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Introduction
For reliable results in the scattering phenomenon, accurate 

interaction potential is required.1–7 The interaction potential may 
be calculated with the help of MOLPRO (Werner et al., 2012), for 
example, where one has to use the best available method and the best 
available basis-set. The best method available is the couple dcluster 
with Single and Double, and perturvative Triple excitations CCSD(T).8 
The best basis-set available may be the aug-cc-pVnZ, where n denotes 
the number of zeta used and it stands for one of the D (Double-zeta), T 
(Triple-zeta), Q (Quadruple-zeta), 5 (Quintuple-zeta), etc. The prefix 
’aug’ denotes the augmented version of the basis set. With the increase 
of n, the accuracy increases, and one would like to have n=∞. But, the 
requirement of memory size and computer-time increases extremely 
fast with the increase of n, which is not affordable, beyond n=6 (say). 
Truhlar9 proposed a nice concept for extrapolation of basis-set, where 
total energy is expressed as the sum of the reference energy (HF) and 
the energy of correlations.

		  HFtot corE E E= +                                               (1)

Each of the components of the energy is assumed to approach its 
basis-set limit according to the power laws:

	        
HF HF HFA nE En α−= +∞                                          (2)

And

               
cor cor corA nE En β−= +∞                                             (3)

where the exponents α and β are the indices for the power law for 
HF and COR respectively and they are real and positive numbers. The 
energy with the suffix ∞ denotes the limiting value, corresponding 
to n=∞. The HFA and corA are some parameters for the interacting 
system. The n has the values 2, 3 or 4 when the basis-set used are 
the aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ, respectively. Let use 
consider n=2 and n=3 and have

         
22

HF HF HFAE E α−= +∞                                              
(4)

And

          
33

HF HF HFAE E α−= +∞                                                
(5)

Equations (4) and (5) can be rearranged as (Truhlar, 1998) as

	

3 2
3 23 2 3 2

HF HF HFE E E
α α
α αα α

= −∞ − −                              
(6)

Similarly, for the energy of correlations, one can get (Truhlar, 
1998)

	

3 2
3 23 2 3 2

cor cor corE E E
α α
α αα α

= −∞ − −                                     
(7)

Equations (6) and (7) show that by using the energies corresponding 
to n=2 and n=3, one can calculate the energies corresponding to n=∞, 
which one would like to have. This method of extrapolation is a nice 
idea and has been used for the calculation of potential energy surfaces 
(PES).10 In the calculations, the values of α and β are taken constant 
for all positions in the system.9,10 In the present investigation, we 
find that the α and β are not constant, but they vary from position 
to position in the system. The effect of the variations of α and β is 
discussed. In section 2, we have presented the method for calculation 
of α and β. The effect of the variation of α and β is presented in section 
3. Summary of the work is given in section 4.

Calculation of α and β

In order to calculate the values of α and β, we consider one more 
basis set corresponding to n = 4 in equations (2) and (3), to have
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Abstract

For dealing with the MOLPRO, for example, the quality of results improves when 
one uses better basis-set, besides the use of the best available method. The best 
available basis-set is the aug-cc-pVnZ, where n denotes the number of zeta used. With 
the increase of the value of n, the requirement of memory-size and the computer-
time becomes beyond the affordable limit. A possible solution for the requirement 
of memory-size and computer-time may be the extrapolation of basis-set, where two 
exponents α and β are used. These α and β are the indices for the power laws for 
reference energy (HF) and the energy of correlations (COR), respectively, are used. In 
the calculations, for a given system, the exponents are taken as constant. We find that 
the α and β are not constant, but vary from position to position in a system. Taking the 
case of calculation of potential energy surfaces, we have discussed the way for dealing 
with such situation. We have discussed the method for calculation of the values of α 
and β for various points in the system.
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44

HF HF HFAE E α−= +∞                                                 
(8)

And

           
44

cor cor corAE E β−= +∞                                                   
(9)

That is, we have to perform calculations with one more basis-set, 
aug-cc-pVQZ. From equations (4), (5) and (8), we get

	        
( )4 2

3 2

HF HFE E
FHF HFE E

α
−

=
−

                                                      
(10)

 

where

	          
( ) 4 2

3 2
F

α α
α α α

− −−
=

− −−                                                      
(11)

Similarly, for the energy of correlations, we get

	       
( )4 2

3 2

cor corE E
Fcor corE E

β
−

=
−

                                                      
(12)

Where

 	      
( ) 4 2

3 2
F

β β
β β β

− −−
=

− −−                                                       
(13)

Equations (11) and (13) can be combined as

          
	      

( ) 4 2
3 2

F
γ γ

γ γ γ
− −−

=
− −−                                                               

(14)

where γ  is either α or β, depending on the kind of energy. In 
Figure 1, we have plotted ( )F γ versus γ . This is a smooth curve, 
and can be used for finding the value of γ , corresponding to the 
known value of ( )F γ . For the known values of ,  2 3

HF HFE E and 

4
HFE we can calculate F(α) from equation (10), and corresponding 

to F(α), the value of α can be obtained from Figure 1. Similarly, for 

the known values of 2
corE , 3

corE and 4
corE , we can calculate ( )F β  

from equation (12), and corresponding to ( )F β , the value of β can be 
obtained from Figure 1. For better accuracy, this graphical method is 
replaced by the numerical interpolation. 

Figure 1  Variation of ( ) ( ) 4   2 / 3   2F γ γ γ γ= − − − − − −   versus γ . The F 
is plotted on the horizontal axis and γ  on the vertical axis.

Results and discussion
We consider themolecule thioformaldehyde (H2CS), for example, 

whose identification11 in some cosmic object was considered as an 
achievement, because earlier attempts made several times remained 
unsuccessful, though they were based on very accurate laboratory 
studies. For analyzing spectrum, one considers an appropriate number 
of energy levels. These levels are connected through radiative and 
collisional transitions between them. Calculation of collisional 
cross sections is the most difficult task in the investigation. But, the 
scientists are interested to have accurate cross sections for collisional 
transitions. The collisions are due to the most abundant molecule 
H2. However, many scientists do not consider internal structure of 
H2, and therefore they replace H2 by the He atom,2–7,12 as both of the 
H2 and He have two electrons and two protons, and the interaction 
potential depends on the charges of the interacting particles.13–15 For 
the calculation of collisional cross sections, the interaction potential 
between the H2CS and He is required, for which the scientists are 
putting their best efforts. We have calculated interaction potential 
between the H2CS and He with the help of MOLPRO by using the 
best method CCSD (T) and three basis-sets, -cc-pVDZ, aug-cc-pVTZ 
and aug-cc-pVQZ, separately. The position of He atom relative to the 
center-of-mass of H2CS is expressed in terms of the spherical polar 
coordinates (r, θ, φ). The interaction potential between the H2CS16 and 
He is calculated for various positions (r, θ, φ). We have considered17,18 
532 positions specified by (r, θ, φ), with r=2 (0.25) 6.5 Å, θ=0◦ (30◦) 
180◦, φ=0◦ (30◦) 90◦. The obtained values of α and β, are plotted in 
Figure 2 and Figure 3, respectively, as a function of position. Figure 2 
and Figure 3 show that neither α nor β is constant. Both of them vary 
from position to position in the system.

Figure 2  Values of α  for various positions. We have r =2 (0.25) 6.5 Å. Each 
r has 28 positions.

For very large r, the α and β attain the limiting values, denoted by 
α0 and β0. The limiting values are α0=3.157 and β0=2.548, which can 
also be obtained with the help of the statistical methods and are used 
by the scientists. For small r, the deviations of α and β with respect 
to α0=3.157 and β0=2.548, are very significant. With the increase of 
r, the deviations decrease. Using the constant values α0 = 3.157 and 
β0=2.548, we have calculated the total energy E0 at each position. 
For the values of α and β at each position, we have calculated total 
energy E, and plotted in Figure 4, the value of (E−E0) as a function 
of position. The values of (E−E0) are found to have the value up to 
the order of 10−2 atomic unit (A U). The deviations shown in Figure 4 
are quite significant, in particular for the small value of r, as the total 
energy is generally calculated up to the accuracy of 10−8 A U. Finally, 
by using these values of α and β at each position, the HF (reference 
energy) and the energy of correlations, and finally the total energy, 
corresponding to n=∞, can be calculated, and very accurate PES can 
be generated.19–23
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Figure 3  Values of β  for various positions. We have r=2 (0.25) 6.5 Å. Each r has 28 positions.

Figure 4  Values of (E−E0) for various positions. We have r = 2 (0.25) 6.5 Å. Each r has 28 positions.

Summary
Using the best method, CCSD (T) and three basis-sets, aug-cc-

pVDZ, aug-cc-pVTZ, aug-cc-pVQZ, separately, we have calculated 
energies for H2CS-He system. We have shown that the exponents α 
and β used for the basis-set extrapolation are not constant, but vary 
from position to position in the system. The deviations of α and β are 
very significant for low values of r. For very large r, α and β approach 
to the constant values α0 and β0. Finally, we have calculated the 
deviations of energy E corresponding to the α and β from the energy 
E0 corresponding to the α0 and β0. The values of (E−E0) is of the 
order of 10−2 A U, while the energies are generally calculated up to the 
accuracy of 10−8 A U. Thus, the α and β cannot be taken as constant.
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