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Elastic and momentum transfer collisions
Inelastic rotational excitation
Inelastic vibrational excitation
Dissociative electron attachment or recombination
Radiative electron recombination, photoionization
Inelastic, electronic excitation
Impact dissociation, which normally goes via 

electronic excitation
Ionization

Processes of interestProcesses of interest



  

Uncertainty in target properties (energy levels, 
polarizability, dipole and higher moments)

Consistency in the treatment of the N-electron 
target versus the (N+1)-electron collision problem

The role of the nuclear motion in electron-mole cule 
col lisions

Numerical uncertainties

Many difficulties for UQ in e-Many difficulties for UQ in e-
molecule collisionsmolecule collisions



  

Calculations to be performed for different target 
models.

Quantify uncertainties associated with the choice of 
the scattering model.

Use a family of basis sets, such as (aug)-cc-pVxZ 
(x=2,3,..).

At low electron energies, vibrational motion should be 
accounted for.

SuggestionsSuggestions



  

Electronic resonances can greatly enhance vibrational 
excitation cross sections and these can be computed in 
a rela tively straightforward fashion using resonance 
curves.

Conversely, nonresonant vibrational excitation can be 
treated by vibrationally averaging S-matrices as a 
function of geometry (frame transformation).

In a similar way, rotational excitation can be treated 
by a frame transformation.

An efficient method that unifies nonresonant and 
resonant processes in electron-molecule scattering is 
the quantum defect approach (QDT).

Uncertainties are mainly determined by uncertainties 
of the geometry-fixed S-matrices.

Nuclear motionNuclear motion



  

If there are not that many parameters, one can simply 
vary them within a reasonable interval and see the effect 
of the variation on the final results (cross sections). It is a 
sort of sensitivity test.

Systematic approaches:
 Least squares method

 Monte-Carlo methods

Evaluation of uncertainties Evaluation of uncertainties 
within a chosen modelwithin a chosen model



  

Example 1: Vibrational excitation 
of HeH+ by an electron impact

If rotational structure is neglected (averaging over initial 
rotational states and summed over final states), the cross is



  

Dependence on the internuclear distance



  

Cross section

Two different basis sets used: 6-311* and 6-31*



  

Example2: Photodetachment of CN-
Theoretical results are sensitive to certain parameters in the model. Here, the 
dependence of the PD cross section is assessed in a qualitative way. The 
parameters of the model is the (1) basis set, (2) orbital space, (3) the size of the R-
matrix box.



  

Photodetachment of CN-



  

Photodetachment of C2H
-



  

Radiative electron attachment
Larger uncertainty at low electron energies.



  

Advantages: Not-biased, UQ protocol could be 
established, can be automated
Much more expensive computationally
Could be needed for high-value data

More systematic approachMore systematic approach



  

1. The mean value. For example, calculating (measuring)  at energy Ei

In theoretical calculations , some of theoretical parameters pj are 
described by similar formulas. For example, if a potential energy surface 
on j=1,Npes grid point is used, it introduces Npes parameters pj, each having 
it own uncertainty.

2.Strictly speaking, one has to calculate an N-dimensional integral if there 
are several variables:

3. Uncertainty (standard deviation)

Mean value and uncertaintyMean value and uncertainty

〈 p j 〉=∫ p j P ( p1, p2,⋯, p j ,⋯)d p⃗

Δ σ i=√ 〈 (σ i−〈σi 〉 )
2 〉=√〈σi

2〉−〈σ i 〉
2

〈σ i〉=∫σ i P (σ1,σ2,⋯ ,σi ,⋯)d σ⃗

〈σ i〉=∫σ i P (σ i)d σi



  

1. Covariance matrix describes correlation between variables: 
Changing a parameter in a model (in the experiment) changes 
cross sections at all energy points.

2. When i=i' : 

it is variance.

Covariance matrix and uncertaintyCovariance matrix and uncertainty

V ii '=〈(σ i−〈σ i〉 ) (σ i '−〈σ i ' 〉 )〉=〈σ iσ i ' 〉−〈σ i 〉〈σ i ' 〉

V ii=(Δσ i)
2



  

1. Choice of the energy grid, Ei (i=1,...,N): For evaluation, the grid 
should be the same as in experiment.

2.Varying parameters within an interval of a few pj, and calculating 
i

k for each set k of parameters. Then averaging over p (summation 
over k) is performed: mean values <i> and covariance matrix are 
obtained

 

Procedure of determination of 
theoretical uncertainties and evaluated 

cross sections

〈σ i〉=∫σ i P ( p1, p2,⋯, p j ,⋯)d p⃗

V ii '
the=〈σ iσ i ' 〉−〈σ i〉 〈σ i ' 〉=∫σ iσ i ' P ( p1, p2,⋯ , p j ,⋯)d p⃗−〈σ i 〉〈σ i ' 〉



  

1. Experimental data and uncertainties are needed. The most likely, 
the covariance matrix Vexp is unknown. Uncertainties should be 
used to construct diagonal Vexp.

2.One should use a statistical approach again because number of 
variables (i) are now determined by the number of grid points. 
Now                                                     i.e. i is in the interval <i>±i .

3.Then, the mean value and covariance matrix are

Taking into account experimental data

σ i
k=〈σ i 〉+(2 γ−1) ψ√V ii '

the

〈σ i
eva〉=

∑
k

σ i Pexp (σ⃗)P the (σ⃗ )

∑
k

Pexp(σ⃗)P the (σ⃗ )
;

V ii '
eva=〈σ i

evaσ i '
eva〉−〈σ i

eva 〉 〈σi '
eva〉

〈σ i
evaσ i '

eva 〉=
∑
k

σ iσ i ' Pexp(σ⃗)P the (σ⃗ )

∑
k

Pexp(σ⃗)P the (σ⃗ )

P the (σ⃗ )=exp{−12 [(σ⃗−σ⃗the) (V̂ the )
−1

(σ⃗−σ⃗ the)]}
Pexp (σ⃗)=exp{−12 [(σ⃗−σ⃗exp) (V̂ exp )

−1
(σ⃗−σ⃗exp)]}



  

Example of systematic approach: HeH+



  

Uncertainties in HeH+ PES



  

PES variance matrix

Large non-diagonal elements.
It simply means that points of PES are strongly 

correlated.



  

bound energies variance matrix

Large non-diagonal elements (comparable to 
diagonal elements).

It means that points of PES are strongly correlated.



  

Uncertainty quantification in theoretical calculations 
(even in ab initio) is possible.

Theorists should provide uncertainties.
Different approaches in uncertainty evaluation are 

acceptable.
The author of theoretical data should describe the 

procedure how the uncertainties are evaluated.
The community should develop different approaches 

for uncertainty evaluations adapted for different 
theoretical models.

UQ in ab initio (and maybe, DFT-type) approaches 
appears to be an exciting research opportunity for 
quantum chemists.

Concluding remarksConcluding remarks
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