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ADIABATIC ASYMPTOTIC THEORY OF THE TWO-ELECTRON EXCHANGE AT RELATIVISTIC BINDING ENERGIES
V.Yu. Lazur, О.К. Reity, S.I. Myhalyna
Department of Theoretical Physics, Uzhhorod National University, Voloshin Str. 54, 
Uzhhorod 88000, Ukraine
An asymptotic (over a large internuclear distance) theory of two-electron exchange in collision of a multielectron atom and multiply charged ion is constructed. In the framework of the quasirelativistic Dirac-Breit approximation the matrix element of two-electron exchange interaction is analytically calculated. This approach allows to take into account the relativistic effects connected with the magnetic and retardation interelectron interactions. In the nonrelativistic limit the matrix element obtained proceeds to the result of paper [6].
Introduction
Processes of heavy particle collisions with forming of vacancies in inner shells of atoms form the basis of many widely applicable practical methods of quantitative and qualitative analysis of matters, such as a Auger-spectroscopy, photo- and x-ray electron spectroscopy, electron and proton x-ray spectroscopy etc. The set of these processes is one of the main information sources about the structure and properties of inner shells of atoms. Therefore, detailed experimental and theoretical study of various collision processes of forming and decay of vacancies in inner shells of atoms is of the great applied and fundamental importance.
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at distances that are larger than sizes of a united atom. Also, other more complicated mechanisms of forming of two vacancies in K-shell and higher shells are possible. If the two-electron vacancies are forming due to nonadiabatic two-electron transitions, the correlation effects play an essential role and the consideration of the problem is hardly possible in the framework of approximation of one-electron molecular orbitals. Furthermore, if the collision energy is not too large, the connection of processes with inner-shell electrons and of similar processes where the transitions execute by outer electrons is observed. Unfortunately, all these phenomena are little studied, and for processes including highly charged ions and bare nuclei are not investigated at all. This situation is a surprising example of inertia in a theoretical field in the face of deficiency of experimental data that is not of the principal character and very likely connected with the difficulties in construction of sources of multiply charged ions and formation of beams of rather slow particles. In last decade in this range of studies the targeted work is carried out (see, for example, [1, 2]), and the creation of the theory of multielectronic processes in ion-atomic and ion-ionic collisions is one of the most important problems.
In this paper the process of exchange of two electrons at collision of the multielectronic atom A with the multiply charged ion 
[image: image7.wmf]+
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Nevertheless, developed below theoretical ideas about physical features of two-electron exchange are of the general character. The formal construction of the theory will be given in the form, suitable for the description of collisions of arbitrary atomic particles.
Since the binding energy of inner-shell electrons rapidly increases with increasing nuclear charge 
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The traditional description of processes with rearrangement of electrons at slow ion-atomic collisions is based on the introduction of the matrix element of the two-electron exchange interaction.
General structure of the matrix element of two-electron exchange interaction in the Dirac-Breit approximation
The process of the electron capture at collision of He-like ion 
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 can be realized either as a result of two successive one-electron transitions in one collision event including of intermediate state 
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or as a result of the straight two-electron transition in points of quasi-crossing of adiabatic potential curves of original and final states of reaction (2) in one collision.
The first mechanism (3) is simpler and studied much more than the simultaneous transition of two-electrons from one nucleus to the other one (reaction (2)). The studies of resonant two-electron capture (in collision of atom A and two-charged ion 
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 of the same chemical element), carried out in [3, 4], have shown that the process of exchange of two electrons in a direct way (2) comprises a number of interesting features that are not inherent in the mechanism of serial drift of electrons from atom A to ion 
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. In this sense the nonresonance exchange of two electrons (in collision of different atom and ion) is not an exception (see [5, 7] and review [8]).
In adiabatic range of collision velocities the capability of a qualitative analysis of the transitions dynamics in reaction (2) yields the approach based on separation of the so-called ranges of non-adiabaticity [9]. Adiabatic evolution of the electronic subsystem on quasimolecular potential curves leads to the fact that the probabilities of transitions between levels separated by considerable energy interval are exponentially small. The nonadiabatic transitions are localized in small vicinity of crossing point 
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The large values of total cross-sections of two-electron capture allow to assume that the process (2) is determined by transitions at large enough internuclear distances R. It enables to carry out the analytical investigation in asymptotic approximation, as was done in all of the above mentioned articles [3]-[8].
For asymptotic interatomic distances the main purpose of analytical investigation of process (2) is the determination of the matrix element of the two-electron exchange interaction 
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At the same time, in all of the papers quoted above [3]-[7] when determining the parameters of particle interaction in two-electron exchange it was supposed that the electrons and nuclei interact instantaneously. The retardation connected with the finiteness of the velocity of light c was not taken into account. However on large internuclear separations R, at which the propagation time of interaction 
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 becomes of the same order with a mean time of electron transitions, besides the "instantaneous" Coulomb interaction 
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 it is necessary to take into account the effects of retardation leading to arise of the additional terms in the operator of interelectron interaction. If in reactions (1), (2) the nuclear charges of both colliding particles are large, so that 
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There are some ways of taking into account the relativistic effects in a problem of calculation of the matrix element 
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 in the nonrelativistic Hamiltonian of the two-centre system 
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 it is possible to introduce the additional members from the Breit-Pauli Hamiltonian [11]. When they are small enough, they can be taken into account in the perturbation theory.
The alternate approach apparently reasonable for heavy quasi-molecules 
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 consists in constructing the asymptotic (on large internuclear distances) theory of process of two-electron exchange (2) on the basis of the Dirac-Breit equation [11]. Such approach allows to take into account the orbital and spin degrees of freedom of active electrons, most natural for heavy atoms 
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-coupling scheme of the angular and spin moments, and also effects of retardation of interelectronic interaction at large R.
For stationary states the quasirelativistic wave Dirac-Breit equation describing motion of two interacting one another electrons in the field of two fixed Coulomb centres with charges 
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Here 
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 is the 16-component wave function, E is the total energy of two electrons, including their rest energy; the indexes a, b number the nuclei 
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The first term 
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where 
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 is the distance between electrons.
Calculation of the matrix element of two-electron exchange interaction
As it was already mentioned in the previous section, the matrix element of the two-electron exchange interaction is given by
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As well as in a nonrelativistic case [4] it is possible to represent the two-electron atomic wave functions 
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where 
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For splitting (8), by using the function (9), we obtain the following expression in terms of one-electron orbitals:
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As it is seen from (10), the first contribution in splitting 
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In [12] the wave function 
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where
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Here 
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For the wave function 
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The wave functions 
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, the contribution to the integral (10) gives only the correlation part of interelectronic interaction V (see (6), (7)). As this operator consists of three summands, it is convenient to divide the matrix element (10) into three parts as well:
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Let us calculate the matrix elements (19)-(21) separately, beginning from the first of them.
For electrons belonging to different atoms the instantaneous interaction
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can be expanded in inverse powers of R:
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Note that both spherical angles 
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After substituting only the first three terms of the expansion (22) into the matrix element (19) and evaluating integrals in a spherical system of coordinates it can be seen that due to orthogonality of the function 
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At first, consider the first of the two matrix elements which are included in (23). The integration over angular variables 
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where 
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By using the table integral [13]
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Having selected the explicit dependence on internuclear distance R by (13) one can write the final result for the matrix element (24) in the form
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where
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The second matrix element is calculated in the similar way
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where the quantity 
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Thus, by substituting (27) and (29) into (23) we arrive at the expression for the matrix element of instantaneous interelectronic interaction:
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Let us proceed to the calculation of the second term 
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After integration over the angular variables 
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where the quantities 
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where the quantities 
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 are determined in (33)-(37),
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and 
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where 
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, 
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 is the ionization potential, and A is the nonrelativistic asymptotic coefficient.
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АДІАБАТИЧНА АСИМПТОТИЧНА ТЕОРІЯ ДВОЕЛЕКТРОННОЇ ПЕРЕЗАРЯДКИ ПРИ РЕЛЯТИВІСТСЬКИХ ЕНЕРГІЯХ ЗВ’ЯЗКУ
В.Ю. Лазур, О.К. Рейтій, С.І. Мигалина
Ужгородський національний університет, вул. Волошина, 54, Ужгород, 88000, Україна 
Побудовано асимптотичну (за великими між’ядерними відстанями) теорію двоелектронної перезарядки при зіткненні багато електронного атома з багатозарядним іоном. В рамках квазірелятивістського наближення Дірака-Брейта розраховано матричний елемент двоелектронної обмінної взаємодії. Даний підхід дозволяє врахувати релятивістські ефекти пов’язані з магнітною та запізнюючою міжелектронними взаємодіями. В нерелятивістській границі отриманий матричний елемент переходить в результат роботи [6].
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