(X)=ECBS+AX–3       or  (1) 

 

E(X)=ECBS+A(X+½)–4 ,  (2) 

 
where E(X) represents the energy obtained 

with a basis set of a certain cardinal number 

(X = 2, 3, and 4 for the RPF-XZ family) and 

A is a parameter. Thus, these CBS estimates 

require two calculations. 

 

Results and Discussion 

 

     The double ionization process 

investigated here is based on calculations 

for closed-shell systems, a neutral atom and 

its double cation (A and A2+), that is: 

 

A → A2+ + 2e–      (3) 

 

     Hence the total energies of A and A2+ 

are obtained by the extrapolations presented 

in eqs. (1) and (2). Thus, the double 

ionization results are compared to 

experimental data [14]. Table I illustrates 

the mean absolute deviations (MADs) and 

mean signed errors (MSEs) obtained with 

the RPF-XZ basis sets. As one can see, 

there is a clear improvement pattern as the 

cardinal number increases, with MADs 

decreasing from 0.23 to 0.08 eV, although 

the calculations always underestimate the 

double ionization data. 

     In the sequence, the CBS extrapolations 

are considered in Table II. Hence, the 

results are obtained from pairs of basis sets, 

that is, the pairs formed by the smallest and 

the largest sets, labelled respectively as 

(2Z,3Z) and (3Z,4Z). As one can notice, the 

(2Z,3Z) values from CBS extrapolations 

point to a clear improvement in the overall 

results individually obtained from the 

smallest basis sets, with MADs (around 

0.09 and 0.10 eV) and MSEs (nearby -0.09 

and -0.10 eV) similar to those from the 

RPF-4Z set. Further, the best MADs (0.05 

eV) and MSEs (around -0.04 and -0.05 eV) 

are those from (3Z,4Z) CBS extrapolations.  

 

 

Table I: Results obtained for double ionization 

energies in DC-CCSD(T) calculations and 

experimental data (in eV). 
 RPF-2Z  RPF-3Z  RPF-4Z      Expa 

He 78.72 78.91 78.98 79.01 

Be 27.50 27.51 27.52 27.53 

Mg 22.34 22.43 22.57 22.68 

Ca 17.82 17.88 17.93 17.98 

Sr 16.52 16.59 16.63 16.73 

Ba 15.05 15.08 15.09 15.22 

Ra 15.03 15.26 15.29 15.43 

MAD 0.23 0.13 0.08  

MSE -0.23 -0.13 -0.08  
a From reference [14]. 

 
Table II: Results obtained for double ionization 

energies in DC-CCSD(T)/CBS calculations (in 

eV). 
 (2Z,3Z) aa (3Z,4Z) 

 eq. (1)    eq. (2)  eq. (1) eq. (2) 

He 79.00 78.98  79.04 79.02 

Be 27.51 27.51  27.53 27.53 

Mg 22.46 22.46  22.67 22.64 

Ca 17.91 17.91  17.97 17.96 

Sr 16.63 16.62  16.66 16.66 

Ba 15.10 15.09  15.10 15.10 

Ra 15.35 15.33  15.31 15.31 

MAD 0.09 0.10  0.05 0.05 

MSE -0.09 -0.10  -0.04 -0.05 

 

Conclusions 

 

     The results obtained here demonstrate 

that the RPF-XZ family (X = 2, 3, and 4) of 

relativistic Gaussian basis sets can be 

successfully used in CBS extrapolation 

schemes.  
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