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The Convergent Close-Coupling (CCC) method developed in our group has been applied extensively 

to study electron-atom/ion collisions and recently has been extended to electron collisions with 

diatomic molecules. This approach relies on the ability to represent the infinite number of target 

bound states and its continuum via a finite number of states obtained by a diagonalization of the target 

in a square-integrable (Sturmian) one-electron basis. We normally use a Laguerre basis though other 

choices are possible, for example a boxed-based basis or a B-spline basis. The choice of the basis is 

governed by the physical problem under consideration. 

As the size of a Sturmian basis increases the calculated negative energy states (relative to the 

corresponding ionization stage of the target) converge to the target true bound states and the positive 

energy states provide an increasingly dense representation of the target continuum. We then perform a 

multichannel expansion of the total (projectile plus target electrons) wave function and formulate a set 

of close-coupling equations. These equations are transformed into momentum space where they take 

the form of the Lippmann-Schwinger equations for the T-matrix.  A solution of the T-matrix equations 

is obtained at each total energy E by converting them into a set of linear equations that are solved by 

standard techniques. We perform a partial-wave expansion of the projectile wave function and take 

into account the symmetry of the scattering system (e.g, total spin, parity, etc.) in order to reduce the 

size of the coupled equations and make calculations feasible. As soon as the T-matrix is obtained we 

can evaluate scattering amplitudes and cross sections for the transitions of interest.  

For the case of molecular targets the formulation is done within the fixed-nuclei approximation. We 

adopt a single-centre approach in CCC calculations. This allows us to utilize a great deal of 

computational development thoroughly tested for collisions with atoms. An account of nuclear motion 

is done as post-processing of the fixed nuclei results that require performing fixed-nuclei calculations 

at a (large) number of inter-nuclei distances R. 

The possible sources of errors are: 

 Numerical issues related to the solution of the close-coupling equations. These types of errors 

can be minimized and thoroughly tested.  The problem arises for very large close-coupling 

expansions that could lead to ill-conditioned system of linear equations. Normally we would 

expect an accuracy of about 3% or better. 

 Accuracy of the calculated target wave functions is very important to produce accurate 

collision data. A structure model utilized in collision calculations has to be sufficiently 

accurate but at the same time it should still make collision calculations feasible. Often one has 

to compromise, step away from fully ab-initio calculations and use approximate techniques 

(such as phenomenological polarization potentials). Energy levels are often known to high 

accuracy and they can be reproduced relatively easy within the CCC approach. It is more 

difficult to produce correct optical oscillator strengths which are often not known from 

experiment with high accuracy. This is a very target dependent problem with accuracy 

ranging from less than 1% for hydrogen to more than 10% for complex atoms and molecules. 

 Partial-wave expansion can be a source of uncertainty. This is much less an issue for 

collisions with atoms but it becomes a serious problem for molecular targets. For diatomics 

we can run calculations that account for orbital angular momentum up to L=9 of projectile 

electron and use a top-up procedure for larger values of L. We expect the accuracy of less 

than 1%. 

 The size of close coupling expansion is the major source of uncertainty in close-coupling 

calculations. In calculations for electron scattering from atoms the size of close-coupling 

expansion can be very large (more than 500 states). This allows producing converged results 

to better than 1% accuracy for strong transitions and better than 5% for weak transitions. We 

expect that we will be able to achieve similar accuracy for electron collisions with diatomic 
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molecules. It is highly unlikely that close-coupling calculations for more complex molecules 

can be taken to convergence in foreseeable future and large errors (>30%) can be expected for 

individual transitions. 

 Collisions with heavy atoms and molecules might require a fully relativistic formulation 

based on the Dirac equation. Failure to do this can lead to large errors (>30%) in particular for 

weak transitions.  

How to estimate uncertainties: 

 Numerical issues can be investigated by changing the accuracy of the underlying numerical 

methods. This is something that is routinely done and only numerically stable results would 

be presented and published. 

 Calculations can be performed with a number of target structure models that are more or less 

accurate. This allows us to establish the sensitivity of the calculated collision data on the 

variations of the target structure.  

 Partial-wave expansion can be performed with increasingly larger number of terms that 

allows us to estimate the convergence rate.  

 Calculations with increasingly large number of target states allow us to establish the 

convergence rate of the close-coupling expansion.  

 Relativistic effects can be an issue only if calculations are performed within the 

nonrelativistic approximation and then corrected for the relativistic effects. Errors in this case 

can be uncontrollable. It is just simpler/safer to use a fully relativistic formulation based on 

the Dirac equation.  
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The most fundamental property of a molecule is its three-dimensional (3D) structure formed by its 

constituent atoms (see, e.g., the perfectly regular hexagon associated with benzene).  It is generally 

accepted that knowledge of the detailed structure of a molecule is a prerequisite to determine most of 

its other properties. 

What nowadays is a seemingly simple concept, namely that molecules have a structure, was 

introduced into chemistry in the 19th century.  Naturally, the word changed its meaning over the 

years.  Elemental analysis, simple structural formulae, two-dimensional and then 3D structures mark 

the development of the concept to its modern meaning.  When quantum physics and quantum 

chemistry emerged in the 1920s, the simple concept associating structure with a three-dimensional 

object seemingly gained a firm support.  Nevertheless, what seems self-explanatory today is in fact 

not so straightforward to justify within quantum mechanics.  In quantum chemistry the concept of an 

equilibrium structure of a molecule is tied to the Born-Oppenheimer approximation but beyond the 

adiabatic separation of the motions of the nuclei and the electrons the meaning of a structure is still 

slightly obscured. [1] 

Putting the conceptual difficulties aside, there are several experimental, empirical, and theoretical 

techniques to determine structures of molecules.  One particular problem, strongly related to the 

question of uncertainties of “measured” or “computed” structural parameters, is that all the different 

techniques correspond to different structure definitions and thus yield different structural parameters.  

Experiments probing the structure of molecules rely on a number of structure definitions, to name just 

a few: r0, rg, ra, rs, rm, etc., and one should also consider the temperature dependence of most of these 

structural parameters which differ from each other in the way the rovibrational motions of the 


