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Study of characteristics elementary atomic processes in the neon-like
multicharged ions plasma within an energy approach

We present the theoretical foundations of an advanced relativistic approach to computing
the main energy, spectral characteristics of radiative-collisional processes in the plasma (in
particular, the Debye plasma) of atomic as the example, neon-like) ions with simultaneous,
quantitatively consistent consideration of the complex relativistic, interelectron exchange-
correlation and plasma environment effects. The approach is based on the combination of a
relativistic energy approach (S-matrix Gell-Mann and Low formalism), the relativistic gauge-
invariant many-body perturbation theory with optimized Dirac-Fock-Sturm and Debye-
Hiickel approximations with accounting for the plasma environment effects with possible gen-
eralization on the presence of an additional external electromagnetic field. The fundamental
point of our approach is the selection of the optimized Dirac-Fock-Sturm zeroth approxima-
tion and application of the consistent procedure for constructing a one-quasiparticle
representation (basis’s of relativistic wave functions) in compliance with the principle of
gauge invariance, in particular, by minimizing a gauge-noninvariant contributions to the
radiative widths of the atomic (ionic) levels due to the complex exchange-correlation effects.
The electron-ion collision strength and the dioelect5ron capture rate etc are determined with-
in the presented theory.
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Introduction. The theory of radiation processes (transitions, ionization, decay,
etc.) is traditionally in the center of attention of theoretical quantum, atomic and mo-
lecular physics, laser physics, physics of aerodispersed systems and plasma etc (e.g.
[1-7]). In the last decades, the interest has grown even more, when fundamentally
important role of elementary radiation and collisional atomic processes involving
multi-charged ions, photons in a wide class of physical systems (plasma etc.). We are
talking, first of all, about the problems of astrospectroscopy, astrophysics, physics of
the Sun and auroras, diagnostics of astrophysical, thermonuclear plasma, topical
problems of laser physics, including creation of short-wavelength lasers (e.g. [8-20]).
Although a fairly large group of methods for calculating characteristics of radiation
and collisional processes has been developed in modern theoretical spectroscopy,
including methods of pseudo- and model potential, density functional, various
versions of relativistic and QED perturbation theory (PT), standard Hartree-Fock,
Dirac-Fock (DF) and even mega-DF methods etc, hitherto the application of most of
them faces serious both fundamental and technical problems (e.g. [1-4,13-20]). One
should focus on such fundamental shortcomings of most of the mentioned methods as
slow convergence of PT series, non-fulfillment of the principle of gauge invariance
(appearance of gauge-noninvariant contributions (GNIC) into atomic radiation
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widths), the use of non-optimized bases of wave functions, an insufficiently complete
and correct accounting of exchange-correlation effects (e.g. [1-4]).

The aim of the work is the development of the theoretical foundations of an
advanced relativistic approach in radiative-collisional spectroscopy of the electron-
ion systems to computing the main energy, spectral characteristics of radiative-
collisional processes in plasma with simultaneous, consistent consideration of the
complex relativistic, interelectron exchange-correlation and plasma effects.

Relativistic energy approach in radiative-collisional spectroscopy of atomic
ions in plasma. In order to formulate an advanced approach, we start from the known
consistent theortetical approach to studying relativistic decaying system, namely, rel-
ativistic energy formalism in a gauge invariant formulation [21-24] (e.g. [25,26] t00).
In fact, the known Gell-Mann and Low adiabatic formula with the QED scattering
matrix for the energy shifts AE of decaying states is used. The whole quantum field
procedure is reduced to construction of the secular matrix M and its further
diaghonalization [21-24]. The M secular matrix elements are already complex in the
PT second order. Their imaginary parts are connected with the radiative-collisional
decay probability or cross-section. The total energy shift of the state is usually pre-
sented in the form: AE = ReAE + i ImAE, Im AE =-17/2, where I 1s interpreted as the
level width. The whole calculation of the energies and decay probabilities of a non-
degenerate excited state is reduced to calculation and diagonalization of the complex
matrix M .and definition of matrix of the coefficients with eigen state vectors B

[21-23]. To compute all necessary matrix elements, one should apply the basis’s of
the relativistic wave functions (look below). The energy approach has been general-
1zed to cover the problems of scattering theory (e.g. [21-26]). Here we briefly outline
the main idea considering the collisional de-excitation of the Ne-like 1on:

((2 Jiu) 3j[IM ,.],sm) —(®,,&_). Here @, is the state of the ion with closed shells

(ground state of the Ne-like ion); J; is the total angular moment of the initial target
state; indices iv, ie are related to the initial states of vacancy and electron; indices &,
and &, are the incident and scattered energies, respectively to the incident and scat-
tered electrons. The initial state of the system is as follows ( e.g. [25]):

J; M,
|I>=a Z a,a,D,C," (1)
m. m:

Here C*" is the Clebsh-Gordan coefficient. Final state is as follows: | F >=a’ @,

where @, is the state of an ion with closed electron shells (ground state of Ne-like

ion), |I> represents three-quasiparticle (3QP) state, and |F> represents the one-
quasiparticle (1QP) state. The justification of the energy approach in the scattering
problem is described in Refs. [22-27]. The scattered part of /m AE appears first in the
atomic PT second order as the integral on energy of the scattered electron & :

deSCG(s. €0rEmrEy )/ (€, — €, —€, —€,, —i0) 2)

ie?
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ImAE =G (¢, ,€,,¢,,.€,, ) (3)
where G is the combination of the known two-partcile matrix elements (e.g. [3, 21]).

151



dizuka aepoaucrnepcHux cucrem. — 2023. — Ne 61. — C.150-157

Relativistic many-body perturbation theory with the Dirac-Fock-Sturm and
Debye-Hiickel approximation. The most fundamental topic is connected with
choice of the corresponding approach to description of relativistic atomic system and
further the basis of relativistic wave functions. Namely this point determines a whole
approach. In our work we will construct the formalism of relativistic many-body PT
with optimized Dirac-Fock-Sturm-Debye-Hiickel approximation with accounting for
the influence of the plasma environment in the Debye plasma. The technique of con-
structing the formalism of many-particle PT and the corresponding
diagrammatization (Feynman diagram technique) of the PT series is well known. We
use the ideology presented in details in Refs. [3, 21]. The electronic Hamiltonian for a
N-electron ion in a plasma is given in atomic units as follows [25]:

l-o,a,
H =Y [acp —Pmc® — Zexp(—pr;) / r;]+ Z(—”)eXp(—wy-), (4)
i i>) T
where o nad B (¢; ) — Dirac matrices, Z is the charge of the atomic nucleus. The pa-
rameter W in (4) is connected with the plasma parameters: temperature 7" and charge

density n as: w~+je’n/k,T (as usually, e is the electron charge, 5 is the Boltzman
constant). The density z is given as a sum of the electron density N, and the ion den-
sity Ny of the k-th 1on species having the nuclear charge g;: n=N, + Zq,fN p -

k

The fundamental point of our approach is the selection of the optimized Dirac-
Fock-Sturm (ODFS) potential as the zero approximation, and application of the
procedure for constructing a one-quasiparticle representation in compliance with the
principle of gauge invariance, in particular, by minimizing GNIC to the radiative
widths of the atomic (ionic)levels. In order to reach that adequate description off
characteristics of the atomic elementary processes one requires using the optimized
basis’s of wave functions. We have applied an effective version [28] (e.g. [29, 30]) of
“ab 1niti0” optimization principle for construction of cited basis’s, based on relativis-
tic energy approach [22,25]. In the fourth order of QED PT or the second order of
the relativistic PT with the DFS approximation there appear diagrams, whose contri-
bution into the ImOE accounts for the polarization effects. This contribution describes
collective effects and it is dependent upon the electromagnetic potentials gauge (the
GNICn 4E,,,,). The leading term is as follows [22]:

e i
ImdE,, (a—s|4,)= —Crnjjjjdﬁdrzdzgdr42[m +
1 S
+m]-‘l’a (7)Y ()Y ()Y () (- a,a,)/5, - “

{ [(O%O% s CRON (N ))/’”34 ' Sin|:0)a" (rp +13) + @y,

COS|:(Dan (’”12 Ty ):|(1 + (a3n34 )(a4n34 )):|} ¥, (’3 )\Poc (r4 )\Pn (rz )\Ps (’”1 )
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The minimization of the functional /m AE,;,, leads to the integral differential
equation of the DF type, that is numerically solved. In result one can get the optimal
one-electron basis of the PT. In our approach it is supposed that the basis is the ex-
tended and in the case of the neon-like ions it additionally includes f-orbitals as well
as the Sturm complement in order to take into consideration a continuum states. The
effective Sturm algorithm is presented in Ref. [25,26] and it is used in our method. In
addition to continuum states, there is a need to account for Rydberg states as well.
Moreover, in the processes of electron-ion collisions with the participation of multi-
charged ions in the plasma, the corresponding states converge to the thermalized
energy zone of Rydberg and autoionization Rydberg states. Really these states
converge to the ionization threshold of each ion in plasma.

Characteristics of electron-ion collision and dielectron capture in plasma.
Let us recall that in the relativistic theory, when constructing the secular matrix M
and further transformations, a standard transition is implemented from the representa-
tion of a pure j-j scheme of the connection of moments to the presentation of an in-
termediate scheme of the connection, where quantum numbers 7, I’ respectively num-
ber the states (e.g. [3]). Diagonal elements of the transformed matrix </K| M | I'K™>
are then determined in the standard way:

<IK|M|IK'>= ) By <iv\ie'J,|M|iv,ie,J,> By, , (6)
In fact, these matrix elements actually determine the corresponding cross sec-
tions of collisions of an electron with an ion, in particular, the cross sections of colli-
sions that are accompanied by the transition of an ion (as an example, we consider a
neon-like ion) from a disturbed two-quasiparticle state to the ground state (the so-
called collision process where de-excitation): |IK, &,j.,,>—>|Do, &
By definition, the electron-ion collision strength X/ —F) is related to the cor-

responding collision cross section ¢ as follows (e.g.[22,25]):

oI > F)=QU —> F)-n/{2J, + e, [(aZ)e, +2]} (7)
G(]K - 0) = 2TC z (2’jsc + 1){2 < 0 | jin ’jsc | jie’jiv"]i > Bi[eli'v}z (8)
JinsJse Jie Jiv

<O Jis i | s Jinsdy >= (2, + D2, + D=1 5 D (=1 x
A

x{8,.,, / (2J; + DO, (sc,ie;iv,in) + {J’" jsc i}QX (ie;iniv,sc)}, 9)

where Q;=Q2"'+Q; is the sum of the Coulomb and Breit part matrix elements,

which are corresponding to the known Coulomb ~ exp(i|w|r;,) /r;> and the Breit ~
exp(i|®|r;,) o;00/r;; parts of the relativistic interelectron interaction potential. The de-
tails of their computing can be found in Refs. [3, 21-27].

Very important question is connected with the correct determination of normal-
ized cross section. Here it is necessary to perform all calculation with fairly normal-
ized functions f;,, g;, of an incident electron and f,., g, of a scattered electron (e g.
[3]). The corresponding normalizing factors N;,” , Ny~ are defined as:
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N2 = Zam(2j, +1)lim 1 , (10)
o VXIXZY(f;n’gin)
JX X
N2 =Zo / nlim———22 (11)
o Y(f:vc’gsc)

where Y(f,g)=r""(X,f? + X,g°);/, g are the large and small components of the
DF wave function.

Characteristics of a dielectron capture. Dielectron capture as well as an
autoionization decays of the Rydberg states are among the most important elementary
processes that contribute to the dynamics and kinetics of the population of various
states in a plasma. Dielectron traps, in fact, can lower the energy threshold of
excitation of the corresponding ion, and thus lead to an increase in the rate of
excitation collisions for a given energy distribution of electrons in the plasma. The
contribution of this effect will depend on the ratio between different ionization
channels of the ion in the plasma, which includes, on the one hand, ionization due to
collisions, and photoionization, and on the other hand, Auger decay into the ground
state of the ion (e.g.,[21-27]). The cross-section of dielectron capture can be
determined by the analytical extension of the electron-ion collision to the region of
energyé¢,, lower than the collision threshold, where the energy of the scattered

(captured) electron becomes negative: ¢, =g, —¢,. The rate of dielectron capture
can be determined by the formula:
na;

Cli—j)=—=2—
( J) (2']1 + 1) €4mtEj; in

F(e,T) =22/ (mnT*)exp(~e/ T), (13)

where a, is the Bohr radius, Ry is the Rydberg energy (in Coulomb units, Ry = 0.52%).
The function F simulates the energy distribution of plasma electrons. Together with
the speed multiplier, it is one of the model elements of the theory. In principle, the
theory also allows the use of a non-Maxwellian energy distribution. The fact is that in
a real plasma the distribution of time-particles by velocities may differ to one degree
or another from the purely Maxwellian one ( e.g. [23-25]). In particular, the presence
of an external electromagnetic field can cause a distortion of the electron distribution
function in the region of high energies (the effect of the flow of so-called fugitive
non-thermal electrons), which leads to an increase in the number of particles in the
tail of the Maxwellian distribution. In the absence of significant external influence,
another situation is possible, when due to collisions accompanied by disruption or
1onization, the number of fast electrons turns out to be less than the Maxwellian
number. Although differences from the pure Maxwellian distribution are quite
common, the case of a purely Maxwellian function is of primary interest in a large
number of do-data. In relativistic theory, it is natural to describe the distribution of
continuum electrons by the relativistic Maxwell-Boltzmann distribution function

(e.g., [3D).

0

[ de, Bai- jie, F(s,:T) (12)

in?
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To conlude, we presented a new version of energy approach in radiative-
collisional spectroscopy of ions in plasma, based on the relativistic gauge-invariant
many-body PT with the optimized Dirac-Fock-Sturm-Debye-Hiickel approximation.
The approach can be generalized for the case of pr4esense electrpmagnetic field, cor-
respondingly, the models [31-33] can be used. This topic as well as the application
results can be considered in the next work.
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A.A. Ceunapenko, M.B. Cmingenko
BuB4YeHHSI XapAKTEPUCTHK €JIEMEHTAPHUX ATOMHMX MPOLECIB Yy MIa3Mi
HEOHOMOAIOHMX 0AraTo3apsiIHUX I0HIB B pAMKAX €HEePreTHYHOI0 MiIX0Xy

AHOTALIISA

Buknadeno meopemuuni 0CHOBU YOOCKOHANEHO20 PeNAMUBICINCHKO20 NIOX00Y 00 BU3HA-
YeHHs1 OCHOGHUX EHEep2emuUYHUX, CNeKMPAIbHUX XApaKmMepucmux paoiayiunux npoyecie ma
npoyecie 3imKkHeHb y naazmi 6a2amo3apsaonHux (HeoH-nodiOHUX ) i0OHi8) 3 OOHOUACHUM, KilbKi-
CHO NOCNIO08HUM YPAXYBAHHAM CKIAOHUX PeNAMUBICICOKUX, MIdHCEIeKMPOHHUX OOMIHHO-
KopenayituHux egexmie ma eghekmis niasmogozo cepedosguuja. 11ioxio 6azyemvcs Ha noe€o-
HAHHI  PeIMUBICICOKO20 eHeP2eMUYH020 NiOX00y, pPersimusicmcbKoi  KaniopysanbHo-
iHeapianmHoi bazamo4acmunKogoi meopii 30ypeHb 3 ONMUMI308aHUM HAOIUNCeHHAMU [lipa-
ka-@oka-LlImypma ma [lebas-Xiokkens 3 ypaxy8anusam 6naugy Nid3MOB020 cepeoosulyd, i
Modice Oymu y3a2aibHeHull Ha 8UNA0OK HASBHOCMI 000AMKOB8020 3068HIUHLO2O eleKmpoMae-
HIMHO20 nons. DYHOaAMeHMANTbHUM MOMEHMOM Ni0Xo0y € 6udip ONMUMI308aHO20 HYIbOBO2O
Habnuxcenns Jipaka-@oka-LlImypma ma 3acmocyanus y32002ceHoi npoyedypu nodvyoosu
00HOKBA3TYACMUHKOB020 BIONOGIOHO 00 NPUHYUNY KATIOPYBANbHOI IH8APIAHMHOCMI, 30KpeMda
, WLIAXOM MIHIMI3ayii KaniopyeanbHO-HEIH8APIAHMHUX 6HECKI8 Y padiayitiHi WUPUHU AMOMHUX
(i0HHUX) PiBHI6 BHACTIOOK BNAUBY CKIAOHUX OOMIHHO-KOpenayitunux ehekmis. Y pamxax npeo-
CcmaeseHol meopii 6U3HAYAIOMbCSL CUla (neeppis) eneKmpoH-iOHHO20 3IMKHEHHS, WEUOKICIb
OieleKmpPOHHO20 3aXONNEHHs MOWo.

KuouoBi ciioBa: paoiayiiini npoyecu ma npoyecu 3imKHeHb Y NAA3MI, PelamuU8iCmcbKull
eHepeemuyHUull NioxXio, penstmusiCmcbka KaniopysanbHO-IHEaApIaHmHa 6a2amo4acmunKosa
meopis 30ypens, nepepiz 3iMmKHeHHs, WBUOKICMb 01eIeKMPOHHO20 3AXONJIeHHSL .
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