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dynamics - it has to include quantum mechanics. Only upon use of the quantum-classical molecular 

dynamics a correct agreement with experimental findings on the erosion and hydrogen retention was 

obtained, and explained by the lithium- residual oxygen far reaching polarizing interactions. 

Typical for the fundamental, atomistic-scale processes in PMI is use of molecular dynamics, either 

classical or quantum-classical, depending on the system atomic configuration. Molecular dynamics is 

“as good as are the interatomic potential models” used. The calculated data may vary orders of 

magnitude by using different MD potentials. This contains another type, method-based, epistemic 

uncertainty – caused by inaccuracy of the potential energy surface (PES) in classical molecular 

dynamics. The development of the UQ mathematics to predict the sensitivity of the MD results to this 

kind of uncertainties is of high interest for the PMI simulations. The same can be stated for the pair 

potentials in a QCMD  (SCC DFTB based), or uncertainties of the exchange-correlation functionals if 

DFT is used.   

Of high importance in any uncertainty quantification is validation of the data. Only mutual validation 

of theory/simulation and experiment can build an effective multibody PMI science. So far, a 

remarkable agreement was obtained of theory and experiment whenever simulation can closely mimic 

a carefully executed experiment. This “mimicking” condition requires the simplified experiments in 

PMI, like are the beam-surface experiments. Although such experiments cannot reproduce synergy of 

the plasma drivers and respective PMI processes, these are a necessary “building stone” in decreasing 

the epistemic uncertainties in PMI simulations, through filling the holes in the knowledge of the 

phenomenology of the processes.  

In conclusion, the accuracy of the PMI data need to be categorized with respect to the surface and 

projectile states, to various temporal and spatial scales, to the type of users, to the needed format of 

the particular phenomena, etc. – all of these are extremely difficult to reach. The requirement, needed 

for consistency in the integrated plasma-PMI modeling (also applicable to all AMO data) is obtaining 

all data and their uncertainties for a particular subsystem “at the same footing”, also very difficult to 

obtain. However, these two requirements are the necessary directions for obtaining comprehensive, 

critically evaluated and possible recommended data to the plasma community.   
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We have considered one-electron systems where the theoretical methods are well established. The use 

of different computational alternatives enables the accurate evaluation of nl-partial cross sections in a 

wide range of collision energies. In the presentation we have analyzed the uncertainties of n-partial 

charge exchange (CX) cross sections in Be
4+

 + H(1s) collisions,  which are relevant in tokamak 

plasmas and  experimental data are not available. 

In the energy range 1 ≤ E ≤ 100 keV/u the semiclassical treatment is applied and the uncertainties 

associated to this approximation can be neglected. We have studied the results of four methods:  

 The close-coupling molecular treatment (MOCC), where the electronic wavefunction is 

expanded as a linear combination of molecular orbitals of the BeH
4+ 

quasimolecule.  Large-

scale calculations have been carried out by Errea et al.  J. Phys. B 31, 3527 (1998) and Harel 

et al. At. Data. Nucl. Data Tables 68, 279 (1998). 

 The close-coupling atomic treatment (AOCC), where the electronic wavefunction is expanded 

as a linear combination of atomic orbitals of H and Be
3+

.   AOCC calculations in a large basis 



29 

 

set, including pseudostates, have been performed by Igenbergs et al. J. Phys B 42, 235206 

(2009).  

 The classical trajectory Monte Carlo method (CTMC). New calculations have been carried 

out using the eikonal-CTMC of Illescas and Riera Phys. Rev. A, 60 4546, (1999). 

 The numerical integration of the time-dependent Schrödinger equation (Minami et al. J. Phys. 

B 39, 2877 (2006)). New calculations have been performed using the GridTDSE program of 

Suarez et al. Comp. Phys. Commun. 180, 2025 (2009).  

All methods involve time and impact parameter integrations; the uncertainties associated to these 

numerical procedures are very small and have not been considered. To analyze the uncertainties of the 

calculations, we have considered three energies: 

1. At low energies, E<10 keV/u, the most accurate and less cumbersome method is the MOCC 

treatment. The accuracy of the molecular expansion is mainly related to the size of the 

molecular expansion, since the basis functions are exact eigenfunctions of the electronic 

Hamiltonian and the common translation factor is not critical. In this respect, the common 

translation factor method is formally convergent, and a functional form of the translation 

factor that fulfills a few conditions improves the convergence speed of the expansion. The 

uncertainties of the cross sections can be estimated by carrying out calculations with different 

basis sets.  Calculations at E = 1 keV/u show that the absolute uncertainties of  total CX cross 

section and partial cross sections for population of Be
3+

(n=3, 4) are smaller than  3 X 10
-3

 Å
2
. 

The agreement with the AOCC calculation indicates that these cross sections are probably 

more precise, with differences between both calculations smaller than 1% . 

2. At a collision energy of 30 keV/u, the AOCC is the most accurate method. The convergence 

study of Igenbergs et al., together with the comparison with the GridTDSE calculation lead to 

a estimate of the relative uncertainty of about 1% for the total CX cross section and similar 

relative uncertainties for the cross sections for populating the main CX channels (n=3, 4). 

Similar absolute uncertainties obviously lead to high relative uncertainties in the cross 

sections for populating CX excited states (≈30% for n=6). 

3. At E= 100 keV/u, target ionization is the dominant reaction. Besides, highly excited atomic 

levels are populated, which makes difficult to apply close- coupling methods. The precision 

of CTMC results can be related to the number of trajectories included, but false convergence 

is found for the population of low-n levels (Be
3+ 

(n=2) in the present case), which is an 

intrinsic limitation of the method. The systematic uncertainty associated to this difficulty of 

the method can be obtained by comparing the results from calculations with different initial 

distributions. The total uncertainty of the total CX cross sections can be estimated in 1 X 10
-3

 

Å
2
 (≈3%).  The main component of the uncertainty of the cross sections calculated with the 

GridTDSE method is the density of the grid employed to evaluate the electronic 

wavefunction. The CTMC and GridTDSE  partial cross sections for production of Be
3+

 with 

2<n < 9  differ in less than 0.03 Å
2
 , which provides an additional estimate of the precision of 

both calculations. 

In general, theoretical methods are able to provide high precision CX cross sections for one-electron 

systems, and the uncertainties can be estimated by means of a convergence study of the calculation. A 

similar situation is expected for collisions with one effective electron (e.g. C
4+

 + H). However, it is 

not easy to extend these ideas to many-electron systems, where high-energy calculations are often 

based on the application of the independent electron approximation. At low collision energies,  the 

quality of the basis functions is critical in the description of many-electron collisions. Further 

investigation is also required for ion(atom)/molecule collisions. 

 


