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Abstract

The рrоЬlеm of interaction of tvrо quasimolecular electrons located at an алЬitrаrу distarrce from
each other and пеаr different atoms (nuclei) is solved. Effects of the third оrdет of quantum elec-
trodynamics, which include the exchange of а virtual photon between the electrons, a,rrd emission
(absorption) of а rеаl photon, аrе considered. The general expression for the matTix elements of the
operator of the effective interaction епеrgу of the trvo quasi-molecular electrons rvith the external
radiation field, which aJlows to calculate the probabilities of inelastic procesýes with rеаrrапgеmепt
in slow collisions of multiply charged ions rMith relativistic atoms, is obtained. Carrying out consis-
tently the procedure of symmetrization of the retardation factor with rеsресt to both the electrons
results in the арреаrапсе of additional terms in the relativistic operator of the interaction of two
quasi-molecular electTons in comparison with Breit ореrаtоrs knovzn previously.

Introduction

Inelastic collisions of atomic particles, especially multielectron ones, are accompanied Ьу mапу рrо-
cesses of modification of their сhаrgе and electronic states. The simplest examples, which аrе studied
quite чrе1l, are one-electron ion-atom pTocesses vrith Teaтrangement (for example, the resonance and
quasi-resonance charge exchange), in which only one electron changes the state and the other one can
Ье considered frozen. Such processes have high efficiency and play an impoTtant role in formation of
the inveTse population of ionic levels in solar соrопаl plasma and пеw thermonuclear facilities [1, 2].

However, the tlMo-electron processes with rеаrrапgеmепt have either the sаmе оr larger probabilities
тrhеп compared with the one-electron processes [3, 4,5,6,7] at thermal energies of collisions. Various
Auger рrосеssеs studied Ьу Kishinevsky and Parilis [7], the two-electron capture [3, 4, 5, 6], and the
two-electron сарturе with simultaneous excitation of ап ion [4] occupy an important place among the
two-electron pтocesses. Large values of total cross-sections and velocity constants allow us to assume
that the specified рrосеssеs urith rearrangement are determined Ьу electron transitions when the dis-
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tance .R betrveen colliding particles is rаthеr large. The presence of а small раrаmеtеr
chance to elaborate а consistent asymptotic theoTy of such рrосеssеs.

Additionally, duTing last deca,des the considerable attention was given to study the influence of
intensive electromagnetic radiation on characteristics of the inelastic processes accompanying collisions
of highly charged ions with heavy atoms. Interest in this rапgе of problems is caused Ьу the possibility
of inducing (Ьу mеапs of laser radiation) various processes оссurriпg in ion-atom collisions, Trhich
involve electrons of outer and iппеr shells. In the majority of theoretical and experimental papers,
the two-electron processes чrith rеаrrапgеmепt (see, е.8., [2, 6, 8, 9, 10, 11, 12] and references therein),
Trhich happen at lаrgе internuclear distances and аrе accompanied Ьу absorption (emission) of photons,
has been considered. claTification of the basic features and basic mechanisms of radiative collisional
processes with rеаrrапgеmепt is crucial foT this field.

Since the future interest in similaT investigations will doubtlessly increase, it is чroTthwhile to
consider in detail the course of quantum pIocesses corresponding to the Fеупmап diagrams presented
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Figure 1: The Fеупmап diagrams of the third order effects of QED for the interaction of the two

quasimolecular electTons with emission оr absoTption of the real photon.

In standard quantum mechanical fоrm (see, е.8., [3, 4, 18]), the matrix element of the two-electron

exchange interaction of the аtоm ArQ"-Z)+ with the ion Bzb+ is determined as а non-diagonal matrix

elemeni of the operator of interelectron interaction calculated betrveen (adiabatic) electron wave func-

tions of the quasimolecule (1lEl?"+zo-2)*, цrhiСh correspond to the cases of various localizations of

active electrons in the initial and final states. In the quantum electrodynamic аррrоасh used below,

this matrix elernent is а constituent of а mоrе geneTal matrix element of the opeTator of effective епеrgу

of interaction of the system of two quasimolecular electrons Trith an external field of radiation. In this

case, the third оrdеr effects of quantum electrodynamics, which include the exchange of virtual pho-

tons between the electrons and emission (absorption) of а Teal photon, are consideTed. The Fеупmап

diagrams of these effects are presented in figure 1; two parts of the inteTaction, each of which takes

into account the intermediate states in the quasimoleculaT spectrum vrith either positive or negative

frequency, ате separated.
Let the coefficients rп and n (р and r) denote sets of quantum numbers of the initial (final) states

of the electrons. Integrating in the s-mаtriх чrith respect to time, frequencies, and wave vectors of the

viTtual photons, цrе arrive at an expression for the matrix of the effective interaction епетgу of two

atomic electrons (heTe fi, : с:1) [19]:

uýI,o.T : ё ! d,r-' ditt 47't{
1 г

li,, - T+lll| L
l+

exp{alc,,lo - t:"llf/l - f,//{l} 
ч"(rt,)д(f,)

цц(1 -r0) -(rJ-{rJr 
'\

хirl(r-l)-ф( r,'\|fи*(r,")Vo?,",).y,i,v'(i"1 _ :_=;;- 
exP{i|a,l, - c,,l"||r-'- r-"'|}

' li, _ rn,| ? ril\ - i,0) + ч - u^

х lpr (r') irV r("-') Ф {i" ) Д?-" )v m(f")vо (","' )^|';,\pn ("-"') }, (2)

vrhеrе V-("r), Vr(rэ), and Ф7 ате the cooTd,inate wave functions of the electTons (Trithout the time

factors), arrj r-', iit, 
"-ttt 

ате the position vectors of the first and second electrons, respectively. The

matrix element (11) corresponds to tчrо of the eight processes that occur due to the interaction of the

active electrons via the field of virtual photons and are accompanied Ьу emission (absorption) of а real

photon. other processes can Ье taken into account Ьу the corresponding change of notation of the

wave functions.

The generalized Breit ореrаtоr

Fol1owing the previous section, one can represent the gепеrаl expTession fоr the matrix of the effective

епеIgу of inteTaction of the tTro bound quasimolecular electrons rvith the ехtеrпаl field of radiation in
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То assign the exact meaning to the K-factor (14), we transform it as folloчrs:

Fоr the quasimolecular electrons located пеаr the different nuclei, the perfoTmed transformation is

convenient due to the factorization of the Л-dependent Telativistic fасtоr 
""р {*lc^'e"lBi of the ampli-

fication of the effects of dynamic retardation of the interaction.
Непсеfоrth, vrе shall assume that the Tequirement

K(i,,,i,,,;uen):ffi"i|'o*lReilun.l(l,-,,_illll_ft)

|t *l Y*1

(7)

(8)

(9)

(10)

(1 1)

(12)

W

р

Se

W(

Ь1

is
elt

tri
to
tri
1ik

is satisfied, The distance 8 between the nuclei can vary in the rапgе Аr { Д { оо and has а dynamical

meaning in оur problem, i.e., it appeaxs in the expression foT the energy spectrum. The exponential

factor 
"*1i|c.;p,l(|i|l 

:- il|l|- Л)} in the right hand side of (12) is small, compared to an unitv. This

fact allows io iоrйЫtу expand the 1{-factor (12) in powers of. Llc. We have the expansion up to the

terms of the oTder of с-2 inclusively:

К(i" ,i"'iuрп) - (| - d'

,i"') + \lronlfr7r'" 
.,i"') -

We provide the explicit foTm of the coefficient functions .fo, fi, and /2, finally determining the depen-

dence of the required relativistic operator Вп(i",r-l//) on the spatial positions of the electrons:

1:
|i,, im|J

li,,_illl| _в

х 
{п 

("'"

d")exp 
{: |,o'l"}

#"bfz(r-" 
-"')}

н
-.Jр

IT

о.|i,, illl l 
,

(l"-" - illl l - fi)'
lf,, - illlI

We eliminate the frequencies in expression (17) Ьу using the Dirac equations:

rt"ч *("-") : uJmrv пп("*"), fttrй"r(i"') : uпVn("-"').

Evidentlл in order to take into account completely the retardation effects of interaction of the electrons,

we should transform the expansion of the K-factor (17) such that it takes the foTm that is symmetric

with respect to both the electrons. We shall carry out such symmetTization Ьеlочr and simultaneously

rерrеsепt the required relativistic operator Вм(i",r-"') in the form that is convenient foT perturbative

calculations.
In order to mоче frоm frequencies to operators, we shall first tTansform the second term (in the right

hand side of (17)) into а slightly diffeTent equivalent form. Namely, Ьу means of the easily checkable

relation 0)п - Фр: Rtt(щ - u-), we divide this term into trvo groups of terms:

|ronlfr(i",,"-"')- f f,W"@t - u*)* (r", - uр)1 fT(i",i"').

Неrе, Л11 : (uп_r) l@t _ u*), the plus sign in (20) corresponds to the case ч)о 1. uп, and the minus

sign corTesponds to'the саSе с.lp } Uп. Because in the calculations of the matrix elements (13), the

Йпtitу Ё("'" ,il";u,p,.) is alTrays multiplied Ьу iU|(r-l)ill[("'"') from the left and Ьу lF-(r-l')Vn(i"')
fiom the right and subsequently integrate{ over i/ and i"' , опе can replace the frequencies сл;2 and

иr, in the last expression Ьу the operator" fr" апd, fr"' to the right of the factor fт(i" ,,r-"') and rерlасе

т
aI

tlr
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as а natural generalization of the Breit operator [13, 19] to the case of arbitraTily large interelectron

distances whеrе influence of the effect of dynamic retardation on the spin interactions of the electrons

is amplified. The nontrivial moment of such а generalization is the рrеsепсе of additional (соmраrеd

to the Breit expression (1)) TetaTdation tеrms depending on both the dimensional paTameter Л and

the spin operators of the electrons in expression (2а) fot Bl(i|l,r'l|l),
дс"оrJirrg to the improvement of the Breit ореrаtоr ma,de in the present paper, it is justifiable to

call the ехрЙssiоп (2а) the general,i,zed, rad,i,atiue Breit operator of the lопg-rапgе type (to stress the

possibility of using it to solve а wide Iапgе of two-electron problems in physics of radiative atom-

bolecule-collisions [z, 6, 8, 9, 10, 11, 12], in the theorY of quasimoleculaT Auger spectroscopy [7], and

in several important problems of попliпеаr and quantum optics [9, 15, 16, 17, 20]),

Note that the obtained expression (24) foT the оретаtоt Bl(r-|l,f"') is symmetrical with respect to

both the electrons. This is the result of the appropriate symmetrization of all the tеrms in expansion

(17) of the K-factor with respect to both the electTons.

In the series of papers [tъ, to, 17] that actually led to the present stage of the investigations of

the рrоЬlеm of tTro electrons, the following expression has been obtained for the Telativistic operator

of inteTaction of the two atomic electrons at an arbitrary distance from each оthеr чrithin the of the

third oTder effects of quantum electTodynamics:

Бrr(r-" , i"') :
1_ dldll d,,f,

- 

| U-

|r-,, 
_illl| "|i,, _illl|2

dll dlll 3 (d,,rt)(d",й) \ 
,t

)t

е2 ехр{ 
: |run

- (d." fr)(d,|,fr)
"} {

_R2*+( dlalll (17)
|i', r-ttt 

1

дs can Ье readilY sееп from the structure of the second term of (25), vrhich is proportional to Л, the

principal drarvback of this operator is the absence of the symmetry in the description of the paiT of

interacting particles.

conclusion
The рrоыеm of interaction of tчrо quasimolecular electrons via а field of virtual photons that Ъ ассоm-

panied Ьу emission оr absorption of а rеаI photon is solved in the current рареr. such an interaction

is considered as а thiTd order effect of quantum electrodynamics described Ьу the Feynman diagTams

in figure 1. We поw shall list main pToperties of this interaction.
й hurr" two domains of the configuration Space vrhеrе the generalized Breit ореrаtоr of the long-

rапgе interaction type (2а) behaves diffeTently if the relative distance .Tt2 : |iП _ r-lП| betцreen the

two electTons changes. Fоr instance, in the united-atom limit (.B -+ 0), formula (24) for the ореrаtот

Btt(i",r,"') becomes the lirniting (Breit) expression (1), which correctly describes the retardation

effects of the relativistic interaction only at а small interparticle distance r12. More precisely, we can

conclude that the domain of applicability of thё Breit formula (1) is given Ьу

ФaTtzlc <. L., (18)

whеrе c,.lg is а characteristic frequency of the spectrum of the interacting electrons. Let Qа denote such

а domain of the configuration Space, which we call the domain of close electron correlations. Ноurеvеr,

in the domain Qу, whеrе the electrons belong to the different nuclei and inequality (16) is satisfied for

a1I дr < л < -, tb" Вrеit ореrаtоr (1) fails to describe even qualitatively the relativistic interaction of

the two electrons. дt the same time, the relativistic operator Вц (24) constructed herein describes the

retarded interaction of the two quasimolecular electrons in the domain О4 of close electron correlations

as well as in the domain Q; of far electron corTelations. Тhеrеfоrе, this operator can Ье used to solve

mапу trMo-electron problems in atomic and molecular spectroscopy, astrophysics, theory of slow atomic

collisions, etc. Моrеочеr, it is песеssаIу to employ the relativistic operator of interaction of the tlмo

electrons (2а) in mathematical modelling of atomic clusters [21], investigation of optical propeTties
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