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RESONANCE STRUCTURE

OF CROSS-SECTIONS OF SLOW-ELECTRON
SCATTERING BY CALCIUM ATOM

The extended BSR-version of the R-matriz method has been applied to systematically analyze
the electron scattering by neutral calcium atoms at collision energies up to 4.3 eV. The strong
coupling method with the sets of term-dependent nonorthogonal orbitals and the spline repre-
sentation of the basis functions are used to accurately represent the target wave functions. The
strong-coupling expansion included 89 bound states of the neutral calcium atom, which cover
all its states from the ground one to 4s8s 'S. The complex resonance structure of the angle-
integrated total cross-sections of the elastic e+Ca scattering and the electron-impact excitation
of the 4s4p 3P°, 3d4s °D°, 8d4s 'D°, 4s4p 'P°, and 4s5s 3S° states of a Ca atom are studied
in detail. The observed structures are associated with particular autodetachment states of the
“incident electron + Ca atom” system. The positions and widths of detected resonances are
determined, and their spectroscopic classification is carried out.
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1. Introduction

The study of the elementary processes taking place
at electron collisions with calcium atoms is of con-
siderable interest for a number of reasons. First, the
information on parameters of the elementary inter-
action processes between electrons and Ca atoms is
highly required for the successful development of a lot
of directions in modern physics and new technologies,
including plasma physics, astrophysics, upper atmo-
sphere physics, and thermonuclear power engineer-
ing. In particular, calcium produced in the course of
supernova explosions is the most used element, when
quantitatively analyzing the star spectrum [1]. Ca
atoms also have attractive properties for their appli-
cation in optical frequency standards [2]. In addition,
after the activity dealing with controlled thermonu-
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clear fusion had been started, there arose an urgent
necessity in a better understanding of the basic pro-
cesses (elastic scattering, excitation, and ionization)
taking place at collisions of electrons with Ca atoms
[3, 4]. However, for most alkaline earth elements, in-
cluding calcium, the information on the cross-sections
of the elastic scattering and excitation of energy lev-
els in their atoms by the electron impact still remains
limited.

Second, the calcium atom with its ground-state
configuration [1s2 252 2p% 352 3p%] x (4s?) 1S, as well
as the single- and double-excited states [1s2...3p%] x
x (4snl, 3dnt, 4pnl) 3L, is similar in many respects
to the helium one. That is, under certain conditions,
it can be considered in the framework of the model of
two electrons above the Ar-like [1s2... 3p5]-core. Va-
lence and covalent correlations are important for both
the ground and low-located excited Ca states. The
widely used method for taking covalent correlations
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into account is based on the application of a semi-
empirical copolarization potential [5]. Although this
potential strongly simplifies calculations and allows
the excitation energies and oscillator strenghts to be
determined with sufficient accuracy, the question re-
mains as to how accurately the model potential can
mimic the covalent correlation, including the non-
local and non-dipole contributions. For this reason,
correlation effects are taken into account in our ap-
proach [6-13] (see Section 2) by including special
additional electronic configurations with an excited
core into the expansion of the target states and
pseudostates.

Third, the atoms of alkaline earth elements are cha-
racterized by high polarizability values. Therefore,
there arises a necessity to accurately take the high po-
larizability of the Ca atom into account. In our work
[6], it was found that the polarization of the Ca atom
in the ground state is determined to a great extent by
the strong dipole excitation of the level 4s4p 'P°. An
adequate method allowing the polarization effects to
be taken into consideration will be discussed in more
detail in the next section, in connection with the issue
concerning the resonant scattering of slow electrons
by Ca atoms.

Finally, it was found in the experimental [14] and
theoretical [15] works that the 4s*4p 2Py /5 state of
the negative calcium ion, Ca™, is stable rather than
resonance as was previously thought. Therefore, it is
worth returning to the problem of theoretical descrip-
tion of resonance phenomena occurring at collisions
of slow electrons with Ca atoms. This task requires
that new concepts and new methods allowing the res-
onance effects to be taken into account should be im-
plied in order to overcome the current, unsatisfactory
state of the theory. Modifications and specifications
of the R-matrix theory and the strong channel cou-
pling method, which are required for this purpose, are
presented in section 2.

The study of the resonance structure of the e + A
scattering cross sections is a fundamental problem
for the physics of electron-atom collisions. This struc-
ture testifies to the existence of quasistationary auto-
ionization states (AISs) — in the case of neutral atoms,
these are autodetachment states (ADSs) — of the “tar-
get + incident electron” system, the Auger decay of
which leads to a complicated resonance structure of
scattering cross-sections. As a rule, two types of reso-
nances are observed in scattering cross-sections (see,
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e.g., works [16, 17]), which are called the Feschbach
and shape resonances. The mechanism of appearance
of Feschbach resonances consists in the capture of the
incident electron in an AIS by the target in one of its
closed channels. However, the electron can be tem-
porarily captured by the target in an open channel
as well. The relevant condition is the presence of
the potential with a specific shape in a certain open
channel. Namely, behind a rather wide barrier, there
should be a well with sufficient depth and width, in
which the scattered electron would become temporar-
ily bound in the AIS.

Besides the importance of ADSs (AISs) in the elect-
ron-atom (ion) scattering processes, these states also
play an essential role in plasma and solids. In plasma,
as a result of collisions between electrons and atoms
(ions), intensive excitation of the ADSs (AISs) in the
e+ A system takes place, which affects the energy bal-
ance in plasma, thus being a convenient tool for its
diagnosis. In solids, there may occur cases where con-
duction electrons interact with impurity atoms (ions)
of the crystal lattice via the formation of ADSs (AISs)
and, as a result, this interaction has a resonance char-
acter. Beam experiments in which the energy and
angular dependences of the cross-sections of elastic
scattering , excitation, and atomic (ionic) ionization
by electron impact are measured serve as an exper-
imental basis for elucidating the nature of the reso-
nance structure of scattering cross-sections. Relevant
experiments for e + Ca scattering were performed in
works [18-20] and their results will be reported below
in the course of systematic presentation of the results
of BSR calculations.

In this paper, to study the resonance effects oc-
curring at the collisions of slow electrons with Ca
atoms, we used a new version of the R-matrix method
[briefly, the B-Spline R-matrix (BSR) method], which
was developed in works [6-13, 21-26]. In the frame-
work of this version, a new method was proposed
to take resonance effects into account. It is based
on the application of term-dependent nonorthogo-
nal orbitals and spline representations for basis func-
tions. The proposed method is free from many of
the disadvantages inherent to earlier known meth-
ods that are used to make allowance for resonance
effects (see, for example, works [16,17] and references
therein) associated with the introduction of a spe-
cial additional quadratic integrable correlation func-
tions XJF» into the expansion of the total wave func-
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tion for the (N 4 1)-electron system “atom + in-
cident electron”. This procedure is known to often
lead to the appearance of a non-physical pseudores-
onance structure in e + A scattering cross-sections
and to a substantial increase in the number alge-
braic or integro-differential equations that are to be
solved.

The analysis of resonances in e+ A scattering is of-
ten based on the single-level Breit—Wigner formula
for isolated (non-overlapping) resonances. However,
in the case of two resonance states with close energies
in the same partial wave, the determination of reso-
nance parameters becomes quite a difficult task and
requires the generalization of the single-level Breit—
Wigner formalism to the multichannel case. Among
plenty of other methods that are widely used in the
literature to calculate and analyze the parameters of
complicated resonance structures in multichannel sys-
tems, the most reliable turned out the method devel-
oped in the works by Shimamura et al. [27-30]. It is
based on the concept of “complete separation of res-
onance and nonresonance channel spaces” and uses
the properties of the eigenphase sum and its en-
ergy derivative. Both the latest developments of this
method [31] and its application in various domains of
collision physics (see, e.g., work [32]) testify to the
importance and relevance of this approach. Just the
latter together with the BSR version of the R-matrix
method was used in this work to study the compli-
cated resonance structure of e + Ca scattering cross-
sections.

This paper is organized as follows. Section 2 is de-
voted to the systematic exposition of the physical
foundations of the strong channel coupling (SCC)
and R-matrix methods, as well as their modifica-
tions that are based on the application of nonorthog-
onal orbitals and B-splines as basic functions. In sec-
tion 3, after a brief description of the computational
scheme of the BSR version of the R-matrix method,
the main techniques are discussed that are used to
study e+Ca scattering resonances in the framework of
the above-mentioned concept of “resonance and non-
resonance channel spaces” [27-31]. There we also an-
alyze the resonance structure in the energy depen-
dences of the angle-integrated total cross-sections of
elastic e + Ca scattering and electron-impact excita-
tion of the 4sdp 3P°, 3d4s 3D, 3d4s 'D°, 4s4p 'P°,
and 4s5s 35¢ states of the Ca atom. The results ob-
tained are summarizes in the final section.
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2. Methods for Calculating
Electron Scattering by Atoms

A detailed description of the SCC and R-matrix
methods, as well as their capabilities to study inelas-
tic collisions of slow electrons with atoms, was given
in works [6-13, 16, 17, 21-26|. Therefore, it is perti-
nent to confine the theoretical part of this paper to
a brief description of possible improvements of those
methods, which are based on the application of time-
dependent non-orthogonal orbitals and B-splines as
basic functions.

2.1. Strong channel coupling method

In this subsection, the multichannel quantum prob-
lem of slow-electron scattering at complex atoms is
considered in the framework of the SCC method. In
the framework of the LS-coupling scheme, a state of
the e+ A system is characterized by a set of quantum
numbers I' = {v,L, S, My, Mg, 7}, where L and S
are the total orbital and spin moments, respectively;
My, and Mg are their projections on a given axis; 7 is
the parity of the whole (N + 1)-electron system; and
v = {L;,S;, My,, Mg,,7;} is a similar set of quan-
tum numbers for the target A in the i-th state. The
wave function WL (X, xx 1) describing the scattering
of an electron by the N-electron target A is a solu-
tion of the Schrodinger equation (the atomic units
e =me = h =1 are used)

(Hny1 — E)¥L(X,2n41) =0,

NtL oy 7 N+ (1)
=3 (V- 0)r Y o
i=1 i>j=1

with certain boundary conditions for the e + A scat-
tering problem. Here, 7;; is the distance between the
i-th and j-th electrons, r; is the distance from the
i-th electron to the nucleus, Hy4; is the Hamilto-
nian of the (N 4+ 1)-electron system “atom + inci-
dent electron”, N is the number of electrons in the
target atom A, Z is the nuclear charge, F is the to-
tal energy of the e + A system, x; = (r;,0;) stands
for the spatial and spin coordinates of the i-th elec-
tron, and X = (1, ...,2y) denotes the set of spatial
and spin coordinates of all NV electrons in the target
atom A. The subscript a of the function WL (X, xx 1)
(the latter is often called the collision wave function)
characterizes initial conditions and usually denotes
the input scattering channel.
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The collision wave function WL (X, zy 1) can be
expanded in the complete set of N-electron wave
functions ®;(X) = ®,;(z1,...,xn) of the target A,
which are eigenstates of the Hamiltonian Hpy. The
coefficients of such an expansion play the role of the
wave function of incident electron. In practical calcu-
lations, this expansion is written as follows:

UL(X, 2N 1) =AY ) (X;rng1,0n41) X

i=1
FL (r =

X Fia(rva) + ZCng(X, TN+41)- (2)
TN+1 =

Here, A is the antisymmetrizing operator, n the num-
ber of channels, m the number of correlation functions
X} included into the second sum in expansion (2),
and FL (r) is the radial wave function of scattered
electron in the i-th channel. The subscript « charac-
terizes the initial conditions and usually marks the
input scattering channel. In practice, as a rule, ex-
pansion (2) includes all terms corresponding to open
channels and only a finite number of terms describing
energy-closed channels.

Let k;, l;, my,, and mg, denote the quantum num-
bers of incident electron. The channel wave functions
®! contain the atomic wave functions ®;(zy, ..., zx),
as well as the spin, Xima, and angular, Y;,,, , parts
of the wave function of the incident electron, which
are mutually related according to the addition rules of
moment vectors. In the case of nonrelativistic Hamil-
tonian Hpy 41, this relation corresponds to the fixed
values of the total orbital momentum L and the total
spin .S, with each of those quantities commuting with
the Hamiltonian Hp 1. Then, the expansion of the
channel function ®! in the target states ®; looks like

=T L4 _
; (l’la «y TN rN+170'N+1) =

= Z Z (L;Myg,,limy,|LMp) x

ML'imli Msi msi
1
X (SiMSm §m$1|SMS)¢)Z(J;17 733N) X
X Yiim,, (f'N-&-l)X%msi (ON+1)s (3)
where the standard notation for the Clebsch—Gordan
coefficients is used.
The wave function of the continuum, F}, (r), which

describes the radial motion of scattered electron in
the i-th channel, is defined as follows:

Firl;é(T) = Flgil,;a(r)7 Fil; (0) =0, &= k?/2 (4)
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The total energy of the (N +1)-electron system equals
E = E;(Z,N) + €;, where E;(Z, N) is the energy of
the atomic state corresponding to the i-th channel,
and g; = k?/2 is the kinetic energy of the incident
electron (in atomic units). If the difference E — FE; is
positive, which corresponds to the open channel, then
the continuum function FY (r) includes a divergent
wave at infinity; otherwise, i.e., if £ — F; < 0, the
function F, (r) is quadratically integrable.

The total wave function (2) of the (N + 1)-electron
system is expanded in the set of target states and
pseudostates, the wave functions ®,;(X) of which are
constructed as linear combinations

(I)l(X) ZZCUL)@J‘ (1‘1,...713‘]\[), (5)

where ¢; is a given set of antisymmetric single-con-
figuration functions corresponding to a certain tar-
get state {L;,S;, m;}. The energy spectrum F;(Z, N)
of target A and the expansion coeflicients c¢;; can
be determined from the diagonalization condition for
the N-electron Hamiltonian H in the basis of func-
tions (5),

(@i|Hn|®j) = Ei(Z, N)di. (6)

In the framework of the multi-configuration Hart-
ree-Fock (MCHF) method, the configuration state
functions (CSFs) ¢;(x1,...,xn) can be expressed as
the antisymmetric product of single-electron wave
functions ¢q; (z;). If the spin-orbit interaction is in-
significant, the wave function of a separate electron
in the central field can be represented as the product
of the spatial and spin functions,

Soaj (x) = ‘Pnjljmj (I‘) X (ms|0) =

= %Pnjlj (T)Yl‘jm‘j (f') X (ms|0)? (7)

where n;, l;, and m; are the principal, azimuthal,
and magnetic quantum numbers, respectively; my is
the spin projection; and «; denotes the set of quan-
tum numbers {n;,;, m;, ms}. The fundamental issue
is the selection of the type of radial single-electron
wave functions P, (r) — they can be analytical or-
bitals of the Slater type, or Hartree—Fock orbitals in
a self-consistent field, or radial orbitals P, (r) in
simple static model potentials—and the configurations
included in expansion (5) of target states and pseu-
dostates. The program codes allowing the calculation
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of those orbitals and atomic states were carefully de-
scribed in our previous works [6,9, 11, 13, 21]. Here,
we only note that the solutions of matrix equation (6)
determine the eigenvalues of the target atom energy.

The second sum on the right-hand side of expansion
(2) contains the quadratically integrable correlation
functions X? (X,zn41), which describe the bound
states in the (IV + 1)-electron system and possess the
same angular symmetry as UL (X, 2 1). These func-
tions serve to improve the description of the system
states at small distances from the nucleus and often
lead to a faster convergence of expansion (2). Making
use of the functions X;; it is also possible to take
into account the effect of some ADSs of the negative
ion A7, which manifest themselves in the scattering
of electrons at neutral atoms A. In practical calcula-
tions, the correlation functions X? are most often used
to eliminate restrictions imposed on the collision wave
function WL by the condition of the function Ff, or-
thogonality to every radial target orbital P, with
the same symmetry [16,17],

oo

(P, | FL) = /Pnjlj (r)FL(r)dr=0, at l; =1;. (8)
0

Of course, the orthogonality condition (8) is a
purely “technical” assumption because the radial or-
bitals P, ;; and F}, are calculated for different poten-
tials. This condition does not follow from the basic
requirements of quantum mechanics and was intro-
duced in the SCC method proceeding from the rea-
sons of calculation convenience. As a result of con-
straints imposed on the collision function Wl by
the orthogonality condition (8), the incident electron
cannot be virtually captured in one of the unfilled
subshells participating in expansion (5) of the tar-
get states and pseudostates. In the framework of the
standard SCC method, the possibility of such a cap-
ture, as was marked above, is taken into considera-
tion by including special additional correlation func-
tions X? into expansion (2). However, this method
of making allowance for resonance effects is not the
most advantageous one and often leads to the ap-
pearance of a nonphysical pseudoresonance structure
in scattering cross-sections, as well as to the neces-
sity to solve a cumbersome system of coupled integro-
differential equations for F . In order to avoid these
difficulties, increase the accuracy of the theory, and
extend the scope of its application, we must abandon

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 3

the “forced” condition (8) of orthogonality between
the continuum functions F} and the radial target
orbitals P, ;.. Now, there is no need to separately
introduce a special set of correlation functions Xjr,
which would account for the influence of some au-
toionization states, into the second sum in expansion
(2) because the first sum in this expansion will al-
ready contain the wave functions of those states.

Substituting the collision function WL in form (2)
into the Schrodinger equation (1) and projecting the
result in turn onto the target wave functions ®; and
the correlation functions X;, we obtain a system of
coupled integro-differential equations for the radial
functions F; = FL (r),

d? ll(lz + 1) 27 2
<dr2_r2+r+ki> Fi(T‘) =

=2 (Vij + Wij + Xi)Fj(r). 9)

Here, k? = 2[E — E;(Z,N)] and V;; is the direct local
potential, whereas the integral operators of nonlocal
exchange, W;;, and nonlocal correlation, X;;, poten-
tials are determined as follows:

00

Wiij = /Wij(’/’, ’/’/)Fj(’/’/) d’l"/7
% (10)

Xiij = /Xij(’l”, ’I”/)Fj(’l”/) d’f‘/.
0

The general expressions for the operators V;;, Wij,
and X;; are very cumbersome. Their explicit expres-
sions were written only for electron scattering at sim-
ple atoms. However, for complex atoms and ions, they
can be constructed with the help of program code [32].

2.2. R-matrix method and its modifications

Let us describe the basics of the standard R-matrix
method, in which the problem of Hamiltonian diago-
nalization in the space of both open and closed chan-
nels is reduced, in essence, to solving a system of alge-
braic equations. A distinctive feature of the R-matrix
method consists in that the whole configuration space
of the (N + 1)-electron system “atom + incident elec-
tron” is divided into two regions: the inner region,
r < a, where all particles of the system (the electrons
and the nucleus) are close in pair to one another and
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strongly interact, and the outer region, r > a, where
the scattered electron is “sensitive” only to the local
potential of its interaction with the atom. The radius
a of the inner region is chosen to be minimum but
such that all radial wave functions P, of atomic
electrons would vanish with a given accuracy at r > a.
In the framework of this method, the R-matrix is
calculated. It is determined from the equation

n T
Ff(a)=>_ R5(E) |a Uy
7 — 1] dTN+1 J7y ’
J= TN+1=0a

1=1,..,n

(1)

by solving the problem of e + A collision in the in-
ner region (r < a). Here, F; and dF;/drni1 are the
solutions of the system of equations (9) at the bound-
ary r = a, and the parameters b; can be chosen
arbitrarily.

Let us solve the problem of e + A collision in the
inner region. For this purpose, we express the total
wave function of the (IV + 1)-electron system corre-
sponding to a given energy F in the expansion form

U => AR ). (12)
k

Similarly to Eq. (2), we construct an energy-
independent discrete basis of (N + 1)-electron func-
tions for each set of quantum numbers {L, S, 7},

UL (X, on41) =

= “ U;\TN
= AZ P} (X, rN+17UN+1)MCZij +
0 TN+1

+ Z Xi (X, en41)diy, (13)

where the functions ®! and x!" have the same mean-
ing as in expansion (2). Note now that in the first sum
in the right-hand side of Eq. (13), the radial orbitals
of scattered electron, Fil;, were expanded in the set
of basis functions u;, which are determined within a
finite interval 0 < r < a and satisfy the following

boundary conditions:

de
“ar

r=a

= buj(a), (14)

where b is an arbitrary real constant. For the basis
functions u; satisfying the boundary conditions (14),
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the Hamiltonian Hp 1 is not Hermitian in the inner
region because the surface terms do not vanish at
r = a. However, these members can be removed using
the Bloch operator [33]

N+1
1 d b—1
Lyyi = E 55(7"1- —a) <dr4 - )
i=1 ¢ ¢

Now, it is expedient to rewrite the Schrodinger
equation (1) in the form

(15)

(Hyi1+ Lys1 — E)¥ = Ly, 0. (16)
Using the expansion of Green’s function (Hpyyi+
+Lyy1 — E)’1 of the operator in the left hand side
of Eq. (16) in the discrete basis W}, the formal solu-
tion of the Schrédinger equation (1) can be written
as follows:

1
o) = [wg) o (WL LN 1[0 )it (17)
k k

The coefficients ¢j;; and dj, in expansion (13) are

determined simultaneously with the energy eigenval-
ues E}; when numerically diagonalizing the matrix of
the modified Hamiltonian Hy,1 + Ly41 in the dis-
crete basis U}, (13):
(Uil Hnt1 + L1 |95 )ine = B (Vi Wi dine- (18)
Here, the integration over the radial variables is
confined to the inner R-matrix region. Since the
boundary conditions (14) are imposed on the ba-
sis functions u;, the E}; spectrum is discrete. The
calculated eigenvalues EL of the Hermitian matrix
(VU|Hyi1 + Ly1|PL,) are real and form a dis-
cretized continuum.

The essence of the method aimed at the discretiza-
tion of the continuum of the (N + 1)-electron sys-
tem “atom -+ incident electron”, which was proposed
in our works [6-13, 21-26], consists in the expan-
sion of the target bound orbitals P, (r) and the
scattered electron orbitals FL (r) (r) in a complete
finite set {B;}._, of the basis splines B; and the
following single diagonalization of the matrix of the
self-conjugated system Hamiltonian Hyy1 + Lyi1
in the discrete basis (13). The main advantage of
this method of continuum discretization is based on
the fact that the matrix of the total Hamiltonian
Hp41 + Ly has a very sparse — namely, band —
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structure in the B-spline basis, which considerably
simplifies the solution of the corresponding system of
algebraic equations. At the same time, B-splines are
best suited for developing the computational methods
in the scattering theory. The calculation of the ma-
trix of the Hamiltonian Hy 41+ L1 in the discrete
basis (13) and its diagonalization can be performed
using the program code [32, 34] for each fixed set of
quantum numbers {L, S, 7}.

By projecting Eq. (17) onto the channel functions
®! and carrying out calculations at the point r = a,
we arrive at formula (11) in which the elements of
R-matrix are determined by the expression

R{](E) 1 Z wgk(a)w}ﬂk(a).

S 1
2a El' — E (19)

k

To make expressions in formulas (11) and (19)
shorter, the following notations were introduced for
the exposed radial wave functions F} and surface am-
plitudes w},:

Fl(rng1) = rve (5|07,

wiy, = a(® L))

TN41=0a"

(20)

The primed matrix components (®'|WL) in expres-
sions (20) mean that integration should be performed
over the spatial and spin coordinates of all electrons
except for the radial coordinate r 1 of the scattered
electron.

The formulas obtained for the R-matrix [Eq. (19)]
and the continuous spectrum orbitals [Eq. (11)] de-
scribe the process of electron scattering by atoms or
ions in the inner R-matrix region. Together with the
expression for the coefficients A%, in expansion (12),

AL :i(EF—E)_lzw» (a) aﬂ—l)FF =
Ee™9q Tk ik dr ")
1 K2

= —(EY — E)y"'wI'R'FT,
k

g (21)

they allow the collision wave function WL to be calcu-
lated in the inner region for any total system energy
E. Using relationships (11) and (19)—(21), it is possi-
ble to correctly determine the K- and S-matrices us-
ing the procedure of matching the solutions in the in-
ner region with the asymptotic solutions in the outer
region,

Fio(r) ki Y2610 sin&i(r) + Kio cos &(r)].

r—00
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(22)

Here, K, are the elements of K-matrix,
&i(r) = kir=lim/24n; In (2k;r)+arg T(l;+1—in;) (23)

is the asymptotic phase of the regular Coulomb func-
tion with n; = —(Z — N)/k;, and argT'(l; + 1 — in;)
is the phase of the I'-function of the complex argu-
ment. The details of matching procedure were care-
fully described in our papers [6,32,34]. The scattering
n X n-matrix S;, and the transition n x n-matrix T},
can be determined using the known matrix relations

1+4K
T 1K’

S=1+T (24)
In what follows, these matrices are used to calculate
the scattering cross-sections and all other observed
quantities.

It is worth noting here that for the e+ A scattering
processes with the participation of quasi-stationary
AISs, there are still no standard recipes for construct-
ing a physically acceptable basis \Ill,; for the expan-
sion of the collision wave function L. Since the first
sum in formula (13) does not include some channels,
the results of R-matrix calculations of the electron
scattering processes by atoms or ions can be consid-
ered valid only in the case where these channels are
closed and the influence of the corresponding AISs
is small. For this reason, the interval of collision en-
ergies where expansions (12) and (13) are applicable
will be limited. An alternative approach, which was
proposed in our works [6,9,11,13,21], is based on sup-
plementing the discrete basis set W1, with the wave
functions of pseudostates that simulate the part of
discrete and continuous spectra omitted in the first
sum in expansion (13). This approach allows the tar-
get polarization in the field of incident electron to be
taken into account rather accurately, which is espe-
cially important at low collision energies.

While performing specific numerical calculations
for e + A scattering processes, the computing time
is mostly spent on the calculation of the matrix ele-
ments in Eq. (18) and the diagonalization of the self-
conjugate Hamiltonian Hy 41 + L1 in the discrete
basis ¥} (13). However, this time-consuming proce-
dure has to be executed only once. Afterwards, the
R-matrix can be determined within the whole energy
interval using formula (19). The energy dependence of
R-matrix is only governed by the energy denomina-
tor in formula (19). This circumstance allows detailed

167



V.F. Gedeon, V.Yu. Lazur, S.V. Gedeon et al.

calculations to be performed in a wide energy inter-
val with a small energy increment. We also obtain the
possibility to practically move into the complex en-
ergy plane in order to calculate the R-matrix poles
and so forth.

As a rule, the choice between representations (12)
and (13) for the collision wave function W is associ-
ated with the convergence, stability, and accuracy of
calculations. The accuracy of results largely depends
on the choice of basis functions ;. The analysis of
the basic equations of the R-matrix theory, which
was carried out in our works [6-13], showed that the
main difficulties of this method (in particular, the
weak convergence of expansion (12)) can be avoided
if, instead of the basis of numerical functions u;, the
basis splines B; with compact carriers in the inner
region r < a are used. In practical calculations, the
application of B-splines as the basis functions u; con-
siderably speeds up the computational process and, at
the same time, provides a required accuracy of wave
function approximation by splines. In such a way, it
is possible to avoid the necessity to introduce the so-
called Buttle corrections [35] into the diagonal matrix
elements (19).

The basis splines B; possess some properties that
seem to be specially aimed at resolving computational
difficulties in the R-matrix method. The idea of us-
ing the basis splines B; in the R-matrix theory is
associated with several important points. First, the
finite properties of B-splines form the mathematical
basis of their usage as the basis functions u;. Namely,
every B-spline has an unambiguously defined min-
imum compact carrier associated with the R-matrix
segment [0, a], This fact is very important for the cor-
rect formulation of scattering problem in the inner re-
gion 0 < r < a. Second, the application of B-splines
as the basis functions u; is analogous to the solu-
tion of the e + A scattering problem on the R-matrix
segment [0, a], beyond which the basis splines B; van-
ish. In this case, all interaction potentials, including
the direct, Vj;, exchange, W;;, and correlation, X;;,
ones, are projected onto the complete B-spline basis
so that they become efficiently truncated in a natural
way at r > a. Finally, a finite set of B-splines forms
a complete basis on the segment [0, a]. This property
makes it possible to construct optimal compact ex-
pansions for the radial orbitals of scattered electron,
FT _in the form of finite sums. In turn, this circum-

o
stance means that spline representations for various
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quantum-mechanical operators have a highly sparse
band structure, which significantly simplifies the com-
putational scheme of the R-matrix method.

Hence, the essence of the above-described BSR. ver-
sion of the R-matrix method is as follows:

e the continuum radial functions FL, (r) are not or-
thogonalized to the target orbitals P, (r),

¢ term-dependent non-orthogonal orbitals and
spline representations are used for the basis functions,

e resonance effects are considered not taking the
correlation functions x! into account.

As a result, the proposed BSR version of the R-
matrix method can be applied without engaging any
correlation functions x!. Alternatively, a minimum
necessary set of such functions can be used to pro-
vide the completeness of the R-matrix expansion
(13). Such an approach is based on correct calcula-
tions of the continuum radial functions FL (r) in the
inner region r < a. The application of nonorthogo-
nal (to the bound target orbitals P, (r)) continuum
wave functions F, eliminates the necessity to intro-
duce an additional set of correlation functions into
the second sum in expansion (13). This operation, as
was noted above, often leads to various artificial ef-
fects, e.g., pseudoresonances, which are observed in
the calculation results obtained for scattering cross-
sections.

Unlike the standard R-matrix method [16, 17], in
the framework of its proposed BSR version [6-13,21—
26], the radial target orbitals P, ;, are optimized for
every term independently. The application of term-
dependent nonorthogonal orbitals provides a more ac-
curate description of the target states and makes it
possible to most comprehensively take into account
such important physical effects as the valent and co-
valent correlations in atoms with unfilled shells and
the relaxation of the quantum-mechanical orbit of ex-
cited electron. Much in the development of the con-
cept of non-orthogonal orbitals and the establishment
of their role in the calculations of atomic structures
and scattering processes was done in work [6], which
served as the basis for creating the corresponding soft-
ware package [32].

3. Resonances at Electron

Scattering by Calcium Atom

The calculations of the target structure and the col-
lision processes were carried out in this work simi-
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larly to our previous calculations of electron scatter-
ing by the neutral calcium atom at low collision en-
ergies [6,8,36]. The total wave function WL (X, zxn 1)
of the (N 4 1)-electron system “atom + incident elec-
tron” for every combination I = {v, L, S, My, Mg, 7}
was expanded in the set of 39 lowest spectroscopic
states of the Ca atom up to the 4s8s 1S state. Accu-
rate representations of the target wave functions were
obtained using the MCHF method with nonorthogo-
nal orbitals and spline representations for the basis
functions [37] in the ab initio calculations of the Ca
atomic structure. In so doing, the valent and cova-
lent correlations were taken into account by includ-
ing special additional electronic configurations with
the excited core into the target state and pseudostate
expansion (5). In our previous work [6], in order to
find the calculation accuracy of the target wave func-
tions, we determined the binding energies for 39 low-
est spectroscopic states of Ca atom and the oscillator
strengths for most important transitions in it. The ac-
curacy of calculated binding energies turned out close
to that reached in extensive MCHF calculations [38],
and this description of target structure is substan-
tially better as compared to those used in previous
calculations via the standard R-matrix method [39-
41]. The deviations of the calculated energy values
from the NIST-recommended ones was, in general,
less than 0.1 eV. The results of oscillator strength cal-
culations are also in good agreement with the NIST-
recommended data [43].

In this work, the BSR software package [32] was
used to drscribe the e-Ca scattering. The specificity
of its application to e+ Ca scattering was described in
works [6, 7]. Here, we only note that term-dependent
orthogonal orbitals are used which are optimized
separately for various examined states. Besides that,
both the bound target orbitals and the scattered elec-
tron ones are represented in the form of expansion in
the basis splines B; determined within the finite R-
matrix interval 0 < r < a. In the calculations of e+Ca
scattering, as well as in the calculations of the target
bound states, we used 118 basis splines of the 8th
order. The R-matrix radius was equal to a = 80ag,
where ag = 0.529 x 1071% m is the Bohr radius.

Let us proceed directly to the study of resonance
phenomena at the collision of slow electrons with Ca
atoms. When electrons collide with neutral atoms,
the effects of virtual capture of the incident electron
in the unfilled subshells of the target lead to char-
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acteristic features in the elastic scattering and exci-
tation cross-sections near the thresholds of new en-
ergetically closed channels. It can be explained as a
result of the following circumstance. Along with the
direct potential excitation, there exists a resonant ex-
citation associated with the formation and decay of
quasi-stationary states in the “atom + incident elec-
tron” system. The autoionization decay of such states
of a negative ion A~ gives an additional contribution
to the atomic excitation or elastic scattering cross-
section.

It is known that most of real resonances manifest
themselves in multichannel systems of electron-atom
interactions. However, a lot of essential features of
resonance phenomenon reveal themselves in the sim-
pler single-channel situation. That is why we begin to
discuss resonances from the single-channel case.

Let us firstly consider the properties of the partial
resonant amplitude. They form a basis for tests that
are often used to detect unstable quasi-stationary
states (resonances) at purely elastic e + A scatter-
ing and in the absence of nonresonant background. If
the point concerns the e+ A collision at energies close
to resonance, then the partial nonresonant waves are
relatively small and the main contribution to the to-
tal scattering cross-section is given by the partial
resonant wave only. Aa a result, a drastically pro-
nounced and approximately symmetric maximum will
be observed in the experimentally measured cross-
section. Its presence, generally speaking, testifies that
a certain resonance may exist.

In practice, when detecting resonances by means
of phase analysis, the phase shifts §; or the real and
imaginary parts of the partial amplitude are deter-
mined at various energies. For the resonant ampli-
tude, the phase shift §;, corresponding to the angular
momentum [, is given by the expression [44]

E, — ) ] (25)
As a result, at the resonance point (E = F,.), the
phase shift §;, equals 7/2, the partial amplitude be-
comes purely imaginary, and the scattering cross-
section reaches its maximum value. The specific cal-
culations of the resonance parameters (see below)
demonstrate that the phase shift §;, rapidly increases
by a multiple of m near the energy F = E,..

As a rule, the method of detecting resonances by
analyzing the change rate of partial phase shifts is
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applied [44]. In the case of purely elastic scattering
and neglecting the contribution of nonresonant back-
ground, the change rate of phase shift (25) can be
found by calculating its derivative with respect to the

energy I,
r/2

do;, B
B (BB (2 (26)

Hence, this quantity is maximum at E = FE,., which
means that a resonance should be searched for. Ac-
cording to formula (26), the resonance width T is re-
lated to the maximum value of the derivative dd;. /dE
as follows:

ds; -t
D=2k, .
(dE |E—ET)

Therefore, to make a conclusion about the exis-
tence or absence of resonant states with the angu-
lar momentum [, it is necessary to use the tests
described above. However, those tests can determine
the resonant state parameters easily and unambigu-
ously only in the very rare case where the resonances
are purely elastic and the nonresonant background is
absent. In the general case, resonances arise in the in-
elastic interaction interval and are superimposed on
a nonresonant background. Therefore, those tests do
not allow the resonance position and width to be de-
termined unambiguously. Hence, the tests based on
the properties of partial amplitudes of the Breit—
Wigner type can only provide information, albeit im-
portant, about a necessity to perform a more detailed
analysis of the energy dependence of partial cross-
sections to detect the resonant behavior.

In a real case, resonant interaction is accompanied
by a nonresonant background, which can be taken
into account by summing up the resonant part of the
phase shift ¢;, (25) with a certain constant phase do,

(27)

I(E) = do + 91, = do + arctg [ (28)

2(Er - E):|
The quantity §;, is called the background phase
shift. Assuming the energy independence of the back-
ground, the width T" of an isolated resonance can be
determined by formula (27).

Thus, near the resonance energy E,., the total phase
shift §(E) = do + d;, drastically increases from dy to
0o + 7. We adopt such a rapid growth of the function
d(E) by 7 as a definition of a resonance with the
angular momentum /[,..
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Before passing to the general multichannel case,
note that the determination of the resonance position
E, and width T" by formulas (27) and (28) is, as a rule,
not difficult as far as the resonance is so narrow that
the background phase shift §; can be considered con-
stant within the resonance level width in a vicinity of
the energy E,. However, for a wider resonance with
a short life time, the unambiguous determination of
its parameters can become a difficult task. Actual-
ly, the background phase shift dg is not constant but
changes (slowly) with the energy E. Therefore, the
exact determination of the parameters of wide reso-
nance requires the knowledge of the behavior of the
function dg(F) in an energy interval about I' in width
near the point E,: E,. —T/2< E < E,.+T/2.

Note also that the simple resonance model consid-
ered above seemingly does not consider the inelastic
processes, i.e., processes at which the target becomes
excited or ionized. At the same time, most resonances
of negative A~ ions emerge at energies where more
than one channel are open. Furthermore, those reso-
nances often overlap one another and are located near
the thresholds, which impose their own constraints on
the allowable behavior of phase shifts. As time went
by, it became clear that the interpretation of a wider
range of resonance phenomena requires the applica-
tion of a multichannel theory that would be applica-
ble, for example, to the analysis of e+ A systems with
close (overlapping) resonances.

In the multichannel case, ithe nformation about
resonances can be obtained by analyzing the ana-
lytical properties of S-matrix in the complex energy
plane. This method is simple in principle, but it re-
quires a large amount of computation when consid-
ering a multi-channel system with a large number of
overlapping resonances. An alternative possibility of
resonance research is based on the multi-channel gen-
eralization of the expression [45]

At =212

15 (29)

for the time delay At at single-channel scattering in
comparison with the time spent on the free passage
of incident particles. It is known [44,45] that the time
delay At is directly related to the S-matrix, namely,

Lo d
At = —ZhdiElnS
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This relationship can be generalized to the multichan-
nel case by introducing the lifetime matrix [27-30]
st dS

—ih —

@=ihS g dE

St = QY (E), (31)
where the dag symbol denotes the Hermitian conjuga-
tion. It is easy to see that in the case of elastic scat-
tering, where S = exp(2id), relationships (29) and
(30) are equivalent. For multi-channel scattering, the
diagonal elements @Q;; of the @-matrix are real-valued
and have the physical meaning of the time delay aver-
aged over all possible output channels, including the
input channel 1.

The @-matrix was first introduced by Smith
[46]. In the literature, it is often referred to as the
time-delay matrix. From definition (31) of the Q-
matrix, it is evident that the latter is Hermitian so
that its eigenvalues ¢; are real. The sum of eigenval-
ues, i.e., the trace Tr Q) of the matrix @, is related to
the sum of the intrinsic phases, 6(F), by the formula

dd

2 = TrQ(E) = XijQixE) = Zijqi(E» (32)

Below, the channels defined by the Q-matrix eigen-
vectors will be called eigenchannels with respect to
the @-matrix or, briefly, Q-eigenchannels. A distinc-
tive feature of the time-delay matrix ) consists in
that for an isolated resonance with a background S-
matrix independent of the energy FE, only the non-
zero eigenvalue has the Lorentzian form L(E) [28]. In
other words, only the Q-eigenchannel corresponding
to this Lorentzian eigenvalue is associated with the
resonance, and all other Q-eigenchannels are indepen-
dent of the resonance asymptotically.

In work [29], this result was extended to overlap-
ping resonances. If the energy intervals of two reso-
nances overlap and the background S-matrix is in-
dependent of F, two eigenvalues of the Q-matrix,
{¢;(E),i = 1,2}, have Lorentzian profiles that avoid
each other only near their intersection points. Their
sum is a simple sum of two Lorentzians. All other
eigenvalues equal zero. This means that only two Q-
eigenchannels are associated with those resonances,
and all other Q-eigenchannels are not associated with
the resonances asymptotically.

Finally, the theorem proved in works [30, 31] gen-
eralizes this (latter) result on the case of N over-
lapping resonances. Namely, only N eigenvalues of
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the @-matrix are different from nonzero and pos-
sess Lorentzian profiles that avoid each other near
their intersection points, thus proving that the back-
ground S-matrix is independent of the energy FE. Any
of the overlapping resonances can only decay into N
@-eigenchannels corresponding to those eigenvalues
but none of other Q-eigenchannels. Thus, the set of
@-eigenchannels can be divided into a “resonant chan-
nel space”, i.e., a subset of N @Q-eigenchannels asso-
ciated with the resonances, and its asymptotic com-
plement, which is not related to the resonances and
comprises a nonresonant background.

According to the theorem formulated above, in
the case of more than one overlapping resonance,
the single-channel Breit-Wigner formulas (26) and
(28) should be replaced by the corresponding multi-
channel formulas for the eigenphase sum §(F) and
the Q-matrix trace Tr @,

N
§(F) = Z arctg EFVKQE + 6 (E), (33)
N
TrQ(E) =Y L,(E)+2h déd”(EE) =
O hr, 46, (E)
= EmrimE e O

v=1

Here, E, denotes the position and I', the width of the
v-th resonance. Now, the contribution of overlapping
resonances is described by the sum of N terms, each
of which has a typical resonance form [see formulas
(25) and (26)]. At the same time, the summand §,(E)
includes the sum of the background eigenphases. As
a result, the trace TrQ(F) of the Q-matrix is a simple
superposition of the Lorentzian curves L, (E), except
for the usually small nonresonant background. Assu-
ming that only one eigenphase is important at ener-
gies in a vicinity of F, = F,, i.e., the resonance is iso-
lated, we may neglect summation in relationship (33)
to obtain formula (28) for single-channel scattering.

If the above-described concept of the “space of reso-
nant channels” is applied to e+ Ca collision processes,
the following points can be clearly distinguished.

1. Resonance states can decay into any open chan-
nel of common symmetry. They can also decay into
any of their eigenchannels determined by the S-
matrix diagonalization. However, it is known that an
isolated resonance can only decay into one (separate)
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of its eigenchannels, which is determined by the di-
agonalization of the time-delay matrix (31). This se-
lected @Q-eigenchannel is associated with an eigen-
value, the dependence of which on the energy E has
the Lorentzian form L, (E).

Table 1. Possible terms of the odd
states of Ca™ ion in the energy interval
up to about 4.3 eV

Number
Configuration Possible terms

a b

4S4p[3p]3d 4'2P, 4'2D, 4.2po0 6 6
4s3d[3D]4p 4A2P’ 4'2D, 4‘2F0 6 4
453d['D]4p 2p, 2D, 2F° 3 2
4s54p['P]3d 2p, 2p, 2F° 3 3
4s54p['P)4d 2p, 2p, 2F° 3 1
4s5s[39]5p 4.2po 2 2
4555[39]6p 4.2po 2 2
4s5s[39)4f 4.2po 2 2
4555[19]5p 2pe 1 1
4s5s[19)4f 2p° 1 1
Total 29 24

a — the number of possible terms of given configuration.
b — the number of identified terms of given configuration.

Table 2. Possible terms of the even
states of Ca™~ ion in the energy interval
up to about 4.3 eV

Number
Configuration Possible terms

a b
4523d D 1 1
4s4p>[3P] 42p 2p, 29 4 4
4s4p[*Pl4f 42p, 42p, 4G 6 5
4s3d[*D]5s 42p 2 2
4s3d? 25, 42p, 2p, 42 G 7 4
4s4p[tPl4f D, r, %G 3 3
4S3d[3D]4d 4.25’ 4.21)7 4.2D7 42}7'7 4A2G 10 4
4s3d['D]4d 25, 2P, D, ?F, %G 5 4
4s55%[19] %5 1 1
4s5s[35)4d 42p 2 2
45551516 s 1 1
4s55[15)4d D 1 1
Total 43 32

a — the number of possible terms of given configuration.
b — the number of identified terms of given configuration.
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2. Since the incident electron can be captured by
the target into any possible ADS of the negative Ca™
ion, the resonances in the spectrum of e 4+ Ca scat-
tering cross-sections are grouped within the energy
intervals located before the opening of the next in-
elastic channel. This behavior allows us to express
some general considerations about the decay of pos-
sible ADSs corresponding to a certain configuration
of the negative Ca~ ion and approaching the excita-
tion threshold of one of the closely located states of a
Ca atom. Among other characteristics, each ADS of
the negative Ca™ ion has a definite parity. The decay
of such states can occur via that or another chan-
nel, with the parity being conserved. Therefore, in
Tables 1 and 2, we systematized possible ADSs of the
negative Ca~ ion in accordance with their parities.
Those states will be the objects of our further study.

3. The eigenphases ¢, defined in this section are,
in essence, the phases of the diagonal elements in the
S-matrix (see work [31]). The latter is related to the
K-matrix (the reactance matrix) by means of rela-
tionship (24). This relation allows the phases ¢, to
be calculated in the framework of the BSR version
of the R-matrix method, which was described in sec-
tion 1, with the help of the RESFIT software package
[47]. When analyzing the structure of resonances, this
package allows the Lorentzian profile of the derivative
in the interval of resonance energies to be correctly
reproduced at the quantitative level. In so doing, the
K-matrix is fitted to an analytical form that contains
information about the resonance position and width,
as well as the background K-matrix. The results of
such calculations obtained for the sum § of eigenval-
ues 0, and its energy derivative dé(E)/dE, as well
as the positions and widths of resonances in the in-
tegral cross-section (ICS) of e + Ca scattering, are
exhibited in Fig. 1 and Tables 3 to 5. Three aster-
isks (% x %) in Tables 3 and 4 mark the most proba-
ble, i.e., reliably established in our calculations, reso-
nances (see Table 5). For such resonances, the magni-
tude of the phase shift jump varies within the interval
0.65m < é, < 7 when passing through the resonance
point E = E,.. If the phase shift jump at the passage
through the resonance point lies within the interval
m/2 < §4 < 0.657, the corresponding possible (quite
probable) resonance state of Ca™ is marked with two
asterisks (xx). In this case, the existence of the Ca~
resonance states cannot be established without in-
volving additional information, for instance, about
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the resonant behavior of the scattering cross-section
near the energy F = FE,.If the magnitude of the
phase shift jump is within the interval 0 < 6, < 7/2,
then the possible Ca™ states are marked with a single
asterisk (*). In this case, there exist such states of the
negative Ca™ ion that do not result in any observable
resonant (physical) effect. By comparing the data in
Tables 3 to 5, the conclusion can be drawn that 24
(i.e., 83%) of 29 possible (for selected configurations)
odd states and 32 (i.e., 74%) of 43 possible even ones
in the energy interval from the reaction threshold to
4.3 eV were confirmed in our calculations. It is the
multiple character of detected resonances that leads
to their noticeable contribution to the e + Ca scat-
tering cross-section, despite that the widths of most
resonances (see Tables 3 to 5) are rather small.

Table 3. Position E, and width I"

of the possible resonances of odd states

in the integral cross sections of e + Ca scattering
in the energy interval up to about 4.3 eV

The reliability

degree of

Er, eV I, MeV the ietected Pr(.)babl‘e
classification

resonance

Ca™ state
1.893 0,2 ok 4s4p[3P]3d[?P°]
1.922 40 * 454p[3P]3d[?D°]
1.93 39 * 454p[3P]3d[%F°]
2.121 59 ook 454p[3P]3d[*F°]
2.251 140 okok 4s3d[3D]4p[?D°]
2.48 128 ok 454p[3P]3d[*P°]
2.523 13 okok 454p[3P]3d[*D°]
2.532 14 ok 4s3d['D]4p[2D°]
2.533 16 * 453d[3D]4p[?F°)
2.533 18 453d[3D]4p[*F°]
2.534 24 4s3d[3D]4p[*P°]
2.719 16 ok 454p['P]3d[?D°]
2.723 18 ok 453d['D]4p[?F°]
2.797 116 ok 4s4p['P]3d[?F°]
2.93 1 * 454p[LP]3d[2P°]
2.967 45 * 4s4p[1P]4d[?F°]
3.826 16 okt 4555[39)5p[*P°]
3.877 7 ook 4555[35)5p[2P°]
3.914 5 ok 4555[39)6p[*P°]
3.967 40 ok 4555384 f[2F°]
3.977 97 * 4555384 f[*F°]
4.059 42 * 4555[39)6p[2P°]
4.132 4 * 4555[19]5p[2P°]
4.201 56 ok 4s5s[1S|4 f[2F°]
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Fig. 1. Example of overlapping resonances at e + Ca scatter-
ing. Partial contributions of 2D® wave to the integral cross-
sections (ICSs) of elastic e + Ca scattering in the 4s2 1S and
4s54p 3P° states of Ca atom and excitation of the 4s2 15 —
4s54p 3P° transition (a). Energy dependence of the eigenphase
sum §(E) for the partial 2D wave (b). Energy dependence
of the d§(FE)/dFE in the overlapping interval of the resonances
454p[3P)4f 2D and 4s4p? 2D (c). Lorentzian profiles of the en-
ergy derivatives of eigenphases (curves 1) and their sum (curve
2) in the case of two overlapping resonances 4s4p[>P]4f 2D and
4s4p? 2D (d)
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4. For multi-electron systems of the Ca type, an
essential role in e + Ca scattering is played by non-
central interaction among outer (bound) Ca electrons,
as well as their interaction with the incident elec-
tron. In such systems, a series of resonances with the
same total angular momentum and parity are ob-
served. They are grouped near the excitation thresh-
old of one of closely located states of Ca atom. This
is demonstrated in Tables 3 and 4, where the param-

Table 4. Position E, and width T"

of the possible resonances of even states

in the integral cross sections of e 4+ Ca scattering
in the energy interval up to about 4.3 eV

eters (the position E, and the width I') of resonances
in the ICS of e + Ca scattering are quoted separately
for even and odd ADSs of the negative Ca™ ion. The
last column of Tables 3 to 5 contains the illustrative
scheme of the classification proposed by us for the de-
tected resonances in the interval of incident-electron
energies from 1.893 to 4.3 eV. As one can see from
Tables 3 to 5, the resonances are arranged very close
to one another in the indicated energy interval and
most of them are rather narrow.

5. Detailed calculations of @-matrix eigenvalues
determine the number N of Lorentzian profiles L, (E)
that must be included into formula (34) in order

to accurately calculate the trace of @Q-matrix. In the
The reliability case of an isolated narrow resonance with a long life-
degree of time, the sum §(F) of all eigenphases is well de-
Ey, eV I, MeV the detected Pr(.)babl.e L (E) ) g p
resonmnce classification scribed by the one-level Breit—Wigner formula (28)
Ca— state ag(.i .drastically increases by almost 7 in a narrow
vicinity of the resonance energy E = E,. Recently,
1.193 700 Kotk 4523d[2D) the method of detecting resonances by measuring
1.899 12 ok 454p2[3P][*P) the change rate of partial phase shifts has been of-
1.899 12 ok 454p?[3P][2P] ten applied [31]. It was found that the derivative
1.901 14 * 4s4p[*PIAf[*D] dé(E)/dE turned out more informative for the anal-
1.903 17 o 484P[3P}4f [iD} ysis of resonance features than the eigenvalue sum
1.957 97 Asdp["P14f[F] 0(E) itself. This fact has both practical and physical
1.966 113 * 4s4p[PP)Af[F) ts. On th hand b
Loms o . sep[?Pl4fC] aspects. On the one hand, resonances can be more
5004 199 e 454p* 2D clearly distinguished in the derivative dj(F)/dE than
2:075 246 o 4542 28] in the eigenvalue sumd(E). On the other hand, the
9.524 1 * 453d[*D]55[2D] derivative d6(E)/dFE is directly related to the lifetime
2.594 0,3 * 453d[3D]5s[*D] of resonance state, which allows a transparent physi-
2.556 39 * 453d2[3F|[4F) cal interpretation to be made. In addition, the trace
2.558 53 * 453d2[3F][2F]
2.559 40 * 453d2 [SP] [2]:;] Table 5. Position E, and width I"
2.56 44 * 453d2['G)[2G] of the reliably established resonances
2718 126 * 4s4p['P)4f[?D] in the integral cross-sections of e + Ca scattering
2.743 33 * 4s4p[1P]4f[2F] in the energy interval up to about 4.3 eV
* 1
Lo | e | Mo | | e | v
: s3d["D]4d[°P] Ey, eV T, MeV shift,
2.938 12 ok 453d['D]4d[?P]
3.018 141 * 4s3d[3D]4d[*G] 1.193 700 0.83 4s23d 2D
3.019 102 ok 453d[3D]4d[?F) 2.121 59 0,83 454p[3P]3d4F°
3.208 1029 * 453d[>D]4d[*F] 2.251 140 0.84 453d[3>D]4p*D°
3.386 369 ok 453d['D]4d[G] 2.523 13 0.85 454p[3P]3d*D°
3.414 1462 ok 453d['D]4d[F] 3.659 101 0.72 453d['D]4d%S
3.659 101 sokeok 453d2[1S][%9] 3.826 16 0,9 455s[35)5p*P°
3.875 3 otk 45552[1S][29] 3.875 3 0.98 45552 29
3.917 4 okt 4555[35)4d[D] 3.877 7 0.96 4555[39)5p2P°
3.928 15 ok 4555[35)4d[*D] 3.917 4 0.77 4555[359)4d?D
4.099 3 sokok 455s[1S]6s[2S5] 4.099 3 0.86 455s[1S)652S
4.143 11 okok 4555[159]4d[?D] 4.143 11 0.67 455s[19)4d?D
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of @Q-matrix, as well as the derivative d§(E)/dFE, has
a Lorentzian profile in the interval of resonance ener-
gies, and this profile can be reproduced quantitatively
by means of the OriginPro 7.0 tools. A graphic illus-
tration of the aforesaid is presented in Fig. 1, where
the main stages of the procedure aimed at analyz-
ing the structure of resonance features in the ICS of
e+ Ca scattering for the 2D® wave at energies of 1.901
and 2.004 eV are presented. The resonance param-
eters (the position E, and the width T',) obtained
from the analysis of the energy dependence of the
derivative dd(F)/dE near the excitation thresholds
of atomic levels are quoted in Table 3 for the odd
states and in Table 4 for the even ones.

A practical conclusion from the above is as fol-
lows: early indications for the existence of resonances
should be sought in the energy dependences of not
only the scattering cross-sections but also the eigen-
phase sum §(F) in the vicinity of resonance energy
E,.. In the general case of multi-channel scattering,
more complete information concerning the resonance
parameters (E,, T',) can be obtained by analyzing
the derivative dd(F)/dE of the eigenphase sum 0(F)
with respect to the energy E. When analyzing such
resonances, instead of “single-channel” Breit—Wigner
formulas (26) and (28), the corresponding “multi-
channel” formulas (33) and (34) should be used.

To illustrate the general provisions formulated
above, we also give an example of two possible over-
lapping resonances located at energies of 1.901 and
2.004 eV (see Fig. 1). In particular, Fig. 1, b demon-
strates the energy dependence of the eigenphase sum
§ (in 7 units) in the 2D® wave for elastic e+Ca scatter-
ing in the 452 1S and 4s4p 3P° states and excitation of
the 452 1S — 4s4p 3P° transition. In the course of col-
lision at energies of 1.901 and 2.004 eV, the incident
electron and the Ca atom can form a quasi-bound
Ca~ system in the 4s4p[*P]4f 2D and 4s4p? 2D states,
respectively.

The Lorentzian profiles corresponding to the
454p[®P]Af 2D and 4s4p? 2D resonances, which are
depicted in Fig. 1, d by red curves, were obtained
by carrying out the Lorentzian fitting of the eigen-
phase derivatives in the partial 2D¢ wave. The reso-
nance peaks observed in those curves at energies of
1.901 and 2.004 eV (see Fig. 1, d) are spaced ap-
preciably apart. The resulting dependence was ob-
tained using the Lorentzian fitting of the energy de-
pendence of the derivative d§(F)/dFE of the sum of
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eigenphases of two indicated resonances and is shown
in Fig. 1, d as a blue curve. The positions and widths
of the fitted Lorentzians correspond to the positions
and widths of the corresponding resonances in the
ICS of e+ Ca scattering, which were calculated in the
BSR39 approximation and are shown in Figs. 1, a—d
by squares.

The RESFIT software package [47] was used to
calculate the eigenphases d,. The energies of the
454p[3P)4f 2D and 4s4p? 2D eigenstates were calcu-
lated by diagonalizing the Hamiltonian of the e + Ca
system. In the interval of collision energies from 1.892
to 2.075 eV, the eigenphase sum drastically increases,
as is shown in Fig. 1, b. The corresponding partial 2D
cross-sections of elastic electron scattering by the Ca
atom in the metastable 4sdp 3P° state and excita-
tion of the 4s? 1S — 4s4p 3P° transition reach their
maximum values at energies of 1.901 and 2.004 eV,
respectively (see Fig. 1, a) . Note that in the reso-
nance interval, the eigenphase of the 4sdp[P]4f 2D
state passes the point § = 7/2 with a larger en-
ergy derivative d§(E)/dE than the eigenphase of
the 4s4p? 2D state does, which is clearly seen from
Figs. 1, ¢ and d.

4. Partial and Integral Cross-Sections
of Electron Scattering at Calcium Atom
in the Energy Interval Below 4.3 eV

In principle, the results of sections 2 and 3 give ev-
erything necessary for a detailed analysis of the pro-
cesses of slow-electron scattering (elastic and inelas-
tic) by the Ca atom. The results of calculations ob-
tained in the BSR approximation for the ICSs of elas-
tic e + Ca scattering and electron-impact excitation
of the 4s4p 3P°, 3d4s 3D°, 3d4s 'D°, 4sdp 'P°, and
4s5s 39° states of the Ca atom in the interval of
collision energies up to 4.3 €V are shown in Figs. 2
and 3. The corresponding panels also demonstrate
the contributions of the partial 25¢, 2P°, 2D¢, and
2F° waves to the ICS in the indicated processes. The
vertical thin lines in the figures mark the excita-
tion thresholds of the Ca atomic states. One can see
that peculiarities of the sharpening-point type are ob-
served near those thresholds.

As can be seen from Figs. 2, b and ¢ and Figs. 3, a—c,
the excitation of the 4sdp 3P° state gives the main in-
elastic contribution to the total cross-section of e+Ca
scattering at energies of 2-2.4 V. At energies higher
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Fig. 2. The ICSs of elastic e + Ca scattering and excitation
of the 4sdp 3P° and 3d4s 3D¢ states of Ca atom (bold solid
curve). Contributions to the ICS of e 4 Ca scattering from the
partial waves 2S¢ (dotted curve), 2P° (thin solid curve), 2D°
(dash-double-dotted curve), and 2F° (dashed curve). Vertical
thin lines mark the excitation thresholds of Ca atom

than 2.5 eV, the contribution to the ICS induced
by the excitation of the 3d4s 3D° state dominates,
whereas the contributions from the excitation of the
levels 3d4s D¢ and 4s5s 35° are relatively small. Fi-
nally, at even higher energies (E > 4.3 eV) — they
are not shown in Figs. 2 and 3 — the main inelastic
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Fig. 3. The same as in Fig. 2 but for the ICSs of the 3d4s D¢,
4s54p 1P°, and 4s5s 3S° states of Ca atom

contribution to the total cross-section is provided by
strong dipole excitation of the 4s4p 'P° level.

The partial 2S¢, 2P°, 2D°, and 2F° cross-sections
shown in Fig. 2, a make it possible to find the ori-
gin of characteristic structures in the cross-section of
elastic e + Ca scattering. The smooth maxima in the
26¢ and 2P° symmetries cannot be identified with res-
onances. Instead they appear due to rapid changes
in the phase shifts in the s- and p-waves at low en-
ergies. The combined action of short-range exchange
repulsion and long-range attraction (proportional to

r~—* and emerging owing to the polarization of the Ca
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atom in the field of incident electron) brings about
the Ramsauer—Townsend effect, which has long been
of interest for a number of spectroscopic applica-
tions [34, 48] and leads to a strongly nonmonotonic
(i.e., irregular) dependence of the e + Ca scattering
cross-section on the collision energy E. As a result,
the phase shift for the s-wave passes through zero
at £ = 0.07 eV, where just the partial 25 cross-
section becomes responsible for the appearance of the
Ramsauer-Townsend minimum. in the total cross-
section of elastic e+ Ca scattering. However, the dom-
inant 1.193-eV peak is obviously a result of the res-
onance in the partial 2D cross-section, which can be
unambiguously identified as the 4523d 2D shape reso-
nance. The phase shift in this energy interval changes
by almost 0.837. In Fig. 2, a, one can also observe a
small peak at higher energies between the 4sdp 3P°
and 3d4s 3D excitation thresholds. Yuan and Lin [40]
identified this peak in the framework of the stan-
dard R-matrix method as the 4s4p? 2D resonance. On
the other hand, our results do not point to a dis-
tinct correspondence between this peak and the res-
onance. The phase shift in the d-wave really begins
to increase in this energy interval, as it would be for
a real resonance, but the d-phase begins to rapidly
decrease at the 3d4s3D threshold, thus giving a to-
tal growth of only 7/4 in the region of maximum. It
seems that this possible (hypothetical) resonance is
destroyed owing to the opening of new decay chan-
nels. This conclusion make us suppose the existence
of another resonance in the s-wave with the 4s4p? 25
configuration and the parameters E, = 2.075 eV and
I' = 246 meV (see Table 4).

Kazakov and Khristoforov [49] measured the elas-
tic scattering differential cross-sections and the exci-
tation functions of the 4s4p 3P° and 4s3d 3D states
of the Ca atom at an angle of 90° in the energy
interval of 07 eV. They observed a wide resonance
(maximum) in the elastic scattering cross-section near
1.25 eV, which was attributed to the 2D shape reso-
nance. A narrower p-wave resonance lies at very low
energies and, at an observation angle of 90°, looks
like a minimum centered at E, = 0.1 eV. Besides the
resonant features indicated above, they also found
a relatively sharp feature at the 4s4p 3P° thresh-
old, which manifested itself in both the elastic cross-
section and the excitation function of the 4sdp 3P°
level. They supposed the latter to be a result of a res-
onance. Their data demonstrated a broad feature at
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about 3 eV, which may be related to the 4s4p? 2D res-
onance. The cited authors also commented the avail-
ability of another structure in the cross-section near
the 4s5s 315 and 4s5p 3P° thresholds, but the data
presented in their work [49] cannot be analyzed in
detail.

A series of measurements aimed at studying the
optical-excitation functions of the calcium atomic
states by means of electron impact was also performed
at higher energies (E > 3 eV). Ehlers and Gallagher
[50] measured the absolute excitation cross-sections
for 4p 'P° emission at a wavelength of 422.7 nm
with an energy resolution of about 0.3 eV. The struc-
ture observed by them in both the excitation cross-
section and the linear polarization fraction adjacent
to the threshold region for higher excited states was
attributed to cascade transitions from some of those
states. One cannot rule out that some part of this
structure is induced by resonances. Garga et al. [51]
measured the optical-excitation functions for more
than 25 excited calcium states with an energy res-
olution of 1.0-1.2 eV. They observed a large number
of structures and noted that some of them can be
associated with the decay of ADSs of the negative
Ca™ ion. Given the resolution of those experiments
and the lack of detailed information concerning the
observed structures, they are not worth commenting
on here.

Figure 4 illustrates the energy dependence of the
ICS of elastic electron scattering at the Ca atom
in the metastable state 4sdp 3P°. This figure also
demonstrates the contributions to the ICS from the
partial 4,25e, 4,2Pe’ 4,2De7 4,2Fe, 4’2P0, 4’2D0, and
42F° waves. Above the excitation threshold of the
4s4p 3P° level, the main contribution to this ICS is
given by the partial 42P° and “D°® waves. As can be
seen from Fig. 4, distinctly pronounced structures,
which could be interpreted as resonances, are ob-
served in the energy dependence of ICS. In particular,
the sharp maximum in the *F° symmetry is associ-
ated with the 4sdp[®P]3d “F° shape resonance (see
Tables 3 and 5). This conclusion will be confirmed
below while analyzing the energy dependence of the
eigenphase sum.

The dominant process at ' < 1.892 eV is the elas-
tic electron scattering by the Ca atom in the ground
state. As one can see from Fig. 5, a (left panel),
three resonance-like structures in the vicinity of en-
ergies of 1.15, 1.9, and 2.004 eV can be clearly distin-
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Fig. 4. The ICSs of elastic electron scattering by the calcium
atom in the 4s4p 3P° metastable state (bold solid curve). The
contributions of various partial waves to the ICS of elastic e +
+ Ca scattering are shown in the graphical panels. Vertical
thin lines mark the excitation thresholds of Ca atom

guished in the energy dependences of the partial 2D°
cross-sections of elastic electron scattering at the Ca
atom in the ground 4s2 'S and metastable 4sdp 3P°
states and the 452 15 — 4sdp 3P° transition excita-
tion, respectively. The distances between the reso-
nance peaks (with identical L = D) in those energy
dependences are quite small and approximately equal
to 0.1 and 0.75 eV. The behavior of the energy depen-
dences of the sum of partial 2D phases (Fig. 5, b) and
its energy derivative (Fig. 5, ¢) also demonstrates that
three resonance features (4s23d 2D, 4s4p[*P]Af 2D,
and 4s4p? 2D) overlap in a narrow energy interval
of 1.1-2.0 eV, which stimulates a purely destruc-
tive picture of interference in the vicinity of those
resonances.

Inelastic electron scattering by Ca atoms be-
comes appreciable at energies exceeding 1.892 eV. Fi-
gure 5, a (right panel) demonstrates the results of
BSR39 calculations of the partial D® excitation cross-
sections for the 4s2 1S — 4s4p 3P°, 45 1S — 3d4s 'De,
452 18 — 4sdp 1P, 4s® 1S — 4s5s 35°, 4sdp 3P° —
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Fig. 5. Left panel: contributions of the partial 2D¢ wave
to the cross-sections of elastic electron scattering by the Ca
atom in the ground 4s2 1S and metastable 4s4p 3P° states and
excitation of various transitions (a): 4s2 1S — 4sdp 3P° (left
panel); 452 1S —4s4p 3P°, 452 1S —3dds 'D®, 452 1S —4sdp 1 P°,
452 16 —455s 35, 4s4p 3P°—3d4s 3D®, and 4sdp 3P° —3d4s 1D®
(right panel). Energy dependence of the sum of partial 2D¢
phases § (b). Energy dependence of the derivative d§/dFE (c)

3d4s 3D°, and 4s4p 3P° —3d4s 1D° transitions. As one
can see from this figure, the inelastic contribution of
the partial 2D wave to the excitation cross-sections
of the energy levels of the Ca atom is essential only
for the 4s4p 3P° — 3d4s 3D¢, 4s5% 1S — 4s4p 3P°, and
4s% 1§ — 3d4s 'D° transitions, whereas this contri-
bution is relatively small for other transitions (see
Fig. 5, a).

At low collision energies, only a few partial phases
are essentially different from zero. They can be cal-
culated by numerically integrating the system of
integro-differential equations (9) over r from the co-
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Fig. 6. Partial phases of electron scattering by the calcium
atom for even (a) and odd (b) terms

ordinate origin to a distance r > a and equating the
resulting solution to asymptotic expression (22). The
partial phases of e + Ca scattering, which were deter-
mined in this way using the software package [32], are
presented in Fig. 6 for both even (upper panel) and
odd (lower panel) terms The behavior of these partial
phases in the vicinity of the corresponding resonance
energies confirms the data quoted in Tables 3 to 5
for the resonance structure of the partial and integral
cross-sections of e 4+ Ca scattering.

The energy dependences of the total-cross-section
derivative do(E)/dE measured experimentally [18,
19] and calculated by us in the BSR approximation
are compared in Fig. 7. As can be seen from this fig-
ure, the structure of the resonance features in the
do(E)/dE dependence can be traced more clearly
than in the energy dependence of the cross-section
itself, o(FE). The irregularities observed in these en-
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Fig. 7. Energy derivatives do/dFE of the total cross-sections
of electron scattering by the calcium atom: our BSR39 calcula-
tion (1), calculated according to experimental data by Johnson
et al. [18] (2), calculated according to experimental data by
Romaniuk et al. [19] (3)

ergy dependences (drastic jumps, as well as smooth
maxima and minima) arise from the existence of reso-
nances in some partial waves and from the threshold
features in the cross-section itself. In particular, in
the behavior of the energy dependences of the deriva-
tive do(E)/dE, three distinctly pronounced features
are observed in the form of broad powerful structures
in the vicinity of energies of 1.15, 1.9, and 2.004 eB,
which could be interpreted as the above-threshold
shape resonances, with characteristic narrow peaks
of Feschbach resonances being superimposed on two
gentle protrusions at 1.9 and 2.6 eV.

At even higher energies (E > 2.6 €V), there arise
a substantial number of narrow resonance peaks,
which cannot yet be identified experimentally. Note
also that the energy positions of the features in the
energy dependences of the derivative do(E)/dE ob-
tained experimentally [19] and calculated by us in
the BSR39 approximation correlate well if the exper-
imental curve is shifted to the right by 0.35 eV. At the
same time, the experimental results of work [18] seem
to be unreliable because the measured signal is pro-
portional to the derivative of the transmission current
only at low pressures, which was not maintained in
the experiment [18]. Therefore, when elucidating the
resonance structure of the ICS of e 4+ Ca scattering,
it is more acceptable to use the results obtained in
work [19] and corrected in work [6] rather than the
experimental data of work [18].
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5. Conclusions

The performed research makes it possible to conclude
that the BSR version of the R-matrix method, which
was developed in our works [6-13, 21-26], is a uni-
versal and very efficient method to study elementary
processes of interaction between slow electrons and
complex multielectron atoms and ions. In comparison
with the standard R-matrix method [16,17], the pro-
posed BSR version has three undeniable advantages:

1) the application of term-dependent nonorthogo-
nal orbitals is the most advantageous way to take into
account resonance effects without involving any cor-
relation functions and without enlarging the system
of integro-differential strong-coupling equations (9);

2) the relevant quantum-mechanical operators, af-
ter their discretization in the B-spline basis, are rep-
resented by sparse band finite-rank matrices, which
significantly simplifies the solution of the corre-
sponding systems of algebraic and integro-differential
equations;

3) the local properties and the completeness of the
finite system of basis splines guarantee the conver-
gence of the R-matrix expansion, which allows us to
exclude the necessity to introduce the Buttle correc-
tions to the diagonal elements of the R-matrix [35].

A large body of detailed results of BSR calcula-
tions was obtained for the total and partial cross-
sections (integrated over the scattering angle) of
elastic electron scattering by the Ca atom in the
ground 4s? S and metastable 4s4p 3P° states and
the excitation of the transitions 452 1S — 4s4p 3P°,
4s? 1S — 3dds 3D, 4s®> 1§ — 3dds 'D, 4s® 1S —
4s4p 'P° and 4s® 'S — 4s5s 39. This enabled us
to carefully analyze the influence of various physi-
cal factors — such as multi-electron correlations, reso-
nance effects, interaction of discrete states with con-
tinuous spectrum, and the relaxation of the quan-
tum orbit of excited electron — on the parame-
ters of electron interaction with Ca atoms. The con-
tributions of the partial 25°, 2P°, 2D¢, and 2F°
waves to the angle-integrated total cross-sections
of elastic scattering and excitation of most impor-
tant electronic transitions in the Ca atom were cal-
culated. This allowed us to unambiguously identify
the origin of the characteristic structures in the en-
ergy dependences of the elastic scattering and ex-
citation cross-sections for five lowest levels of the
Ca atom.
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To identify and classify resonances, the energy de-
pendences of the e+ Ca scattering cross-sections o (F)
and their energy derivatives do(E)/dE were analyzed
in detail for every fixed L and parity. It was found
that resonances are observed more pronounced in the
derivatives than in the cross-section itself. It occurs
because a large number of resonances with different
symmetries overlap by energy and strongly interfere
with one another in the total cross-section.

The role of autodetachment states of the negative
Ca™ ion in the electron scattering by Ca atoms was
studied and it was shown that the contribution of
resonance processes to the cross-sections of elastic
e+ Ca scattering and Ca excitation is rather substan-
tial at the quantitative level. In order to unambigu-
ously identify the resonances at e + Ca scattering and
obtain relevant information, we used the method of
“complete separation of resonance and non-resonance
channel spaces” [31]. The application of this method
to e + Ca scattering made it possible to detect and
identify 56 possible resonance states of the negative
Ca™ ion and each of them was assigned a certain
configuration (see Tables 3 to 5). The positions and
widths of detected resonances were determined and
their spectroscopic classification was performed. The
existence of 11 resonances for which the phase jump
in the vicinity of the resonance energy is close to m
(see Table 5) was confirmed by other authors both
experimentally [18-20] and theoretically [39-41].

The positions of reliably established resonances
(see Table 5) are as follows:

e the resonance 4523d 2D is located below the exci-
tation threshold of the level 3P°;

* the resonances 4s4p[3P]|3d *F°, 4s3d[*D]4p *D°,
and 4s4p[®P)3d “D° are located between the >P° and
3D thresholds;

* the resonances 4s3d['D]4d 25, 4s5s[3S]5p 2P°,
45552 25, and 4s5s[3S]5p 2P° are located between the
1po and 3S thresholds;

e the resonances 4s5s[35]4d 2D and 4s5s[1S]6s 29
are located between the 39 and 'S thresholds;

* the resonance 4s5s[19]4d 2D is located above the
1S threshold.

As one can see from Tables 3 to 5, in the case of
e + Ca scattering, the resonances are arranged very
close to each other and most of them are rather nar-
row. Therefore, for their experimental confirmation,
high-resolution equipment is required. Experimental
results obtained for monoenergetic electron beams
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and Ca atoms in the resonance energy interval will
also be very valuable.
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PESOHAHCHA CTPYKTVYPA
ITEPEPI3IB PO3CIAHHS ITOBIJIBHUX
EJIEKTPOHIB HA ATOMI KAJIBIIIIO

3 BukopucranaaM posmupenol BCP-sepcil R-marpudHoro me-
TOMY IIPOBEJIEHO CUCTEMATHUYHE JOC/IIXKEHHSI PO3CisiHHS eJie-
KTPOHIB Ha HEMTPAJILHOMY aTOMi KaJIbIiIO B Jlialla30Hi €eHeprii
3iTkHeHHs 110 4,3 eB. st TOYHOTO IpeICTaB/IeHHs] XBUJIBOBUX
dyHKIi MilnleHI BUKOPUCTOBYETHCS METOJ] CHJIBHOI'O 3B’SI3KY
3 HabopaMH 3aJIeXKHHUX BiJl T€pMy HEOPTOTNOHAJBLHHX OpOiTa-
JIeil Ta CIUIafiH-1IPeICTaBIEHHAMU i 6a3ucHux dyHkIin. Po3-
KJIaJ| 1l CUJIBHOTO 3B 13Ky BKJIo4ae 39 3B’sI3aHUX CTaHIB Hel-
TPaJILHOTO KaJIBINIO, [0 OXOILIIOIOTH YCi CTaHH BiZi OCHOBHOI'O
10 458s%S. JlerasibHO OCITIIPKEHO CKIIa/IHy PE3OHAHCHY CTDY-
KTypy IPOIiHTEIPOBAHUX 33 KyTOM IIOBHUX II€pepi3iB Ipy2KHO-
ro e+ Ca-poscisuns Ta 36ymxenus cranis 4s4p3P°, 3d4s3De,
3d4siDe, 4s4p'P° i 455535 aroma Ca eJIEKTPOHHHM yIapOM.
CrocrepexyBaHi CTPYKTYDH I[IOB’S3aHO 3 KOHKPETHUMU aBTO-
BiIDUBHUMU CTaHaMU CHCTEMH HAJITAIO4YMil €JIEKTPOH + aTOM
Ca. BusnatdeHO NOJIOXKEHHS 1 IIMPUHY BUSABJICHUX PE30HAHCIB
Ta IPOBEJEHO IXHIO CIIEKTPOCKOIIYHY KJacudiKallio.

Kar0u08i cro6a: eIEKTPOH, ATOM KaJIBIIIIO, PO3CIsTHHS, 30y 12Ke-
HHs, 10Hi3aIlist, MmeTos R-marpuni 3 B-cruiaiiHaMu, HEOPTOro-
HaJIbHI opbiTaJii, pe30HAHCH.
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