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ON THE EVE OF THE GREAT JUBILEE – 50 YEARS  
OF THE MACEDONIAN ACADEMY OF SCIENCES AND ARTS 

1967 – 2017 
 

Taki Fiti  
 

President of the Macedonian Academy of Sciences and Arts  
 

This year the Macedonian Academy of Sciences and Arts (MASA) 
marks and celebrates a great jubilee – 50 years of existence and work of 
our highest institution in the field of sciences and arts. Although on 22 
February 2017 the 50th anniversary of the enactment of MASA in the 
Assembly of the Socialistic Republic of Macedonia was marked, and on 
October 10 it will be 50 years since the solemn establishment of MASA, 
we proudly emphasize that our roots, the roots of the Macedonian and 
Slavic cultural and spiritual continuity, are far back, in a time dimension 
which is measured in centuries. Because the mission of the Ss. Cyril and 
Methodius, the historical events that made Ohrid, with the famous Ohrid 
Literary School, already in the IX century to become the center of the 
Slavic educational and enlightening activity, which then spread throu-
ghout all Slavic countries, have fundamentally changed our contribution 
to the treasury of the European culture and civilization. And furthermore, 
centuries later, in the middle of the XIX century the Macedonian revival 
began, with a pleiad of our cultural and national activists. These process-
ses at the beginning of the XX century resulted in the establishment of 
the Macedonian Scientific and Literary Fellowship in Saint Petersburg, 
led by Dimitrija Chupovski and Krste Petkov Misirkov, whose rich sci-
entific, literary and cultural activities were a significant reflection of our 
spiritual continuity and identity, and an event that has marked the dawn 
of the Macedonian Academy of Sciences and Arts. This continuity will 
remain in the period between the two world wars, with a pleiad of artists 
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in literature, art, music, philological, economic, legal and technical sci-
ences. A few years after World War II, in 1949, in free Republic of 
Macedonia, the first state University of “Ss. Cyril and Methodius” was 
established, within which, in less than two decades, solid personnel 
resources were created which allowed rapid development of the higher 
education and scientific activity in our country. It was an event of great 
importance for the establishment of MASA as the highest institution in 
the field of sciences and arts. 

This millennium pace and continuity in the development of art 
and scientific thought in our region is an indication and evidence that we 
are not a nation without its own roots, without its own history, without its 
own culture, and that the attempts to deny our identity, language, name, 
no matter where they come from, are residual of the Balkan anachro-
nisms, and essentially speaking, they are absurd and retrograde. 

Immediately after the establishment of MASA followed a period 
of rapid development, diversification and enrichment of its scientific and 
research activities and artistic work. Almost two decades after the esta-
blishment MASA entered the phase of its maturity and has grown and 
has affirmed as the fundament of the Macedonian science, language, cul-
ture and history and as one of the pillars and symbols of the statehood of 
the Republic of Macedonia. 

Today, MASA, according to its integral concept, structure and 
function, has all the necessary attributes of a modern national academy of 
European type, and of course, performs the three basic functions typical 
of the European national academies: creating communication space for 
confrontation of different views and opinions on important issues in the 
field of sciences and arts, scientific and research work and advisory role. 

The scientific and research activities and artistic work, in fact, 
constitute the core of the activity of MASA. The number of completed 
scientific and research projects and projects in the field of arts within 
MASA is impressive – more than 1,000 projects in the past 50 years. 
Some of these projects are long-term and are mainly related to the stra-
tegic issues of specific national interest, and significant is the number of 
fundamental and applied research in all fields of science and art repre-
sented in the Academy. MASA members in their scientific research in-
creasingly incorporate the international dimension in the work – in the 
recent years more than 60% of the scientific papers have been published 
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in international journals, most of which have been published in journals 
with impact factor; 50% of the papers that have been published in pro-
ceedings of scientific and professional meetings are related to meetings 
held abroad, etc. In addition, the works of our renowned writers and poets, 
members of MASA, are translated into foreign languages, and their work 
has found its place in world anthologies. Our prominent painters and 
sculptors of the older and the younger generation have created and create 
masterworks that are regularly exhibited at home and abroad. It should be 
particularly noted that our two research centers – Research Center for 
Energy and Sustainable Development and the Research Centre for Ge-
netic Engineering and Biotechnology “Georgi D. Efremov”, that have 
gained high reputation in the region and beyond, continue to successfully 
maintain the attained position. The work of the other research centers 
also enhances, including the newly established ones, which have begun 
to work on significant international scientific and research projects. 

In its half-century of existence and work MASA developed a rich 
publishing activity. Since its establishment until today around 700 titles 
have been published – monographs, results of scientific projects, proce-
edings from scientific meetings, music releases, facsimile and jubilee 
publications, joint publications with other academies and scientific insti-
tutions, publications of solemn meetings, special issues of the depart-
ments of MASA etc. A special contribution to the publishing activities of 
MASA provides the “Trifun Kostovski” Foundation that has been exi-
sting and working for 18 years. 

MASA proactively follows the changes and the new trends in the 
scope of the advisory function of the modern European national econo-
mies, and in that context the obligations arising from the project SAPEA 
- Science Advice for Policy by European Academies, initiated by the 
European Commission in order to intensify the cooperation of the 
European academies within their advisory role. Through the publication 
of the results of our scientific and research work, their presentation to the 
wider scientific and professional public in the country, to the government 
officials, etc., MASA participates in the policy-making in the field of 
sciences and arts and in the overall development of the country. The 
maintenance of the independence of MASA in carrying out the advisory 
role is our highest priority and principle. 

In the recent years MASA has developed extensive international 
cooperation that contributes to the affirmation of the Macedonian scien-
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tific and artistic work and to the increasing of the reputation of MASA 
and of the Republic of Macedonia in international scale. Today, our 
Academy cooperates with more than 30 foreign academies and scientific 
societies and is a member of 7 international associations of academies. In 
the recent years the cooperation with the academies from the neighboring 
countries has been intensified, as well as with the Leibniz Society of 
Sciences from Berlin, and also, within the so-called Berlin process (Joint 
Science Conference of Western Balkans Process / Berlin Process) the 
cooperation with the German National Academy of Sciences – Leopol-
dina, with the French Academy of Sciences, the academies of Southeast 
Europe and others.  

Due to the results achieved in its work, MASA and its members 
have won a number of high national and international awards. In the past 
50 years, MASA has won around 90 awards and recognitions – charters, 
plaques, certificates of appreciation, medals and decorations from nation-
nal and international scientific, educational, artistic and other institutions. 
Particularly, it should be noted that MASA has been awarded with the 
high decoration Order of the Republic of Macedonia for the contribution 
to the development of the scientific and research activity and artistic 
creativity of importance to the development and affirmation of the Mace-
donian science and state, which is awarded by the President of the 
Republic of Macedonia, as well as the prestigious Samuel Mitja Rapo-
port award of the Leibniz Society of Sciences from Berlin, which, for the 
first time, has been awarded to MASA. Today, 22 members of MASA 
have the status of foreign, corresponding and honorary members, as well 
as holders of honorary PhDs at around 60 foreign academies, scientific 
societies and universities. 

 
*** 

The developmental trajectory of MASA unambiguously confirms 
that the Academy, in its 50 years of existence and work, faced with 
periods of heights, but also periods of descents and turbulences that are 
most directly linked to the situation in the Macedonian society, i.e. with 
crisis periods of different nature – the dissolution of the former common 
state (SFR Yugoslavia), problems with the recognition of the interna-
tional status of the country after its independence, the embargoes and the 
blockades of the country in the early transition years, the internal conflict 
in 2001 and the political crisis in the last two-three years. In such crises 
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and tense periods the criticism for the Academy grew – that MASA is an 
institution closed in itself, that MASA stays away from the current issues 
and developments in the country, and so on. On the one hand, it is a 
result of the insufficient understanding of the social role of the Academy 
– MASA is the highest scientific institution, where hasty reactions of 
columnist 'type', with daily political features are not characteristic. On 
the contrary, MASA uses facts and arguments. The basic activity of 
MASA, the results achieved in the scientific research and the artistic 
work is our identification within the national and international professio-
nal and scientific community, and beyond, within our society. On the 
other hand, this criticism and perception of MASA has a real basis in the 
fact that MASA, as opposed to the huge opus of implemented scientific 
and research and artistic projects still insufficiently affirms the results of 
its scientific and artistic production to the public. It is our weakness that 
we must overcome in the future. Of course, we cannot and must not “turn 
a blind eye” to the other weaknesses and omissions which, at least from 
time to time, we have faced with over the past 50 years and which we 
will face with in the future – insufficient scientific criticism of the events 
in the field of sciences and arts, insufficient resistance to political influ-
ence etc. On the contrary, in the future, we will have to clearly identify 
the weaknesses and the oversights in our work and to find out the right 
approaches to overcome them. 

Today we live in a world of great science. The strong develop-
ment of sciences, the new technological model based on information and 
communication technologies, the new wave of entrepreneurial restructu-
ring of economies and societies, the globalization of the world economic 
activity, opened new perspectives to the economic growth and the deve-
lopment of individual countries and of the world economy as a whole. 
However, these processes, by their nature, are contradictory. The latest 
global financial and economic crisis of 2007-2009 revealed the contra-
dictions of the globalization and the discontent of the people from it – the 
uneven distribution of wealth and power among individual countries, 
destruction of the resources and the environment worldwide, exhaustion 
of power of the existing technology and development models. These pro-
cesses resulted in other problems – refugee and migration crises, streng-
thening of the regional and national protectionism despite the efforts to 
liberalize the international trade, fencing of the countries with walls at 
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the beginning of the new millennium, changes in the economic and tech-
nological power and of the geo-strategic position and importance of 
entire regions and continents, etc. Nevertheless, one thing is a fact – so-
cieties that aspire to grow into societies and knowledge-based economies 
more easily deal with all the above mentioned problems, challenges and 
risks of the modern world. Of course, moving towards a development 
knowledge-based model assumes large investments of resources in edu-
cation, science, research and development and in culture, simultaneously 
accompanied by well-conceived and devised strategies on development 
of these crucial areas of the human spirit and civilizational endurance. 
Hence, this fact, undoubtedly, emphasizes the special significance of the 
national academies of sciences and arts in achieving this objective. 

In the recent years the Republic of Macedonia has been facing 
with the most difficult political and social crisis in the period after its in-
dependence. We are facing a crisis of the institutions, breach of the pri-
nciples of the rule of law, the phenomenon of “captured state”, a decline 
in the process of democratization of the society and falling behind on the 
road to the Euro-Atlantic integration processes. The problems that are 
now in the focus of our reality will require major reforms, much kno-
wledge, energy and political will to overcome them. In this sense, and in 
this context, the role of MASA and of the overall scientific potential of 
the country in overcoming the crisis is also particularly important. 

The above summarized evaluations and considerations about the 
development of MASA in the past 50 years, about the achievements in 
the realization of its basic activity, about the problems it faced and faces 
with, about the major challenges arising from the new age and which are 
determined with the changes in the international and national environ-
ment, they alone define the main priorities of our Academy in the for-
thcoming period: 

- Our long-term goals are contained in the mission and vision of 
MASA as the highest institution in the field of sciences and arts. The 
mission of MASA is through the development of the basic functions that 
are characteristic for all modern national academies of European type, to 
give its full contribution to the inclusion of the Macedonian science and 
art in the modern European and world trends, and our vision is the 
Republic of Macedonia to become an advanced society based on science 
and knowledge; 
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- In the forthcoming years the focus of the scientific and research 
activity and artistic work of MASA, in cooperation with the other sci-
entific and research institutions in the country and with government 
experts, will be particularly focused on the elaboration of issues and 
topics that are most directly related to the sources of the current political 
and social crisis in the country in order to offer possible solutions, appro-
aches and policies to overcome it; 

- The issues related to the Euro-Atlantic integration processes of 
the Republic of Macedonia, their continuous and persistent scientific 
monitoring and elaboration and active participation of MASA members 
in the preparation for the accession negotiations with the EU will remain 
a high priority on the agenda of MASA. Our ultimate goal is the Re-
public of Macedonia to become a democratic, economically prosperous 
and multicultural European country. 

- The increasing incorporation of the international dimension in 
the scientific and artistic work of MASA, through the cooperation with 
foreign academies, scientific societies and other scientific institutions, 
through application and work on scientific projects financed by the 
European funds and the funds of other international financial institutions, 
also remains our important priority. 

 
Let us congratulate ourselves on the great jubilee – 50 years of 

the Macedonian Academy of Sciences and Arts. 
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Abstract: Electron capture, excitation and ionization processes in He2+- H 
collisions taking place in quantum plasmas are studied by employing the 
two-center atomic orbital close coupling (TC-AOCC) method. The De-
bye-Hückel-cosine (DHC) potential is used to describe the plasma scre-
ening effects on the Coulomb interaction between charged particles. The 
properties of eigenenergies of hydrogen-like atom with DHC potential 
are investigated as function of the screening length of the potential. It is 
found that the binding energies of nl states decrease with decreasing the 
screening length of the potential. The dynamics of excitation, electron 
capture and ionization processes in He2+- H collision system is investi-
gated when the screening length of the potential varies for a wide colli-
sion energy range. The TC-AOCC cross sections are compared with 
those for the pure Coulomb potential and, for the total electron capture, 
with the results of classical trajectory Monte Carlo (CTMC) method. 

 
 
I.  INTRODUCTION 

 
The plasma screening effects on the atomic structure and radiative and 
collision processes taking place in a plasma environment have been sub-
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ject to extensive studies in last several decades. Most of these studies 
have been performed for the weakly coupled classical plasmas in which 
the interaction between charged plasma particles is described by the well-
known Debye-Hückel potential 2( ) exp( / ) /V r Ze r r    [1], where Ze 
is the positive ion charge e is the elementary charge and 

3 1/2( / 4 )B e ek T n  is the Debye length with , ,e e BT n k being the lectron 

plasma temperature, density and the Boltzmann constant. The validity of 
Debye-Hückel potential for describing the screened interaction in a 
weakly coupled classical plasma requires the condi-

tion  1/3
3 / 4 ea n   , where a  is the average interparticle distance.                                             

Many theoretical studies of electronic structure and radiative properties 
of one-electron atomic systems and their electron, photon and ion-impact 
collision processes have been performed in weakly coupled plasmas us-
ing Debye-Hückel potential and reviewed recently [2]. In plasmas with 
temperatures lower than the electron Fermi temperature 

 2/32 2 2/3( 3 2 )FT n m   (  being the reduced Planck constant) and 

densities such that de Broglie wavelength ( )B thmv    ( thv is the ther-

mal velocity, m is the electron mass) satisfies the condition B a  , the 

quantum effects (quantum tunneling, quantum diffraction, etc.) start to 
become important (quantum plasmas). Quantum plasmas are observed in 
metals, nanoscale structures, semiconductor devices and in compact as-
trophysical objects (e.g. neutron stars, white dwarfs). The interaction 
between a positive charge Ze and an electron in such plasmas has the 
form [3] 
 

                               

2

( ) exp( )cos( )
Ze rV r r
r

                                (1) 

 

where 1/22 / qk   and  1/42 2 24q pk m    is the electron quantum 

wavenumber and 2 1/2(4 / )p ee n m  is the plasma frequency . We note 

that for infinitely large screening length    the potential (1) reduces to 

the pure Coulomb potential.  
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Atomic structure properties and collision processes in quantum plasmas 
involving the potential (1) have received a considerable attention in re-
cent years [4-15].    

In particular, the electron capture process in H++H collisions has been 
studied in Refs. [11] and [14] by employing the  CTMC and TC-AOCC 
methods, respectively. The CTMC method was also used to study the 
electron capture in He2++H collisions. In the present work we shall study 
the dynamics of excitation, electron capture and ionization processes in 
He2++H collisions taking place in a quantum plasma 

 
                   He2+ + H(1s) → He2+ + H(nl)                                 (2a)   
                             → He+(nl) + H+                                             (2b)  

            → He2+ + H+ +e                                             (2c) 
 
by employing the TC-AOCC method with a large expansion basis. We 
shall examine the structural properties of the hydrogen atom with the 
potential (1), the dependence of partial (state-selective) cross sections of 
reactions (2a) and (2b) on the screening length κ and compare them with 
the results of unscreened Coulomb interaction and, in the case of reaction 
(2b), with the available total electron capture CTMC result of Ref. [12]. 
The organization of the article is as follows. In Section II we discuss the 
properties of eigenenergies of hydrogen atom with the interaction (1). In 
Section III we shall outline the TC-AOCC computational method used 
for description of the collision dynamics of reactions (2) and in Section 
IV we present and discuss our results. Finally, in Section V we give our 
conclusions. 
In the remainder of this paper we shall use atomic units 
( 0 1m e a    ), unless otherwise explicitly indicated. 

 
 

II. PROPERTIES OF EIGENENERGIES OF HYDROGEN  
ATOM WITH THE DHC POTENTIAL (1) 

 
The most important properties of DHC potential (1), that decreases faster 
than  – 1/r2 when r → ∞, are the lifting of degeneracy of angular momen-
tum states and the finite number of bound states supported by the poten-
tial for any finite value of the screening length [16]. The latter property 
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implies that the energies Enl of bound states decrease with decreasing 
length κ. At certain critical value κc

nl the binding energy of nl state be-
comes zero and the state enters the continuum (and remains there for all  
κ ≤  κc

nl). It should be noted that the radial Schrödinger equation with the 
potential (1) is scalable with respect to the charge Z [14], so that the en-
ergies of a hydrogen-like ion are scaled as εnl = Enl /Z2  and screening 
lengths as δ = Zκ .The scaled energies of the nl (n ≤ 3) states of a hydro-
gen-like atom with the potential (1) as function of the scaled screening 
length  , calculated by the method described in Section III, are shown in 
Fig. 1. In Table 1 we give the scaled critical screening lengths δc

nl for the 
states with n ≤ 6. The table shows that for a given value of δ only a finite 
number of states remain bound in the potential and that the critical 
screening length increases with increasing the angular momentum quan-
tum number l for a given value of the principal quantum number n. 

 

 
Fig. 1. Scaled energies of 1s, 2l and 3l states of hydrogen-like atom in the po-

tential (1) as function of scaled screening length δ = Zκ  
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Table 1. 
 
Scaled critical screening lengths δc

nl (in a0) for n ≤ 6 states in the potential (1) 
 

n\l        0              1                2                 3                 4                5 
--------------------------------------------------------------------------------- 
1    1.3858    
2    5.9974     6.7474       
3   13.7982    14.5534     15.7278     
4   24.7260    25.4687     26.7343      28.3758      
5   38.7660    39.5007     40.8161      42.5855     44.6999     
6   55.9179    56.6496     57.9944      59.8509     62.1138     64.7020 
 
 
III. COMPUTATIONAL METHOD   

 
For calculation of the cross sections of reactions (2) we shall employ the TC-
AOCC method, described in detail elsewhere [17, 18]. The total scattering wave 
function in this method is expanded in terms of electronic states centered on 
both centers. For determining the bound electronic states with the potential (1) 
on either of the two centers, one uses the variational method with even-
tempered trial functions [19] 
 

              ( ) ˆ( ; ) ( ( )) ( )k rl
klm l k lmr N r e Y r      

                      (3) 

                     ( ) , 1,2,....k
k k N     

 
where Nl(ξk) is a normalization constant, Ylm(r) are the spherical harmon-
ics and α and β are variational parameters, determined by minimization 
of the energy for each value of the screening length κD. The atomic 
states ( ; )nlm r  are then obtained as linear combinations 

          

                                   
( ; ) ( ; )nlm nk klm

k

r c r     
                                  (4) 

 
where the coefficients cnk are determined by diagonalization of single-
center Hamiltonian. This diagonalization yields the energies εnl(δ) of the 
bound states in the DHC potential (1). In order to describe the ionization 
process, one needs to include in the expansion basis (4) also states with 
positive energies (pseudostates) centered on either of the centers. It is 
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natural to place them on the target, since the dominant part of ejected 
electron distribution is expected to be around the target. 

The total electron wave function Ψ is expanded in terms of atomic orbi-
tals (4) centered on the target (T) and projectile (P) (each orbital multi-
plied by a plane wave electron translational factor to satisfy the boundary 
conditions) [17, 18]  
 

   
( , ; ) ( ) ( , ; ) ( ) ( , ;2 )T P

i i j j
i j

r t a t r t b t r t         
                 (5) 

 
in which the basis { ( , ; )}T

i r t 
 includes also the wave functions of con-

tinuum pseudostates (we denote them by ( , ; )T
i r t   and their amplitudes 

by ( )ia t ). In the second term of Eq. (5) the argument of the traveling 

orbital contains the screening length 2Z    because the projectile 
has charge Z=2. While, as mentioned earlier, the wave functions and en-
ergies of one-electron systems H and He+ can be scaled, in the collision 
problem involving  the different target and projectile potentials (see be-
low) they have to be used in unscaled form.  

By inserting Eq. (5) it in the time dependent Schrӧdinger equation 

/i t H    , where 2 / 2 ( ) ( )T P
r T PH V r V r     and ,

,( )T P
T PV r  

have the form of Eq. (1), one obtains the coupled equations for the ampli-
tudes ai(t) and bj(t) [17, 18] 
 

                             ( )i A SB HA KB   
                                     (6a) 

                             
†( )i B S A KA HB  

                                  (6b) 
 
where A and B are the vectors of the amplitudes ai(t)  and bj(t) , respec-
tively. S is the overlap matrix (S† is its transposed form), H and H  are 
direct coupling matrices involving the states on the target and projectile, 
respectively, and K and K   are the i-j and j-i electron exchange matrices. 
The solutions of the system of equations (6), under the initial conditions 
ai(-∞)=δ1i, bi(-∞)= 0, with a rectilinear trajectory for the nuclear motion, 
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yield for the 1→ i excitation and 1→ j charge exchange cross sections the 
following expressions  

 

                                    2

, 0
2 ( )ex i ia bdb 


                                      (7a)                                         

                        
2

, 0
2 ( )cx j jb bdb 


                                   (7b) 

  
                                       

where b is the impact parameter. The ionization cross section is given by 
 

              

2

0
2 ( )ion i

i

a bdb 


    .                                         (7c) 

 
In solving the coupled equations  (6) we have used an expansion basis 
containing all bound states on He+ with principal quantum number n ≤ 5   
(in total 35), and on the target we have used all bound states with n ≤ 6 
plus the 7s bound state . In addition, in the basis centered on H we have 
included 117 positive energy pseudostates, making the total of 174 states 
centered on H. This basis was also used in the calculations of excitation, 
electron capture and ionization processes in He2++H collisions in the 
plasma free (pure Coulomb interaction) case in Ref. [20]. By comparing 
the results of present calculations for different screening lengths with 
those of Ref. [20] we can see the plasma screening effects of the Cou-
lomb interaction on the cross sections of considered processes.  

       
 
IV. RESULTS AND DISCUSSION 

  
A.  EXCITATION 

 
We first consider the dependence of cross sections for excitation to 2l 
and 3l states of H on the scaled screening length κ for two typical colli-
sion energies of 25keV/u and 100keV/u. (We note that for the H spec-
trum,   ). The results are shown in panels (a) and (b) of Fig. 2, re-
spectively. It is observed that for both energies the cross section for exci-
tation to the 2p state is considerably larger than for the other states for all 



20 R. K. Janev and D. Jakimovski 

values of the screening length, resulting from the dipole character of 
1s→2p transition. It should be remarked, however, that the 2p cross sec-
tion for E=25keV/u exhibits a maximum at κ ≈ 9a0, after which it slowly 
decreases with increasing κ towards its limiting value at κ = ∞ (plasma 
free case). In contrast, the 2p excitation cross section for E =100keV/u, 
after its sharp increase at κ slightly above the critical screening length 
κ2p

c, slowly increases with increasing κ. The 2s excitation cross section 
for both energies shows a mild increase with increasing κ. All 3l excita-
tion cross sections, after leaving the neighborhood of the critical screen-
ing lengths κ3l

c, quickly reach a plateau. 
 

 
Fig. 2. Dependence of the 2l and 3l excitation cross sections on the screening length κ 
for the collision energies of 25keV/u (a) and 100keV/u (b) 
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In Fig. 3 we show the energy dependence of the 2s (panel(a)) and 2p 
(panel (b)) excitation cross sections for the screening lengths κ = 10, 25 
and 50a0 in the interval ~15 – 600keV/u, together with the results for the 
unscreened Coulomb potential performed in the present work and the 
results of Kuang and Lin [20]. It can be observed in the figures that the 
energy dependences of 2s and 2p excitation cross sections for different 
values of κ are somewhat different. The 2s cross section for a given value 
of κ is always smaller than the pure Coulomb cross section in the energy 
region above ~20keV/u, it increases with increasing κ and for κ =50a0 it 
approaches the cross section with pure Coulomb interaction.  In contrast, 
the 2p cross section in the region below ~50keV/u increases with de-
creasing κ, but above this energy it decreases with decreasing κ. This 
behavior of 2s and 2p excitation cross sections is consistent with their κ-
dependences in Fig. 2. The physical origin of this difference lies in the 
difference of the radial electron distributions of 2s (more compact) and 
2p (more diffused) states. At high collision energies the excitation proc-
ess involves the inner parts of these distributions whose dependence on κ 
is similar (both decrease with increasing κ), while at low collision ener-
gies the asymptotic parts of these distributions for which the more dif-
fused 2p distribution shows a much faster increase with decreasing κ than 
that for 2s (see [14]). 
Fig. 3 shows that the 2s and 2p excitation cross sections, calculated in the 
present work for the pure Coulomb case (full black lines) coincide with 
the plasma-free results of Kuang and Lin [20] (symbols). 
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Fig. 3. Energy dependence of 2s (a) and 2p (b) excitation cross sections for κ = 10, 25, 
50a0 compared with the plasma free cross sections of present calculations (Coulomb) 
and  those of Ref. [20] (Kuang and Lin; symbols) 

 
We have calculated also the cross sections for excitation to 3l, 4l and 5l 
states for κ = 10, 25, 50a0. Their values are increasingly smaller than 
those for the 2l states. The summed (very close to the total) cross section 
is shown in Fig.4, together with that for the pure Coulomb interaction. 
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The general increase of the excitation cross section with increasing the 
screening length is due to the fact that for large values of κ increasingly 
more states remain bound in the potential that can participate in the exci-
tation dynamics. 

 
 

 
 

Fig. 4. The total excitation cross section for a plasma with κ = 10, 25, 50a0 and for the 
unscreened Coulomb interaction 

 
 
B. ELECTRON CAPTURE 

 
In Figure 5 we show the κ dependence of 2l and 3l electron capture cross 
sections for E=25keV/u (panel (a)) and E=100keV/u (panel (b)). The 
capture states 2l and 3l belong to the He+ (Z=2) spectrum and the critical 
screening lengths κnl

c are now twice smaller than those for the H spec-
trum,  κnl

c = δnl
c/2 (compare with Fig.2). The capture to 1s state is not 

included in the panels since its values are negligibly small at all energies 
due to the large  difference between the He+(1s) and H(1s)  energy levels. 
On the other hand, the H(2l) energy levels are close to the energy of 
He+(1s) state for all κ when  the H(2l) and He+(1s) are bound.  Fig.5 
shows that, like in the case of excitation, for both selected energies the 
cross section for capture to 2p state of the projectile is larger than for 
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other transitions. This is a result of the large direct dipole 1s→2p cou-
pling of the initial and final states. In all other cases, the population of the 
final state involves multiple interstate transitions. After the threshold κnl

c 
the cross section slowly, for E=25keV/u, and much faster, for 
E=100keV/u, increases with increasing κ and reaches a region of satura-
tion or very slow increase (for 2s, 3s and 3p for E=100keV/u). The mild 
undulations on the 2p cross section for E=25keV/u  are effects of the κnl

c 
thresholds of upper states at which they become coupled with the 2p 
state. For the higher energy  E=100keV/u these effects are smeared out as 
the collision time is small. 
 

 
 
Fig. 5. Dependence on the scaled screening length κ of electron capture cross sections to 
2l and 3l projectile states at E=25keV/u (a) and E=100keV/u (b) 
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The energy dependence of dominant electron capture channels to 2s and 
2p projectile states is shown respectively in panels (a) and (b) of Fig.6 in 
the energy range ~15-300keV/u. Quantum plasmas with screening 
lengths κ = 5, 10, 25a0  are selected. The cross sections for capture to 
these states in the plasma-free case are also shown, including the results 
of Kuang and Lin [20]. In Fig. 6 we observe that with increasing the 
screening length κ the 2s and 2p rapidly increase (somewhat faster for 2p 
and for the higher energies) towards the cross section for the pure Cou-
lomb interaction, with which they coincide already for κ =  25a0.   

 

 
 
Fig. 6. Energy dependence of cross sections for electron capture to 2s (a) and 2p (b) 
projectile states for κ = 5, 10, 25a0  and for the pure Coulomb interaction. The symbols 
are the results of Ref. [20] for the pure Coulomb interaction case. 
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We have performed cross section calculations also for capture to 3l, 4l 
and 5l states for κ = 4.44a0 and  κ =10a0  and for the pure Coulomb inter-
action. For these two screening lengths classical -trajectory Monte Carlo 
(CTMC) calculations with the potential (1) have been performed in Ref. 
[12]. Our summed (total) cross sections for these two screening lengths 
are shown in Fig. 7, together with the results of Ref. [12]. The compari-
son of CTMC and present TC-AOCC results for the two screened poten-
tial cases shows that, except for energies below ~30-35keV/u, the CTMC 
results are larger than the TC-AOCC results. The present result for the 
pure Coulomb interaction case coincides with the result of Ref. [40]. 
 

 
 
Fig. 7. Total electron capture cross sections for plasmas with screening lengths κ = 
4.44a0 and κ=10a0  and for the plasma-free case. Present results: ful lines; symbols: 
results from Ref [12] (screened interaction) and Ref. [20] (unscreened Coulomb interac-
tion). 

 
C. IONIZATION 

 
Since in the expansion basis (5) we have included 117 continuum pseu-
dostates centered on the target H, the transitions to these states in the 
course of the collision would describe the ionization process. The total 
ionization cross section is given by Eq. (7c), where the summation runs 
over all continuum pseudostates. As discussed in the Introduction, in the 
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screened potential (1) for any finite value of the scaled screening length 
κ0 the number of bound states is finite. From Table 1 it follows that for a 
given value κ0 bound are the nl-states with critical screening lengths sat-
isfying the relation κnl

c< κ0, while all the states with κnl
c> κ0 lie in the 

continuum i.e. become continuum pseudostates. Thus, for κ0=30a0 bound 
in the potential (2) are only the states with n ≤ 4 (cf. Table 1) and all the 
5l, 6l and 7s included in our discrete Coulomb basis on H (see Section 
III) become continuum pseudostates. When calculating the ionization 
cross section for a given κ0, the population of the continuum pseu-
dostates, that are generated from entering the discrete states with κnl

c> κ0 
into the continuum, have also to be included in the sum of Eq. (7c). 

In Fig.8 we show the ionization cross sections for plasmas with screening 
lengths κ = 5, 10, 25, 50a0 in the energy range ~15- 600keV/u. For the 
above values of κ the only bound states in the potential (2) are: 1s, (for 
5a0), n ≤ 2 (for 10a0), n ≤ 3+4s (for 25a0), and n ≤ 5 (for 50a0). In the 
same figure we also show the cross section for the pure Coulomb interac-
tion. We note that the ionization cross section of Ref. [20]  for the pure 
Coulomb case coincides with the result of our calculations, but is not 
shown in Fig.8 to preserve the clarity of the figure in the high energy 
part. 

 

 
 
Fig. 8. Ionization cross sections for plasmas with screening lengths κ= 5, 10, 25, 50a0 
and for the pure Coulomb interaction. 
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In Fig. 8 two different dependences of the ionization cross section on the 
screening length are observed. For energies above ~70-80keV/u, where 
the cross section maxima appear, the screened cross sections rapidly tend 
towards the unscreened cross section when the screening length increases 
(i.e. they decrease with decreasing κ). In contrast to this, for energies 
below ~70-80keV/u, the ionization cross section increases with decreas-
ing κ. This increase can be related to the fact that with decreasing κ in-
creasingly more bound states in the expansion basis centered on the tar-
get H enter in the continuum. This increases the density of continuum 
pseudostates and, consequently, the ionization cross section. It is to be 
noted in Fig. 8 that with decreasing κ also the cross section maximum 
shifts to lower energies. The relatively weak dependence of the cross 
section on κ at high energies is result of the fact that the energies of con-
tinuum pseudostates, generated by entering of bound states into the con-
tinuum when κ decreases, are small and due to the fact that at high colli-
sion energies the electron is ejected from the atom to the high-energy 
continuum states. 
 
 

V. CONCLUSIONS 
 
In the present work we have studied the excitation, electron capture and 
ionization processes in collisions of He2+ ions with hydrogen atoms in a 
dense quantum plasma. The interaction between charged particles in such 
a plasma is represented by the Debye-Hűckel-cosine (DHC) screened 
potential. The collision dynamics of considered processes is described by 
the two-center atomic orbital close coupling method with an expansion 
basis containing 35 bound states centered on the projectile and 57 bound 
plus 117 continuum pseudostates centered on the target. The investiga-
tions of plasma screening effects on the considered processes reveal sig-
nificant changes in their cross sections with respect to those in the 
plasma-free case, when the interaction is purely Coulombic. These ef-
fects are particularly strong when the screening strong (small screening 
lengths) and for the smaller collision energies (long collision times). The 
property of DHC screened potential to support a finite number of bound 
states for any finite value κ0 of its screening length (implying that for κ > 
κ0 higher states lie in the continuum) has a dramatic effect on the low-
energy ionization cross section  (dramatic increase with decreasing of κ 
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and the energy). For the processes taking place within the discrete spec-
trum (excitation and electron capture, this property of DHC potential 
limits the collision dynamics to a limited number of bound states, as op-
posed to the theoretically infinite number of bound states in the case of 
pure Coulomb potential. 
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Abstract: The electron capture in Be3+-Li(2s) collisions is investigated 
by the quantum-mechanical molecular orbital close-coupling (QMOCC) 
method and by the two-center atomic orbital close-coupling (TC-AOCC) 
method in the energy ranges 10-4-1.2keV/u and 0.5-100keV/u, respec-
tively. Spin-resolved total and state-selective cross sections are calculated 
with large expansion MO and AO basis sets. In the overlapping energy 
range the results of the two sets of calculations for the total and n=4, 3-
shell capture cross sections agree very well for both singlet and triplet 
channels. Good mutual agreement in this energy range between the two 
calculations is obtained also for the spin-resolved 4l, 3l cross sections. It 
is found that the total and n=4 shell singlet and triplet cross sections dif-
fer significantly from each other in the energy region below 0.1keV/u, 
while for the 4l cross sections this difference becomes considerable al-
ready at 1keV /u. For the weak n=3 and n=2 capture channels the differ-
ence between singlet and triplet cross sections is much smaller. The exci-
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tation 2s-2p cross section for Li in this collision system has also been 
calculated and no significant difference between the singlet and triplet 
cross sections was found in the entire energy range considered. 
 
 

I. INTRODUCTION 
 

Electron capture and excitation processes in multicharged ion - atom col-
lisions have attracted considerable theoretical and experimental attention 
in the past because of their important role in a wide range of laboratory 
and astrophysical plasmas [1]. The investigations of collision processes 
involving Li atom have been motivated both by the cross section data 
needs for the development of neutral lithium beam spectroscopy diagnos-
tics of edge plasmas in experimental fusion devices [2-4] and by the re-
cently proposed novel concepts for reduction of the excessive thermal 
loads on divertor plates of tokamak-type fusion reactors by using liquid 
lithium coatings [5, 6]. The inelastic collision processes of Li atom with 
plasma ions play a dominant role in both the beam penetration dynamics 
and the population of radiating levels of Li atoms. On the other hand, 
beryllium is envisaged as the first wall material in the International 
Thermonuclear Experimental Reactor [7]. Therefore, the ion-atom colli-
sion processes involving these two species are of considerable interest in 
the current thermonuclear fusion research. In particular, the cross sec-
tions of various inelastic processes of Be-ions in all charge states with Li 
atoms are required for modeling and diagnostics of fusion edge and di-
vertor plasmas.  

In the present work we shall study the electron capture and excitation 
processes in Be3++Li collisions, for which, to the best of our knowledge, 
no theoretical or experimental studies have been reported so far. We shall 
employ the full quantum-mechanical molecular orbital close-coupling 
(QMOCC) and the two-center atomic orbital close-coupling (TC-AOCC) 
methods in the 10-4-1.2 keV/u and 0.5 -100keV/u energy ranges, respec-
tively. 

The main motivation of the present work is to generate accurate spin-
resolved electron capture and excitation cross sections for this collision 
system in a wide energy range to cover both the modelling and diagnostic 
needs for such data in the fusion plasma research.  
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The paper is organized as follows. In the next section, we briefly outline 
the theoretical methods used in the cross section calculations. In Sec. Ⅲ 
we present the results of ab initio molecular structure calculations, re-
quired for the QMOCC cross section calculations, obtained by using the 
multireference single- and double-excitation configuration interaction 
(MRDCI) method [8, 9]. In Sec. Ⅳ we present and discuss the results for 
spin-resolved total and state-selective electron capture and 2s→2p excita-
tion cross sections, and in Sec.Ⅴ, we give our conclusions.  
Atomic units will be used throughout, unless explicitly indicated other-
wise.  
 
 

II. COMPUTATIONAL METHODS 
 

A. TC-AOCC method 
 
The details of the TC-AOCC method can be found in the literature [10, 
11] and here only a brief account is presented. The total electron wave 
function of the active electron in the TC-AOCC method is expanded in 
terms of bound atomic orbitals of the two ionic centers ( ,A B  ), multi-

plied by plane wave electron translational factors ,BAf , 
 

( , ) ( ) ( , ) ( , , ) ( ) ( , ) ( , , )A A B B
i i j j

i j

r t a t r t f r t v b t r t f r t v         (1) 

 
where v is the collision velocity. 
The atomic states are determined by diagonalizaiton of single-center 
Hamiltonian over the even-tempered basis [10] 
 
                                        ( ) ( )nlm nk klm

k

r c r   
                                     (2) 

 
Adopting the straight line trajectory approximation for the relative nu-

clear motion ( )R t b vt 
 

(b is the impact parameter) and inserting the 
expansion (1) into the time dependent Schrödinger equation 

( ) 0H i
t

  


, where 21
( ) ( )

2 r A A B BH V r V r       and , ,( )A B A BV r


are the 
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active electron interactions with the projectile Be3+ and target core Li+, 
respectively, one obtains the first-order coupled differential equations for 
the amplitudes ai(t) and bj(t)  
 

                                       
†

( )

( )

i A SB HA KB

i B S A KA HB

  

  

 


                                     (3) 

 
where A and B are the vectors of amplitudes ai(i=1, 2, …, NA) and bj 

(j=1, 2, …, NB), respectively. S is the overlap matrix (S† is its transposed 
form), H and H are direct coupling matrices, and K and K are the electron 
exchange matrices. 

The interactions , ,( )A B A BV r of the active electron with the ionic cores B3+ 

and Li+ we shall represent by model potentials. Since Be3+ ion has a 1s 
bound electron, the capture states Be2+(1snl) form two series of states, 
differing by their total spin (singlet or triplet) and binding energies. The 
electron-ionic core interaction in such He-like systems has been studied 
by Bottcher [12] and using his procedure we have obtained the numerical 
values oh the singlet and triplet potentials for the (Be3++e) system and 
then fitted to the analytic forms 

 

                   11.0 11.0
,sin

3 .0 0.74146
( ) 7.0r r

A gletV r e e
r r

                        (4a) 

                   6.2 6.2
,

3 .0 1.2
( ) 4.2r r

A tripletV r e e
r r

                                    (4b) 

 
Except for the ground state, the calculated energies of Be2+(1snl) states 
with these potentials agree with the NIST data [13] to within 1.7% for the 
singlet states and 1.9% for the triplet states. For the potential VB(r) we 
have used the model potential from Ref. [14] 
 

                          3.310 3.310
,

1 2
( ) 3.310r r

B LiV r e e
r r

                               (5) 

 
The coupled equations (3) are solved separately for the singlet and triplet 
potentials VA(r) subject to the initial conditions 
                                        1( ) 0, ( )i j ja b                                       (6) 
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and the cross sections for 1→i electron capture and 1→j excitation transi-
tions within each spin multiplicity are obtained by integration of corre-
sponding probabilities over the impact parameter b 
 

                                        2,
,

0

2 ( )s t
cx i ia bdb 



                                     (7) 

                                       
2,

,

0

2 ( )s t
ex j jb bdb 



                                    (8) 

 
The spin-averaged cross section for the i-th electron capture channel is 

obtained as 
, , ,

1 3

4 4
s t

cx i cx i cx i     and similarly for ,ex j . 

 
B. QMOCC method 
 
Details of the QMOCC method for ion-atom collisions can be found 
elsewhere [15, 16] and only its basic elements of the method are outlined 
here. The active electron wave function now is expanded over adiabatic 
states of BeLi2+ molecular ion and its replacement in the time-dependent 
Schrӧdinger equation result in a system of coupled second-order differen-
tial equations. The system of coupled equations is normally solved by 
using the log-derivative method of Johnson [17]. In the adiabatic repre-
sentation of molecular states, the transitions between the states are driven 

by radial and rotational ( rA and A ) couplings of the vector potential ( )A R
 

, 
where R is the internuclear distance vector. Since in the adiabatic repre-
sentation the matrix elements of Ar at internuclear distances R where two 
molecular states of the same overall symmetry have quasi-degenerate 
energies become extremely large over a narrow ΔR region, it is numeri-
cally convenient to perform a unitary transformation of the adiabatic ex-
pansion basis into a diabatic one [18]. The electron translation effects in 
the electron capture process can be accounted for by transforming the 
radial and rotational coupling matrix elements between the states   and 

  into [19] 
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2/ ( ) / 2 R

( )y

R z

iL zx

   

   

   

   

   

 
                             (9) 

 
where  and   are the energies of the two states, and z2 and zx are the 

components of the quadrupole moment tensor. The modification is simi-
lar in form to that resulting from the application of the common transla-
tion factor method [20]. 
With the diabatic potentials and couplings, the coupled second order dif-
ferential equations are solved and their solutions matched to the plane-
wave boundary conditions at a large internuclear distance Rmax to obtain 
the K matrix. Then the scattering matrix S is given 

 
                                        1[ ] [ ]J J JS I iK I iK                                   (10) 

 
where I is the identity matrix and J is the total angular momentum quan-
tum number. Finally, the charge transfer cross section for transition from 
a state α to a state β is expressed in terms of scattering matrix elements 
  

                                 2
2

(2 1) | |J

J

J S
k   


                            (11) 

 
where kα is the initial momentum of the center-of-mass motion.  

The QMOCC coupled equations for the singlet and triplet states are 
solved separately and the spin-averaged cross section for the channel 
   is a weighted sum of the corresponding singlet and triplet cross 
sections. 
 
 

III.  MOLECULAR STRUCTURE CALCULATIONS 
 

The MRDCI package was employed to calculate the potential energy 
curves, the radial and rotational coupling matrix elements. The correla-
tion-consistent, polarization valence, triple-zeta (cc-pVTZ) type basis set 
[21] with a diffuse (2s2p2d2f) basis was employed for Be atom. For Li 
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atom, an effective core potential (ECP) with the ECP-adapted (4s4p) 
Gaussian basis set [22] was used.  

We have calculated the lowest twenty-three singlet states and twenty-two 
triplet states, involving twelve 1Σ, seven 1Π, three 1Δ, one 1Φ states and 
eleven 3Σ, seven 3Π, three 3Δ, one 3Φ states of BeLi3+ molecule, respec-
tively. Figs.1(a) and 1(b) show the adiabatic potential energy curves of 
BeLi3+ for the singlet and triplet states, respectively, in the internuclear 
distances of R=0-40a0. Fig.1 shows that both in the singlet and triplet 
case the energy curve of the entrance Be3+-Li(2s) state intersects (in a 
diabatic picture) the energies of the Be2+(n=4)+Li+ states and only in the 
region R<10a0 it becomes close to the energy curves of the n=3 states. 
This indicates that the n=4 states will be the dominant electron capture 
channels in Be3++Li(2s) collisions. Fig.2 displays the expanded form of 
the adiabatic potential curves of the initial 111Σ and 10 3Σ states together 
with the singlet and triplet states that asymptotically correlate to the 
Be2+(n=4)+Li+ atomic states. From these figures it can be seen that the 
energies of initial 111Σ and 10 3Σ states undergo avoided crossings with 
the energies of Be2+(1s4l)+Li+ states in the R~18-29a0 region. It should 
be noted that the Be2+(1s3p) and Be2+(1s3d) states as well as the 
Be2+(1s4p), Be2+(1s4d) and Be2+(1s4f) states in singlet manifold are in-
verted, while in the triplet manifold all states are in normal order of de-
creasing the binding energy with increasing the angular quantum number 
l within the n- shell. This would lead to significant differences in the 
magnitudes and energy dependences of singlet and triplet capture cross 
sections at low energies.  

In Table 1 we show the molecular states included in the MRDCI calcula-
tions for BeLi3+ together with the atomic states to which they converge in 
the asymptotic region of internuclear distances R and their asymptotic 
energies, obtained by extrapolation of calculated energies at R = 100a0 to 
infinity by Coulomb and zero interactions for the electron capture and 
entrance channels, respectively. The calculated energies are compared 
with those from the NIST tables [13]. 
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Table 1.  
 

Asymptotic separated-atom energies of BeLi3+ molecule. 
 

Energy (eV) 
Molecular state    

Asymptotic 
atomic state   Expt. 

[13] 
Theor.  error 

13Σ 
Be2+(1s2s)[3S]+Li

+ -29.913 -29.676 0.237 

21Σ 
Be2+(1s2s)[1S]+Li

+ 
-26.854 -26.724 0.13 

23Σ, 13Π 
Be2+(1s2p)[3P]+Li

+ 
-26.583 -26.363 0.22 

31Σ, 11Π 
Be2+(1s2p)[1P]+Li

+ 
-24.836 -24.715 0.121 

33Σ 
Be2+(1s3s)[3S]+Li

+ -9.495 -9.363 0.132 

41Σ 
Be2+(1s3s)[1S]+Li

+ 
-8.687 -8.634 0.053 

43Σ, 23Π Be2+(1s3p)[3P]+Li+ -8.613 -8.591 0.022 

53Σ, 33Π, 13Δ Be2+(1s3d)[3D]+Li+ -8.231 -8.155 0.076 

51Σ, 21Π, 11Δ Be2+(1s3d)[1D]+Li+ -8.221 -8.150 0.071 

61Σ, 31Π Be2+(1s3p)[1P]+Li+ -8.106 -8.052 0.054 

63Σ Be2+(1s4s)[3S]+Li+ -2.786 -2.579 0.207 

71Σ Be2+(1s4s)[1S]+Li+ -2.450 -2.347 0.103 

73Σ, 43Π Be2+(1s4p)[3P]+Li+ -2.429 -2.327 0.102 

83Σ, 53Π, 23Δ Be2+(1s4d)[3D]+Li+ -2.271 -2.151 0.12 

81Σ, 41Π, 21Δ Be2+(1s4d)[1D]+Li+ -2.266 -2.148 0.108 

91Σ, 51Π, 31Δ Be2+(1s4f)[1F]+Li+ -2.263 -2.138 0.125 

93Σ, 63Π, 33Δ Be2+(1s4f)[3F]+Li+ -2.263 -2.138 0.125 

101Σ, 61Π Be2+(1s4p)[1P]+Li+ -2.224 -2.084 0.140 

111Σ, 103Ʃ Be3+(1s)+Li(2s) 0 0 0 

121Ʃ, 113Ʃ, 71,3П     Be3+(1s)+Li(2p)  1.848  1.848 0 
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Figs. 3 and 4 display the radial and rotational coupling matrix ele-
ments between the states shown in Fig.2, respectively. There exit series 
of strong radial couplings between the entrance channels with the Σ states 
of the n=4 series in the R~18-29a0 region. These couplings will effec-
tively populate the Be2+(1s4l)+Li+ capture states at large internuclear 
distances in the approaching stage of the collision. The rotational cou-
plings will mainly redistribute the capture flux among the states within 
the same nl-subshell in the receding stage of the collision. 

 

 
Fig. 1. (Color online) Adiabatic energies of BeLi3+ molecular ion. The solid, dashed, 
dotted and dash-dotted lines represent the Σ, Π, Δ and Φ states, respectively. (a)Singlet 
states; (b)triplet states. 
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Fig. 2. (Color online) Enlarged view of adiabatic energies of BeLi3+. (a) Singlet states; 
(b) triplet states. 
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Fig. 3. (Color online) Radial coupling matrix elements. (a) Singlet states; (b) triplet 
states. 
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Fig. 4. (Color online) Rotational coupling matrix elements. (a) Singlet states; (b) triplet 
states. 
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IV.  RESULTS AND DISCUSSION 
 
A. Electron capture cross sections 

 
The electron capture cross sections of Be3+-Li(2s) collision were cal-
culated by the QMOCC and TC-AOCC methods in the energy range 
of 10-4-1.2keV/u and 0.5-100keV/u, respectively. In the QMOCC 
calculations, we have included all 23 singlet and 22 triplet molecular 
states in the corresponding expansion basis at energies above 0.5 
eV/u and at lower energies, we discarded the Be3+-Li(2p) states. In 
the TC-AOCC calculations, for energies above 3keV/u the basis set 
centered on Li includes all n ≤ 4 bound states, while the basis cen-
tered on Be3+ ion included all n ≤ 10 (l=0-5) bound states plus 42 
positive-energy pseudostates. For energies below 3keV/u, the basis 
set centered on Li was kept the same, but the one centered on Be3+ 
was reduced to include only the bound states with n ≤ 9 (l=0-5) since 
in this energy region capture to the projectile continuum is negligible. 

 
Spin-averaged cross sections 
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Fig. 5. Total electron capture cross section in Be3+-Li(2s) collisions as a function of 
collision energy. 
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The total spin-averaged QMOCC and TC-AOCC electron capture cross 
sections for the Be3+-Li collision are displayed in Fig. 5 in the energy 
range 10-4-100keV/u. The two cross sections are in excellent agreement 
with each other in the overlapping energy range. The total cross section 
exhibits a broad maximum in the 0.1-2.0keV/u energy range, a broad 
valley around 2eV/u, a slow increase ~1eV/u and a sharp decrease for 
energies above 10keV/u. We note that when the TC-AOCC calculations 
are extended down to 0.1keV/u the total spin-averaged cross section con-
tinues to agree very well with the QMOCC cross section, but when the 
QMOCC calculations are extended above 1.2keV/u the QMOCC cross 
section starts rapidly to increase above the TC-AOCC cross section. 
 
Spin-resolved cross sections 
 
The total QMOCC and TC-AOCC cross sections for electron capture to 
the singlet and triplet states of Be2+ ion are shown in Fig. 6. In the over-
lapping energy range the results of QMOCC and TC-AOCC calculations 
for both spin manifolds agree very well. The most important information 
contained in this figure is, however, that the total singlet and triplet cross 
sections in the energy region below ~0.1keV/u are significantly different 
from each other and have different energy behavior. In contrast, in the 
energy range ~0.25-30keV/u the two cross sections almost coincide and 
only for energies above 30keV/u they start to differ appreciably. Gener-
ally speaking, the difference in the magnitude of singlet and triplet cap-
ture cross sections at low collision energies is a consequence of the sensi-
tivity of the capture process at these energies to the binding energies of 
capture states (the binding energies of singlet states in an nl-subshell of 
Be2+ are always smaller than those for the triplet states) and to the cou-
plings operating between the states within the same spin manifold (cf. 
Figs 3 and 4). With increasing the collision energy above 0.25keV/u the 
role of the small energy difference between the spin states within the 
same nl-subshell becomes less important in the capture dynamics, while 
the role of momentum transfer increases [11], producing the difference 
between the singlet and triplet cross sections at energies above ~30keV/u. 
The spin dependence of capture cross sections obviously appears in all 
two-electron collision systems at low collision energies. The TC-AOCC 
calculations for the He++Li collision system [23, 24], in which the 
singlet-triplet splitting of He(1s2l) states is very large, have shown a 
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drastic difference between the singlet and triplet capture cross sections in 
the energy region below 1keV/u. Spin-resolved total and n- and nl-
selective electron capture cross section calculations have been performed 
also for the C5+ +H collision system by the QMOCC and TC-AOCC 

methods in [25] and by the TC-AOCC method (with a larger expansion 
basis) in [26]. 
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Fig. 6. (Color online) Total cross sections for electron capture to the singlet and triplet 
states of Be2+ ion. 
 

An insight in the electron capture dynamics leading to the differences 
between the total singlet and triplet capture cross sections observed in 
Fig.6 can be obtained by analyzing the spin-resolved cross sections for 
capture to the 1s4l states of Be2+, which are the dominant capture chan-
nels in this collision system in the entire energy range considered. These 
cross sections are shown in the panels (a) and (b) of Fig. 7, for the singlet 
and triplet manifolds, respectively. Smooth connection of QMOCC and 
TC-AOCC results in the overlapping energy range is observed only for 
the capture to 4s, 4d, 4f singlet and 4s, 4p triplet states. One reason for 
the mismatch of the other cross sections is the fact that both methods in 
this energy range are at the limit of their applicability. Another reason 
could be the fact that in the molecular basis in the QMOCC calculations 
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does not include the states converging to the Be2+(n ≥5) and Li(n ≥3) 
asymptotic states that are included in the AO expansion basis. This might 
particularly affect the 4p singlet and 4f triplet results as these are the 
states energetically closest to the n=5 groups of singlet and triplet states. 

The capture dynamics of the singlet and triplet 4l is dominated by the 

series of radial couplings 111Ʃ - 101Ʃ - 91Ʃ - 81Ʃ - 71Ʃ and 103Ʃ - 93Ʃ - 

83Ʃ - 73Ʃ - 63Ʃ states, respectively, in the range of internuclear distances 

~18a0- 29a0, where 111Ʃ and 103Ʃ are the initial states. The states 71Ʃ, 

81Ʃ, 91Ʃ and 101Ʃ asymptotically converge to the 4s, 4d0, 4f0 and 4p0 

states of Be2+ ion, respectively, while the states 63Ʃ, 73Ʃ, 83Ʃ and 93Ʃ 
asymptotically converge to the 4s, 4p0, 4d0 and 4f0 states of Be2+. In the 

approaching stage of the collision the Ʃ - Ʃ couplings in the region R 
~18a0- 29a0 populate the m=0 substates of 4l states, while the m > 0 sub-

states of 4l states are populated by the rotational Ʃ- П, П-Δ and Δ-Φ tran-
sitions in the receding stage of the collision. It should be noted that in 

Fig.3 that the 111Ʃ - 101Ʃ - 91Ʃ - 81Ʃ and 103Ʃ - 93Ʃ - 83Ʃ - 73Ʃ couplings 
(and the corresponding avoided crossings in Fig.2) are very narrow and 
at higher energies they are not effective (the avoided crossings are passed 
“diabatically”). The only effective couplings at such energies are broadly 

distributed 71Ʃ - 81Ʃ and 63Ʃ - 73Ʃ couplings at R~ 21.5a0 and R~ 20a0, 
respectively, (corresponding to the large avoided crossings in Fig. 2 at 
the same internuclear distances). These couplings lead to the dominance 
of the 4s singlet and triplet cross sections in Figs. 7a and 7b in the energy 
ranges ~1-200eV/u and ~20-1000eV/u, respectively. Note that in the re-
gions of their maxima the 4s singlet cross section is somewhat larger than 
the triplet 4s cross section, reflecting the somewhat larger magnitude of 

the 71Ʃ - 81Ʃ coupling with respect to the 63Ʃ - 73Ʃ coupling (and the 

smaller energy gap between the 71Ʃ and 81Ʃ states with respect to that 

between 63Ʃ and 73Ʃ states; cf. Figs. 3 and 2).  

For energies below ~1eV/u and ~10eV/u, due to the larger collision time, 

the strong 81Ʃ-91Ʃ, 91Ʃ-101Ʃ, 101Ʃ-111Ʃ and 73Ʃ- 83Ʃ, 83Ʃ- 93Ʃ, 93Ʃ-

103Ʃ couplings become more effective than the 71Ʃ - 81Ʃ and 63Ʃ - 73Ʃ 
couplings leading to 4p, 4d and 4f singlet and triplet cross sections larger 
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than the corresponding 4s ones. We note that to the population of 4p, 4d 

and 4f singlet and triplet exit channels contribute also the Ʃ-П, П-Δ and 
Δ-Φ rotational couplings at the relatively small internuclear distances and 
their cross sections are not determined dominantly by the radial coupling 
in the R ~ 18a0-29a0 range of internuclear distances, like in the case of 4s 
cross sections. Besides, the number of molecular channels contributing to 
4l states with l > 0 increases with increasing l (see Table 1). All these 
elements of capture dynamics affect the magnitude and energy behavior 
of the 4l (l >0) cross sections different within a given spin manifold and 
even more so the difference between the 4l singlet and triplet cross sec-
tions, as exemplified in the panels (a) and (b) of Fig.7. 

In the energy region above ~2keV/u the relative magnitudes of 4l cross 
sections of both singlet and triplet manifolds increase with increasing l 
until E~30keV/u, after which the cross sections with l >0 become close to 
each other due to the closeness of the binding energies of these capture 
states. 
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Fig. 7. (Color online) Cross sections for electron capture to 4l singlet (panel (a)) and 
triplet (panel (b)) states of Be2+ ion. 
 
In Fig. 8 we show the spin-resolve cross sections for electron capture to 
the n=4 shell of Be2+ ion. In the energy region below ~ 10keV/u the 
singlet and triplet n=4-shell cross sections are almost identical with the 
total singlet and triplet cross section in Fig. 6. Only for energies above ~ 
20keV/u the spin- resolved cross sections become larger than those for 
the n=4 shell primarily due to the contribution of n = 3 shell cross sec-
tions (see Fig. 10 below). In this energy region the contribution from n ≥ 
5 states to the total singlet and triplet cross sections is about 10%. 
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Fig. 8. (Color online) Cross sections for electron capture to the n=4 shell of singlet and 
triplet states of Be2+ ion. 
 
The spin-resolved cross sections for capture to the 3l singlet and triplet 
states of Be2+ are shown in Fig.9. The magnitude of these cross sections 
in the region of their maxima are more than an order smaller than those 
for capture to corresponding 4l states (cf. Figs. 7) and for lower energies 
this difference increases even more. The mismatch of QMOCC and TC-
AOCC results in the overlapping energy range is much larger than in the 
case of 4l states due to the fact that in this energy range both methods are 
at the limit of their applicability and their uncertainty at this limit is al-
ways more pronounced for the weak reaction channels. It is to be noted 
that the 3p and 3d cross sections show a steady decrease with decreasing 
the energy in both the singlet and triplet case, in contrast to their 4l coun-
terparts which start to increase below certain value of the collision en-
ergy. The large differences in the magnitude and energy behavior be-
tween the 3l and 4l spin-resolved cross sections at low energies is evi-
dence of the different collision dynamics in the population of 3l and 4l 
exit channels. Indeed, as Fig.1 indicates, there are no long-distant radial 

couplings (manifested by avoided crossings) of the initial 111Ʃ and 103Ʃ 
states with the group of molecular states converging to Be2+(1s3l) atomic 
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states. Only for internuclear distances smaller than R~5a0 the energies of 

initial 111Ʃ and 103Ʃ states become close to, respectively, the energies of 

61Ʃ and 53Ʃ states, providing conditions for Demkov-type nonadiabatic 

couplings. The 61Ʃ and 53Ʃ molecular states asymptotically converge to 
the 3p0 singlet and 3d0 triplet atomic states of Be2+. The singlet 3d0 and 

triplet 3p0 are populated by the 61Ʃ-51Ʃ and 53Ʃ-43Ʃ Demkov-type cou-
plings, respectively, while the singlet and triplet 3s states are populated 

through the series 61Ʃ-51Ʃ-41Ʃ and 53Ʃ-43Ʃ-33Ʃ of successive couplings, 

respectively. The rotational Ʃ-П, П-Δ couplings populate the m >0 com-
ponents of 3l states in the receding stage of the collision. Fig.9 shows the 

direct couplings of the 61Ʃ and 53Ʃ states with the entrance 111Ʃ and 

103Ʃ channels provide the dominance of the 3p and 3d cross sections 
within the singlet and triplet 3l manifolds in the energy region below ~ 
0.5keV/u. The smallest values of the 3s cross sections in both 3l mani-
folds of states are due the involvement of multiple intermediary cou-
plings at each of which the outgoing capture flux is reduced.  
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Fig. 9. (Color online) Cross sections for electron capture to 3l singlet (panel (a)) and 
triplet (panel (b)) states of Be2+ ion. 
 
The spin-resolved total cross sections for capture to the singlet and triplet 
manifolds of n=3 shell of Be2+ ion are shown in Fig. 10. As in the case of 
spin-resolved n=4 shell cross sections, the QMOCC and TC-AOCC re-
sults in the overlapping energy range agree much better than is the case 
for the spin-resolved 3l cross sections. However, in contrast to the n=4 
shell, for which the total singlet and triplet shell cross sections signifi-
cantly differ from each other in the energy region below ~0.1keV/u, in 
the present case the singlet and triplet n=3 cross sections are close to each 
other in the entire energy range investigated. 

We have also calculated the spin-resolved QMOCC and TC-AOCC cross 
sections for capture to 1s2l states of Be2+ ion. These cross sections are an 
order of magnitude smaller than the corresponding 3l cross sections in 
Fig. 9. In the molecular picture of collision dynamics this is because the 
energetically deeply lying 2l states are populated through couplings with 
the weakly populated 3s states in the receding stage of the collision. 

Namely, the 2p0 single and triplet states are populated through the 4
1Ʃ-
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31Ʃ and 33Ʃ-23Ʃ Demkov-type couplings and the 2s singlet and triplet 

states through the 31Ʃ-21Ʃ and 23Ʃ-13Ʃ. The 2p1 singlet states are popu-

lated through the 31Ʃ-21П and 23Ʃ-13П rotational couplings. In the 
atomic state picture of collision dynamics the small values of 2l capture 
cross sections results from the large energy differences between the ini-
tial states and n=3 group of states and between the n=3 and n=2 groups of 
states causing weak interstate couplings. The singlet and triplet n=2 shell 
capture cross sections are shown in Fig. 11. 
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Fig. 10. (Color online) Cross sections for the electron capture to Be2+(n=3) shell of the 
singlet and triplet states in Be3+-Li collisions. 
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Fig. 11. (Color online) Cross sections for the electron capture to the n=2 shell singlet 
and triplet states of Be2+ ion. 
 
B. 2s-2p excitation cross sections in Li 
 
There are four states of BeLi3+ molecular ion that asymptotically con-

verge to the Be3++ Li(2p) dissociation products: 121Ʃ, 113Ʃ and 71,3П 

(see Table 1). The Ʃ states asymptotically converge to Li(2p0) state, 

while the П states converge to the Li(2p1) state. The 121Ʃ, 113Ʃ states are 

coupled by Landau-Zener radial couplings with the initial states 111Ʃ and 

103Ʃ, respectively, at the internuclear distance 4.5a0 (see Fig.3), that 
leads to population of Li(2p0) singlet and triplet states. The Li(2p1) 

singlet and triplet state are populated by the 121Ʃ-71П and 113Ʃ-73П rota-
tional couplings. The relatively small internuclear distance at which the 

111Ʃ- 121Ʃ and 103Ʃ-113Ʃ couplings occur precludes large QMOCC 2p 
excitation cross sections. However, the small energy difference between 
the Li(2s) and Li(2p) states (1.848eV) ensures large TC- AOCC cross 
sections.  
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In Fig.12 we show the spin-resolved 2p excitation cross sections. In the 
entire energy range investigated the singlet and triplet cross sections are 
very close to each other. For the QMOCC cross sections the reason for 

this is the close magnitudes and positions of the radial 111Ʃ- 121Ʃ and 

103Ʃ-113Ʃ radial couplings that determine the flux along the singlet and 
triplet excitation channels. For the TC-AOCC cross sections this results 
from the fact that the excitation process is determined by the strengths of 
the couplings in the region of Li atom where the difference between 
singlet and triplet model potentials is very small. It should be noted that 
the common maximum of the spin-resolved 2p excitation cross sections 
is of the same order of magnitude as the spin-resolved total capture cross 
sections, except that it appears at a much higher collision energy. 
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Fig. 12. (Color online) Spin-resolved and spin-averaged cross sections for excitation of 
Li(1s22p) state in Be3+-Li collisions. 
 
 

V. CONCLUSIONS 
 
In the present work, we have performed spin-resolved total and state-
selective electron capture and Li(2s→2p) excitation cross section calcu-
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lations in Be3+-Li(2s) collisions by employing the QMOCC and TC-
AOCC methods in the energy ranges 10-4-1.2keV/u and 0.5-100keV/u, 
respectively. The molecular data used in the QMOCC calculations have 
been calculated by the ab initio MRDCI package, while spin-dependent 
one-particle model potentials were used in the TC-AOCC calculations. In 
the QMOCC calculations all Σ, Π, Δ and Φ molecular states of BeLi3+ 
corresponding asymptotically to the Be2+(1snl) (n ≤4)+Li+ and 
Be3++Li(2s, 2p) atomic states were included in the expansion basis. The 
expansion basis for the TC-AOCC calculations included all bound states 
with n≤4 centered on Li and all singlet and triplet bound states on Be3+ 
with n≤10 (l=0-5) plus 42 pseudostates for collision energies above 
3keV/u, but for collision energies below 3keV/u the basis set centered on 
Be3+ ion was reduced to include only the bound states with n ≤9 (l=0-5). 

The calculations revealed that significant differences between the total 
singlet and triplet cross sections exist in the energy region below 
0.1keV/u, while for higher energies the differences are negligible. Simi-
lar is the situation for the n=4 shell cross sections, except that the low 
energy singlet-triplet differences start already at 1keV/u. The differences 
between the singlet and triplet cross sections are particularly large for the 
4l partial cross sections in the energy region below 1ke/u. In contrast, the 
differences between the spin-resolved 3l cross sections are significantly 
smaller and for the n=3 shell cross sections they are even smaller. Also, 
the singlet-triplet differences in the Li(2s→2p) excitation cross section 
are quite small. The origin of the differences (or their absence) between 
the singlet and triplet cross sections are discussed in terms of interstate 
couplings in the molecular and atomic description of the collision dy-
namics. 
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