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Three sources of significant uncertainties are present in the collision calculation: (i) usage of the 

independent-electron model, (ii) usage of a finite basis set to solve the single-electron time-dependent 

Schrödinger equation, (iii) usage of multinomial statistics to calculate multiple (shell-specific) capture 

probabilities, which form the starting point for the subsequent deexcitation calculation. It was argued 

that it is difficult to quantify the uncertainties associated with these three steps, but that qualitative 

information on the “error bars” associated with them can be obtained by using and comparing 

different model variants and approximations, i.e., different single-particle Hamiltonians for item (i), 

different basis sets for item (ii), and different multinomial formulae for item (iii). A few such variants 

were discussed, e.g., a “no-response” vs. a “target response” Hamiltonian and multinomial analyses 

based on orbital-specific versus orbital-averaged single-particle probabilities. 

Further modeling is required for the post-collision dynamics, that is the de-excitation of the projectile 

ion after multiple capture. Simple Auger and radiative decay models were discussed and assessed 

once again by using and comparing slightly different versions of them.  

The outcome of this procedure of varying the used models within reasonable bounds is not a unique 

answer, but rather a band of results for the observables of interest—in this case for the X-ray emission 

intensities for 1snp1s2 transitions in Ar
16+ 

ions after capture in 7 keV/amu collisions with argon 

atoms. It was suggested that in the absence of better methods for the quantification of uncertainties of 

calculated data one should interpret this band as the error bar of the calculation. 

Similar ideas and methods have been used to study electron removal from (water and methane) 

molecules and the occurring subsequent fragmentation processes [2]. Not surprisingly, basis set 

convergence is a greater challenge for ion-molecule than for ion-atom collision problems, i.e., the 

statistical error is significantly larger. Nevertheless, also in this case it is possible to obtain a good 

qualitative sense of the uncertainty of a calculation by following the same strategy of varying the 

models used within reasonable bounds. 

[1] A. Salehzadeh and T. Kirchner, J. Phys. B 46, 025201 (2013). 

[2] T. Kirchner et al., Adv. Quant. Chemistry 65, 315 (2013). 
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Discussion on accuracy of AMO data to be used in the plasma modeling codes for astrophysics and 

nuclear fusion applications, including plasma-material interfaces (PMI), involves many orders of 

magnitude of energy, spatial and temporal scales. Thus, energies run from tens of K to hundreds of 

millions of K, temporal and spatial scales go from fs to years and from nm’s to m’s and more, 

respectively. The key challenge for the theory and simulation in this field is the consistent integration 

of all processes and scales, i.e. an “integrated AMO science” (IAMO). The principal goal of the 

IAMO science is to enable accurate studies of interactions of electrons, atoms, molecules, photons, in 

many-body environment, including complex collision physics of plasma-material interfaces, leading 

to the best decisions and predictions. However, the accuracy requirement for a particular data strongly 

depends on the sensitivity of the respective plasma modeling applications to these data, which 

stresses a need for immediate sensitivity analysis feedback of the plasma modeling and material 

design communities. Thus, the data provision to the plasma modeling community is a “two-way road” 

as long as the accuracy of the data is considered, requiring close  interactions of the AMO and plasma 

modeling communities. 
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There is a lot of subjectivity in use of the glossary pertinent to the accuracy of the AMO/PMI data, 

which is an obstacle for consistent treatment of the uncertainty quantification (UQ) of the data. On 

the other hand, to have an effective and objective UQ one has to bring together physics, computer 

science and applied mathematics communities. Significant progress with this kind of multidisciplinary 

unification has been done in atmospheric/climate as well as in the material sciences, while the 

AMO/plasma modeling communities are just making the first steps in the AMO UQ science.  

The generic meaning of the term “uncertainty” is the maximal deviation of the calculated or measured 

quantity from the true value of the relevant observable. By its source, the uncertainty can be aleatoric 

and epistemic. Aleatoric uncertainty is caused by the inherent randomness of a considered 

(calculated or measured) phenomenon. Being described by the probability distribution it cannot be 

eliminated. An example of this kind of uncertainty in PMI are width and depth of a layer of deuterium 

formed upon impact and thermalization cascade at the surface (of tungsten, carbon,, at ps times). 

Having in mind randomness in the dynamical surface microstructure, created through time by the 

bombardment by various drivers from plasma (various energies, angles, particles,…) and their 

synergy, almost all data in the PMI science are subject to aleatoric uncertainties. It is fair to say that 

the randomness in the plasma irradiation drivers is the driver of the aleatoric uncertainties at the PMI. 

In addition, these uncertainties evolve through the multiscales of time and space together with the 

observed phenomenon (for example diffusion on the mentioned deuterium layer at longer, micro/mili 

second times). Thus, any uncertainty of a calculated PMI quantity has to be defined as being specific 

for a particular time/space/energy scale. 

The traditional trial-and-error approach to PMI for future fusion devices by successive refitting the 

walls of toroidal plasma devices with different materials and component designs is becoming 

prohibitively slow and costly.  Need for the bottom-up approach necessarily starts from the fs-ps time, 

and nm space scales. At these scales the PMI processes are discrete, atomistic in nature. Thus, at the 

ITER typical flux of 10
25

 particles/m
2
s, one particle impinges a typical modeling surface of 10 nm

2
 

each 10 ns. However, most of the processes at the PMI irradiated by the 100 eV (or less) particles 

(including the most complex chemical sputtering) require less than 50 ps for their evolution. Still, 

each impact from plasma meets a different target, “functionalized” by the previous impacts. An 

observed PMI phenomenon eventually reaches a “saturation” at the ns time scale, and this is when the 

simulation data have to be taken and reported. These all indicate a need for both a random 

cumulative-bombardment preparation of the surfaces as well as statistics (Monte Carlo irradiation of a 

surface element that could be tens of nm
2
). If irradiation is performed by the plasma at fixed 

temperature, then the particle-driver known energy distribution in the simulation has to be included in 

the statistics of the trajectories. The response of the PMI uncertainty distribution does not follow the 

“linear superposition principle”, and one of the expected outcomes of the development of the UQ 

mathematics for PMI is prediction of the probability distributions of a studied quantity in response to 

the known distribution of the plasma driver(s).  

The epistemic uncertainty in the AMO computer simulations is caused by a lack of understanding or 

by incorrect knowledge on the phenomenon, characterized by use of insufficient number of 

parameters, or by the wrong or inaccurate parameters. Unlike aleatoric uncertainties, the epistemic 

uncertainties can be improved by the process of learning. An example of this kind of uncertainty, with 

huge consequences in PMI, is the TRIM (binary potentials) treatment of the damage production in 

bombarding a tungsten surface by self-atoms. Since TRIM doesn’t follow the surface evolution upon 

bombardment it predicts unreasonable high DPAs (displacements per atom). A more correct 

treatment, with a use of classical molecular dynamics and multibody potentials, shows a strong 

recombination of the Frenkel pairs produced by each self-atom impact, leading to many orders of 

magnitude smaller DPA rates. Another example of epistemic uncertainty had been inappropriate use 

of classical molecular dynamics to predict erosion and hydrogen retention in lithiated carbon surfaces. 

Presence of lithium, that has low electronegativity in comparison to carbon, hydrogen, oxygen 

(tungsten and other fusion materials), causes a strong electric polarization of all neighboring atoms 

(and consequent long-range forces) which depends on the instantaneous coordinates. This effect, 

being dependent on the instantaneous electron cloud, cannot be treated by classical molecular 
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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 


