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The time-dependent close-coupling (TDCC) method centers on an accurate representation of the 

interaction between two outgoing electrons moving in the presence of a Coulomb field. It has been 

extensively applied to many problems of electrons, photons, and ions scattering from light atomic 

targets.  

Theoretical Description 

The TDCC method centers on a solution of the time-dependent Schrödinger equation for two 

interacting electrons. The advantages of a time-dependent approach are two-fold; one treats the 

electron-electron interaction essentially in an exact manner (within numerical accuracy) and a time-

dependent approach avoids the difficult boundary condition encountered when two free electrons 

move in a Coulomb field (the classic three-body Coulomb problem).   

The TDCC method has been applied to many fundamental atomic collision processes, including 

photon-, electron- and ion-impact ionization of light atoms. For application to electron-impact 

ionization of atomic systems, one decomposes the two-electron wavefunction in a partial wave 

expansion and represents the subsequent two-electron radial wavefunctions on a numerical lattice. 

The number of partial waves required to converge the ionization process depends on the energy of the 

incoming electron wavepacket and on the ionization threshold of the target atom or ion.  
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Sources of uncertainties 

A typical TDCC calculation must be checked for convergence with respect to a number of different 

numerical parameters. The three most important of these are the extent and grid spacing of the radial 

mesh, the number of partial waves retained in the expansion, and the time for which the 

wavefunctions are propagated.  

For light neutral atoms we have found that a radial mesh spacing of 0.1 or 0.2 atomic units (a.u.) is 

usually adequate to represent the bound wavefunctions and to perform an accurate solution of the 

partial differential equations. However, more recent applications that represent some of the inner 

orbitals of a multi-electron target on the radial mesh may require much finer mesh spacings to 

accurately represent the inner orbitals (for example, the 1s orbital of Mg). In such cases a smoothly 

varying radial mesh was found to be convenient. The extent of the radial mesh is usually taken to be 

around 100 a.u., although a larger mesh may be required for very low-energy collisions for which the 

electron-electron interactions take place over longer times. 

The number of partial waves required to converge an ionization cross section will depend on the 

energy of the incoming electron wave packet. We have found that including up to L=10-15 is often 

sufficient to converge low and moderate energy collisions. Higher energy electrons will require larger 

number of partial waves. One must also ensure convergence with respect to the number of coupled 

channels that make up each partial wave. 

One usually propagates the TDCC equations until the probability for ionization has reached a constant 

value (for a given partial wave). The time required to reach this condition will also be strongly 

dependent on the energy of the incoming wavepacket. 

In all cases, one tends to monitor all of these convergence criteria before confidence is reached in a 

given ionization cross section. It is not uncommon to run multiple sets of TDCC calculations to ensure 

that the convergence with respect to all these parameters is reached. We also note that convergence is 

often more difficult to attain when ionization from excited states is considered. 

The discussion above pertains to the numerical uncertainties inherent in a TDCC calculation. Usually 

an experienced user, given sufficient computational resources to fully check convergence, can 

minimize such uncertainties. However other uncertainties often exist in computed TDCC ionization 

quantities that are based on physics issues. For example, in the electron-impact ionization of neon, we 

have found that the interaction of the core electrons with the two outgoing electrons is important and 

exhibits strong term-dependence. The current implementation of the TDCC approach treats the 

interaction of the outgoing electrons with the core electrons in a configuration-average manner, and so 

one finds inaccuracy in the computed ionization cross section due to this physics issue. Such 

uncertainties are very difficult to gauge as they will in general be dependent on the energy of the 

incoming electron and the nature (i.e. the electron configuration) of the target species. 

How to estimate uncertainties 

We have found that a reasonable way to estimate uncertainties is to make detailed comparisons with 

other theoretical approaches, especially methods that, in principle, treat the electron-electron 

interaction rigorously via close-coupling expansions. Such comparisons have been made for electron-

impact ionization cross sections from light atoms (for example, H through N). We have found 

variations in the ionization cross sections of (usually) less than 20%, which can be thought of as a first 

step in estimating the uncertainty of these cross sections. For heavier systems, the uncertainty is likely 

to be larger, since the more complex atomic structure and more involved interactions between the core 

and outgoing electrons makes close-coupling calculations significantly more difficult. 

  


