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Abstract

Purpose. Over the past decades, the physics of electron-atomic (EA) collisions has been intensively
developed. This is due both to the fundamental nature of the studied processes and applied needs. This is
primarily about understanding at a deep level the behavior of submicroscopic, often strongly correlated,
quantum mechanical many-particle systems. The result of this understanding is obtaining a large amount of
data necessary for modeling the behavior of various types of plasma and discharges, as well as to diagnose
their properties.

Methods. We have presented the general principles and idea, underlying in the B-spline R-matrix method (BSR)
with a non-orthogonal orbitals. The use of non-orthogonal single-electron orbitals eliminates orthogonal
restrictions applied in many other theoretical approaches. These restrictions are introduced purely for
the convenience of calculation, rather than for reasons of physical necessity. Rejecting the orthogonality
conditions, BSR method significantly improves the accuracy of the target description. Accordingly, it becomes
possible to further accurate calculation of the collision processes.

Results. We considered the application of the BSR method to the calculation of the energy structure of
a phosphorus and sulfur atoms, that is of considerable practical interest. The calculation results demonstrate
good agreement with the available experimental data.

Conclusions. In this paper, the energy structure of the phosphorus atom was calculated. The calculation
results demonstrate good agreement with the available experimental data. In the future, our data will be used
in the study of electron scattering on phosphorus and sulfur atoms.
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Introduction

In recent decades, there has been an intensive
development in the study of electron-atom (EA)
collision processes. The importance of the re-
sults of systematic calculations of the structural
properties of phosphorus and sulphur atoms for
various applications in atomic physics, electron-
atom collision theory, and plasma modeling can-
not be overemphasized. Thus, elementary pro-
cesses involving atoms and ions play an import-
ant role in plasma injection and diagnostics in
modern thermonuclear installations and affect
the processes occurring in the plasma itself, de-
termine the operating conditions of X-ray and
gas lasers, and are important in the design and
use of heavy ion accelerators.

In this research, the energy structure of
phosphorus and sulphur atoms is calculated us-
ing the method proposed in [3-11] R-matrix with
non-orthogonal orbitals and B-splines as basic
functions (BSR) [1]. In the calculations of the
energy structure of P, S atoms, the multiconfig-
uration Hartree-Fock method (MCHF) [2] with
non-orthogonal orbitals optimized in indepen-
dent calculations for individual terms was also
used. The results obtained will be used in the
future to study the processes of scattering slow
electrons on phosphorus and sulphur atoms.

Calculation Methods

In this section, we will briefly look at the main
aspects of the new version of the B-spline R-ma-
trix method (BSR Method) [1]. This method is

n
WEX, xy41) = AZ FE(X; i1, Oy X

i=1
Here A is the antisymeterization operator; FiG—
wave function of i- channel built by vector relation
of the wave function N-electron target F,(X) with
the angular and spin parts of the wave function
of the scattered electron; x; (X X,,,) — a set of
quadratically integrated antisymmetric correla-
tion functions that provide completeness of de-
composition (2). The problem is to find radial
wave functions of F G( ry.,) scattered electron
and coefficients c¢j of decomposition (2). Atomic
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successfully applied both in calculations of the
atomic structure and in the study of the pro-
cesses of elastic and inelastic scattering of slow
electrons on complex atoms and ions. A special
feature of the BSR method is the use of basic
splines B, to represent both the bound orbitals
of the target atom and the orbitals of the scattered
electron. The problem of low-energy electron
scattering on N-electron atom is reduced to solv-
ing the Schrédinger equation (1):

(Hy41 — E)lljg X, xy41) =0,
N+1 N+1
H _ i ( 1 Vz Z) n u 1 (1)
N+t - 270 ) — Ti;
i=1 i>j=1

with appropriate boundary conditions. Here
E and H,, , - full energy and Hamiltonian
(N+1)-electronic system “atom + incident elec-
tron”, Z — nuclear charge. Hamiltonian H, , ,(1)
diagonal to the total orbital momentum L, full
spin S, their projections M,, M, on a given axis
and 7 parity. Function ‘PG (X,x,,,) commonly
referred to as the wave functlon collapse is
a completely antisymmetric wave function
of (N+1)-electron system, X=(x,, X))
G=(YLSM, M, ), a x.=(s, o) denotes a set of
spatial and spin o, coordlnates of i electron.
The index o character1zes the initial conditions
and usually denotes the input channel e+A -
scattering. Excluding ionization decomposition

of the total wave function collapse ¥¢ (X,x,,,)
can be represented as (2):
T
ux( Tia\UN+1) + z x! (X xN+1) 2)
T™N+1

wave functions Fi(X) are plotted as a multi-con-
figuration schedule (3):

Fi(xy,...,xy) = Z cij@j(xq, . xy)  (3)

J
where ®;- single-configuration wave functions
of the target atom. Coefficients ¢ obtained by
diagonalization of N- electronic Hamiltonian of

HN target atom (4):
(F; |Hy|®;) = E;(Z,N)§;; 4
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Usually, the first sum on the right side
of decomposition (2) includes only those target
states that, at a given energye =k, + %2 correspond
to the so-called open channels. In the first sum
can also be included some pseudostates which
approximately represent states of a continuous
spectrum. The selection of pseudostates is car-
ried out on the basis of accurate account of the
polarizability of the main and several excited
states of the target. In addition to using pseudo-
states, the contribution of closed channels can
be partially accounted for using a finite number
of correlation functions )(iG(X,xN .,) included in
the second sum of the decomposition (2).

Basic functions ?, and X; in decomposi-
tions (2), (3) are constructed from single-electron
atomic orbitals ¢_, which in the approximation
of the central field have the form (5):

Pa; (x)=1/r- Pnili (T)Ylimi(f'))((mslo-)'x = (?'u o) (5)

a2 L+ 1) N 27
dr? r2 r

where k’=2[E-E, (Z,N)], a VU, WU, Xij— local direct,
non-local exchange, and non-local correlation
potentials, respectively. For electron scattering
on complex atoms, an explicit form of these po-
tentials is generated automatically by the BSR
program [1], depending on the type of input data.

To solve the CC equation system (7), can be
applied a variant of the method R-matrix based on
the use of non-orthogonal orbitals and B-splines
as basic functions. This method makes it possible
to describe various types of reactions within a
single formalism, such as elastic scattering, ex-
citation, and ionization of an atom by electron

where «, — abbreviated designation of a set of
quantum numbers n, [, m,and mS. In the standard
version R-matrix approach for easy calculation of
radial wave functions of a scattered electron Fg
are selected orthogonal to all atomic orbitals of the
target Pnj i of the same symmetry (6):

f OoPnjlj (MFS(r)dr =0 (6)
0

when lj=li.

Condition (6) actually means that an incident
electron cannot be virtually trapped in one of
the unfilled sub-shells taken into account in de-
composition (3) of the target states. Substituting
decomposition (2) into equation (1), multiplying
it alternately by the functions FiG and )?J.G after
integration over all variables exceptr, . ,, can be
obtained a system of integrodifferential equations
for functions F=F, (7):

—+ kf) Fi(r) = ZZ(VU + Wi + X;;)F() @)
j

shock. Main idea R-matrix method consists in
dividing the configuration space of the “atom +
electron” system into two regions: internal r<A
and external r>a. The radius of the inner region
r=A is chosen so that the exchange and correla-
tion effects are sufficiently small at r>a. The full
wave function (N+ 1) of an electronic system in
the inner region can be represented at a given
energy E as a decomposition:

WE = > AG W ®)
k

by an energy independent discrete base set ‘I’kG

—G N wi(Tys1)
YE(X, xy41) = A z Fi (X; fye1,0n41) X —]r Ciij + ZXL'G(X: xN+1)din ©)
N+1

ij
where FiG and XiGare defined in the same way as
in formula (2). Functions FiaG, describing the radial
motion of a scattered electron in i-channel, are
presented as a linear combination of a finite
number of basis functions uj, which satisfy the
boundary conditions uj=0,(a/ uj)duj/dr | _,=D,
where b — an arbitrary valid constant. For such

basic functions, the Hamiltonian (1) in the inner
domain is not Hermitian due to nonzero (at r=a)
surface terms arising from the kinetic energy
operator. However, these terms can be removed
using the Bloch operator L, ,. The formal solution
of Schroédinger's Equation (1) takes the following
form (10):



1
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Projecting this equation onto channel functions
FiGand performing calculations on the border of
the inner region, the following results are ob-
tained (11):

Ff(a) =

G
F}' )TN+1=a (11)

where entered R- a matrix is introduced with el-
ements (12):
wi (@w k(a)

RS(E) = - Z CE

radial functions F, Cand surface amphtudes Wg
are given. Diagonalizing the matrix (l/),?IHNH +
+ Lys19$)ine for each set of quantum numbers
G, the energies EGand coefficients CG dGll’l
decomposition can determined (9), 1e wave
functions i, for the corresponding base states.
However, it only needs to be done once to deter-
mine R-matrix over the entire range of collision
energies.

As noted above, the inclusion in the out-
put decomposition (9) of additional correlation
functions ijallows to partially take into account
the effects associated with the conditions of
orthogonality (6) of the functions FS and the
limitation of the first sum in (9) finite number
of terms. However, this leads in most cases to
the appearance of a pseudo-resonant structure
in the scattering cross-sections and to an exces-
sively large number of additional integro-differ-
ential equations, which must be left out in (9)
for realistic calculations of complex atoms and
the processes of their interaction with electrons.
In this respect, it is worth mentioning that con-
dition (6) is not mandatory and does not follow
from general quantum mechanical principles.
Therefore, in studies [3-11], the authors aban-
doned the requirement (6) of orthogonality of
functions F G(rN .,) to bound orbitals Pnﬂj of tar-
gets of the same symmetry. Worth noting that in
BSR version of the R-Matrix method proposed
by us, correlation functions X; can be left out, or

(12)
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b; —
L )(FS |w) (10)

drysq T'N+1

used only to compensate for défectsin the collapse
function associated with limiting the first sum in
decomposition (9) by a finite number of terms l],lg

Calculation Results
A) Energy Structure of the P Atom

Structural calculations in the case of the P atom
were performed using both the MCHF package [2]
and the BSR package [1]. By the BSR Method [1]
in LS- approximation calculated single-electron
orbitals of 36 lower states of the P atom with
configurations 1s*2s?2p°3s23p*(“S°, 2D°, 2P°), 3s*3p*
(P) nl (n=3, 4, 5, 6; [=0, 1, 2), 3s3p* (\D) nl
(n=4;1=0, 1), 3s*3p? ('P) 4s and 3s3p*(*P, °D, 2S).
The spectrum of the phosphorus atom accord-
ing to NIST data [12] is quite complex. The en-
ergy values of the spectroscopic states of the P
atom are obtained by weight averaging of the
fine structure levels during the transition from
LSJ-NIST representation of the approximation
LS-coupling used. The next few levels of the P
spectrum are formed mainly by the excitation of
one 3p-electron from the valence shell at one of
the spectroscopic levels of configuration 3s23p?
CP) nl (n=3, 4,5, 6, 7;1=0, 1, 2, 3, 4). However,
it is already the 6™ in order LS-Level 3s3p*“P
formed by excitation 3s-electron, as a result, it
is necessary to consider configurations with va-
cancies in the internal 3s-shell. The 8" in order
also causes difficulties LS-Level 3s23p* (1D) 4s *D
formed with an intermediate 'D-, not *P-therm,
as in other cases. All this requires significant ad-
justments to the scheme for calculating the con-
figuration states of the phosphorus atom. Pres-
ence in the lower part of the spectrum of states
with thawed 3s-shell indicates the need to take
into account not only the valence, but also the
core-valence correlation in calculations. A rela-
tively small core charge and no strong splitting
of levels on LSJ-sublevels indicates a relatively
insignificant role of relativistic effects in calcu-
lating the lower energy levels of the P atom.
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Figure 1. Layout of the 39 lower energy levels (in the LS representation) of the phosphorus atom (P I) and
their distribution by terms according to NIST data

Table 1 shows the results of calculating the
energies of 36 lower levels of the P atom. The main
attention is paid to obtaining the exact excitation
energies of spectroscopic states under the first
ionization threshold and taking into account
the interelectronic correlation when calculating
the corresponding wave functions. To control

the accuracy of calculating the wave functions
of the P atom, the oscillator forces between the
main one — and two-electron junctions are also
calculated. A comparison of multi-configuration
Hartree-Fock (MCHF) excitation energies previ-
ously calculated by us with the NIST reference
data [12].

Table 1. Excitation energies (8 eB) of the phosphorus atom: our MCHF calculations of excitation energies
are compared with the NIST data [12]

No. Configuration Term Eex NIST Eex MCHF AEex
1 3s23p® “Se 0.0 0.0 0.0
2 3s23p® De 1.410 1.426 -0.016
3 3s23p® pe 2.323 2.294 0.030
4 3s23p*(*P)4s ‘P 5.971 6.249 -0.278
5 3s23p*(*P)4s p 7.200 7.178 0.023
6 3s23p* ‘P 7.395 6.540 0.855
7 3s23p*(*P)4p 2Ge 7.965 8.008 -0.043
8 3s23p*('D)4s D 8.078 8.337 0.259
9 3s23p*(*P)4p ‘De 8.136 8.146 -0.011
10 3s23p*(*P)4p “pe 8.239 8.198 0.041
11 3s23p*(*P)4p De 8.306 8.801 -0.495
12 3s23p*(*P)4p “Se 8.286 8.383 -0.096
13 3s23p*(°P)3d p 8.429 8.727 -0.298
14 3s23p*(*P)4p pe 8.437 8.338 0.099
15 3523p2(°P)3d ‘F 8.478 8.557 -0.079
16 3s23p*(°P)3d ‘D 8.671 8.669 0.002
17 3s23p*(°P)3d ’F 8.749 8.763 -0.015
18 3s°p* D 8.825 9.68 -0.858
19 3s23p*(*P)5s ‘P 9.008 9.015 -0.006
20 s3p*(*P)3d ‘P 8.984 8.057 0.927
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Table 1, Continued

No. Configuration Term Eex NIST Eex MCHF AEex
21 3s23p*(°P)3d D 9.029 8.933 0.096
22 3s23p*(*P)5s p 9.069 8.980 0.089
23 3s23p*('D)4p pe 9.211 9.349 -0.138
24 3s23p*('D)4p 2Fe 9.265 9.265 0.000
25 3s23p*(*P)5p 250 9.312 9.242 0.069
26 3s23p*(*P)5p “De 9.364 9.286 0.078
27 3s23p*('D)4p pe 9.358 9.547 -0.189
28 3s23p*(°P)4d p 9.393 9.439 0.046
29 3s23p*(*P)5p “pe 9.398 9.298 0.10
30 3s23p*(°P)4d ’F 9.411 9.464 -0.053
31 3s23p*(*P)4d ‘F 9.443 9.404 0.040
32 3s23p*(*P)5p 48e 9.425 9.370 0.055
33 3s23p*(*P)5p pe 9.464 9.378 0.086
34 3s23p*(°P)4d ‘D 9.503 9.418 0.085
35 3s23p*(*P)5p pe 9.527 9.273 0.253
36 3s23p*(1S)4s S 9.536 9.664 0.128

Table 1 shows that in the case of a phospho-
rus atom, the standard procedure for calculating
the energies of spectroscopic states using orbit-
als that are orthogonalized in independent cal-
culations for individual terms is very complicated.
So, for example, for terms ‘P it is necessary to

12 4

calculate single electron orbitals of configurations
3s23p*(°P)4s; 3s3p*; 3s23p?(°P)5s, 3d, 4d, 6s with two
different atomic residues 3s?3p’(’P) and 3s3p*.
This necessitates the consideration in further
calculations of two different 3p-orbitals of the
atomic phosphorus residue for this term.
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Figure 2. The layout of the energy thresholds of the excitation of the phosphorus atom. Date from our

MCHEF calculations (E

MCHF

Figure 2 compares calculated by us MCHF-
excitation energies of EMCHF with the NIST ref-
erence data (E ). The accuracy of MCHF ener-
gies obtained in this case is mostly in the range
of ~ 0.05-0.2 eV, which makes it possible to use
them to calculate the processes of electron scat-

tering on the P atom. As can be seen from Figure 2,

) compared with the NIST data (E

NIST)

the phosphorus atom is characterized by a fairly
high ionization threshold E, =10.49 EV. How-
ever, there is too narrow an energy gap between
the main 3p?“S°-state and lower excited states of
the same configuration 3p*?D° and 3p*?P°. In this
case, the excitation energies of the above states
are 0.0; 1.4097 and 2.3234 eV, respectively.
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B) Energy Structure of the S Atom

Using the MCHF program code [2], we calculated
35 lower states of the S atom with configura-
tions 1s22s%2p®3s?3p* (°P,'D, 'S), 3s23p® (*S°) nl
(n=3,4,5,6;1 = 0,1, 2), 3s3p* (*D°) nl (n= 4;
[=0, 1), 3s?3p® (°P°) 4s and 3s3p°(>'P°). As in the
case of the phosphorus atom, the spectrum of
the sulphur atom, according to NIST data [13],
cannot be attributed to simple ones. As can be
seen from Figure 2, the phosphorus atom is
characterized by a fairly high ionization thresh-
old E, =10.49 eV. The bottom three (°P,'D, 'S)
levels correspond to the ground state configu-
ration 3s?3p* with energies of 0,02427, 1,1454 and
2,7500 EV, respectively. The value of the ground
state energy is obtained by weight averaging the
levels of the fine structure of the triplet 3s*3p*
P .. when switching from LSJ-NIST image [13]

0,1,2
to the approximation we used LS-coupling. The

next few levels of the P spectrum are formed
mainly by the excitation of one 3p-electron from
the valence shell at one of the spectroscopic lev-
els of configuration 3s23p® (*4S°) nl (n= 3, 4, 5, 6,
7; 1=0, 1, 2, 3, 4). However, already the 9" and
11* LS-levels 3s23p® (°D) 4s *'D formed with an
intermediate *D-, not *S° term. Even more diffi-
cult to calculate is the 15" LS-level 3s3p°°P° with
thawed 3s-shell. The presence in the lower part
of the spectrum of the S atom of states with a
thawed 3s shell indicates the need to consider
not only valence but also core-valence correla-
tion in the calculations. In addition, the pres-
ence of a stable negative sulphur ion S — with
configuration 3p° P, , and the affinity energy of
2,0771 eV indicates the need to take into account
the valence and core-valence correlations in the
calculations of processes of e+ S-scattering.

Energy, eV

O—I\J\O\
[ |

= Il

A\

—

Figure 3. Layout of the 42 lower energy levels (in the LS representation) of the sulphur atom and their
distribution by temperature according to NIST data [13]

Figure 4 shows a comparison of multicon-
figuration Hartree-Fock (MCHF) excitation en-
ergies E . with NIST reference data [13] E,.
The accuracy of the obtained MCHF-excitation
energies of the states of the S atom is ~ 0.04-0.2 eV.
When calculating wave functions and excitation
energies, the main attention is paid to taking into
account the effects of valence and core-valence
correlation. To control the accuracy of the cal-
culated wave functions of an atom S the oscillator
forces for single- and two-electron junctions are
also calculated.

12

10

 Eist
-— e

MCHF »

0 5 10 15 20 25 30 35 40

Sequence number of the state according to NIST
Figure 4. Layout of excitation energy thresholds

Eexitof the sulphur atom. The results of our MCHF

calculations are compared with NIST data [13]
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The numerical values of the excitation ener- in good agreement with the data of the NIST
gies obtained in MCHF calculations are presented database [13].
in the Table 2. The results of our calculations are

Table 1. Excitation energies (in EV) of the sulfur atom [12]

No. Configuration Term Eex NIST Eex MCHF AEex
1 3s23p* p 0,024 0,024 0,000
2 3s23p* D 1,145 1,089 0,057
3 3s23p* 1S 2,750 2,765 -0,015
4 3s23p3(“S°)4s S 6,524 6,337 0,187
5 3s23p3(“S°)4s 380 6,860 6,974 -0,114
6 3s23p3(“S°)4p P 7,868 7,744 0,124
7 3s23p3(“S°)4p p 8,045 8,020 0,026
8 3s23p3(*D°)4s 3pe 8,410 8,940 -0,530
9 3s3p*(“S°)3d Spe 8,417 8,171 0,246
10 3s23p3(*D°)4s De 8,584 8,575 0,010
11 3s3p*(“S°)3d 3pe 8,700 8,705 -0,005
12 3s23p3(*S°)5s 5Se 8,766 8,569 0,197
13 3s23p3(*S°)5s 350 8,846 8,839 0,008
14 3s3p® 3pe 8,952 8,508 0,444
15 3s23p*(*S°)5p P 9,165 9,059 0,106
16 3s23p3(*S°)5p p 9,208 9,131 0,077
17 3s23p*(*S°)4d SDe 9,296 9,188 0,108
18 3s23p*(*S°)4d 3pe 9,417 9,393 0,024
19 3s23p3(*S°)6s 5Se 9,480 9,298 0,183

20 3s23p3(*S°)4f SF 9,504 9,276 0,228
21 3s23p3(*S°)4f °F 9,504 9,421 0,083
22 3s23p(*S°)6s 350 9,512 9,514 -0,002
23 3s23p*(*P°)4s 3pe 9,567 9,222 0,345
24 3s23p3(*S°)6p P 9,653 9,583 0,069
25 3s23p*(*D°)4p p 9,653 9,627 0,026
26 3s23p3(*S°)6p p 9,658 9,708 -0,049
27 3s23p*(*D°)4p D 9,693 9,727 -0,034
28 3s23p*(*S°)5d SDe 9,704 9,714 -0,010
29 3s23p*(°P°)4s pe 9,707 9,611 0,096
30 3s23p*(*D°)4p °F 9,725 9,970 -0,245
31 3s23p*(*D°)4p 'F 9,750 9,770 -0,020
32 3s23p*(*S°)5d 3pe 9,757 9,704 0,052
33 3s23p3(4S°)7s 5Se 9,802 10,073 -0,271
34 3s23p3(*S°)5f SF 9,812 9,583 0,230
35 3523p3(*S°)5f °F 9,813 9,726 0,086
Conclusions

Comparison of the excitation energies of P and with the available experimental data indicates
S atoms calculated in the approximate LS-coupling  the high efficiency and accuracy proposed in
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BSR-versions of the method R-matrix based on
the use of non-orthogonal orbitals and B-splines
as basic functions. The accuracy achieved is ~
0.05-0.2 eV for lower energy levels. The oscilla-
tor forces for the main one- and two-electron
junctions in phosphorus and sulphur atoms are
also calculated. The electronic wave functions
calculated in the MCHF approximation fully

take into account the effects of electronic cor-
relations. The values of the excitation energies
and wave functions of the 36 lowest states of the
P atom and the 35 lowest states of the S atom
calculated by us will be used in the future to cal-
culate the complete and differential cross-sec-
tions of slow electron scattering on phosphorus
and sulphur atoms.
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Po3paxyHKH eHepreTUYHOI CTPYKTypu aToMiB P, S MmeTogoM R-MaTpui 3
B-cruiaitHaMu

H.I10. Kongop, O.B. €riazapsas, B.IO. Jlazyp

YKropozacbKuii HallioHAJIBHUN YHIBEPCUTET
88000, Bys1. BosomnHa, 54, M. Y>Kropoz, YkpaiHa

AHoTauia

MerTa. [TpoTAroM OCTaHHIX AeCATHIIITh (isrKa eleKTPOHHO-aTOMHUX (EA) 3iTKHEHD iHTEHCMBHO PO3BHUBAIACH.
Lle mosiCHIOETHCA K GYHAAMEHTATBLHOIO IPUPOJOI0 JOCHIKYBAaHUX IIPOIECIB, TaK i MPUKIAAHUMU
notpebamu. Lle Hacammepes Ipo PO3yMiHHS Ha TTMOOKOMY DiBHi ITOBEJiHKHM CyOMiKPOCKOIIIYHHX, 4acTO
CWIBHO KOPETbOBAHUX, KBAHTOBO-MEXaHIYHUX 6araTouacTUHKOBUX CUCTEM. Pe3yIbTaTOM IThOTO PO3YMIiHHS
€ OTPUMAaHHS BEJIMKOI KUTBKOCTI JaHUX, HEOOXIHUX I MO/IETIOBAHHS TIOBE/[IHKY Pi3HUX THUIIIB IUIa3MHU Ta
PO3psAZiB, a TAKOXK I ZIiaTHOCTUKY iX BIaCTUBOCTEH.

MeToau. Y craTTi nIpeZAcTaBlIeHO 3araibHi IPUHIUIIY Ta iZIeto, 1110 JiexkaTh B OCHOBI MeToAy B-crunatiHoBoi
R-marpuri (BCP) 3 HEOPTOTOHATEHUMU OpOiTaNAMU. BUKOpHCTaHHS HEOPTOTOHATBHUX OJHOETEKTPOHHUX
opbiTasieli ycyBa€ OpTOTOHabHI OOMEXEHHs, IO 3aCTOCOBYIOTbCA y 0araTbOxX iHINMX TEOPETUIHUX
mizxogax. Lli o6MexkeHHsT OYJIO 3alIPOBaZKEHO BUK/IFOYHO IS 3pDYYHOCTI pO3paxyHKiB, a He 3 MipKyBaHb
bi3znuHOi HeoOXiAHOCTI. BiAXWIsAI0YM yMOBH OPTOTOHAABHOCTI, MeToZ BCP 3HAYHO ITOKpAIIy€ TOYHICTh
OIUCY 1. BiAMOBiZIHO, cTae MOXIUBUM TOAATBIITHN TOYHNUM PO3paxyHOK IPOIIECiB 3iTKHEHHS.

PesynbTaTi. Byno po3migHyTO 3acTrocyBaHHA MeTofZy BCP 1A po3paxyHKy eHepreTU4YHOi CTPYKTYpHU
aromiB ¢pocdopy Ta cipku, IO IMpeACTaBIsA€ 3HAYHUM MPAKTUYHUU iHTepec. Pe3ysnbTaTd po3paxyHKiB
ZIeMOHCTPYIOTh XOPOIIY 3TO/y 3 HAABHUMU eKCIIepUMeHTaTbHUMU JaHUMU.

BUCHOBKH. Y poOOTi po3paxoBaHO eHepreTUYHy CTPYKTypy atoMa ¢ocdopy. PesynbTaTH pO3paxyHKiB
JIEMOHCTPYIOTh XOPOIIY 3To/ly 3 HasBHUMU €KCIepUMEeHTaTbHUMU JaHuMu. Hazami wHamii gaHi Oyze
BUKOPUCTAHO ITPY BUBYEHHI PO3CiFOBaHHSA eJIEKTPOHIB Ha aToMax ¢pocdopy Ta cipku

KirouoBi cioBa: atom docdopy, aToM cipku, 00YMCIEHHS CTPYKTYPH aTOMHUX CHUCTEM, METOZ R-MaTpuiii
3 B-cmumatinamu, Metos Xaprpi-Poka, 6GaraToeneKTpoHHi 6a3u, KOpesslliifHa B3a€MOJif, OJHO- i
GaraTokoHirypailiiine HabJKEeHHS
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PacyeTsl 3HepreTuyeCcKou CTPyKTypbl aTOMOB P, S MmeToAg0M R-MaTpHUIIBI C
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AnHOTaIMA

Ilenb. B TeueHre MOCTEHUX AECATUIETUH QU3HKa 3IEKTPOHHO-aTOMHBIX (EA) CTOIKHOBEHUMI MHTEHCUBHO
pasBuBaiach. JTO OOBACHSAETCA KaK (QyHJAMEHTAJIbHOW NTPUPOJAON UCCIENYEMBIX MPOIECCOB, TaK U
MIPUKJIAHBIMU TIOTPEOHOCTAMU. DTO MPEXKIE BCETO O MOHUMAHUU Ha TIyOOKOM YPOBHE TOBEAEHUS
CyOMUKPOCKOITMYECKHUX, YaCTO CHUIBHO KOPPEJIMPOBAHHBIX, KBAHTOBO-MEXaHUYECKUX MHOI'OYACTHUYHBIX
CUCTeM. Pe3y/IbTaTOM 3TOI'0 TOHUMAaHUS SIBJIIETCSA TOTyYeHHe OOJIBIIIOr0 KOJIMYeCTBa JaHHBIX, HEOOXOAUMBIX
JUTST MOJIETUPOBAHYS MTOBEEHUA PA3TUYHBIX THUIIOB IUIA3Mbl M Pa3psa/ioB, a TaKKe I JUATHOCTHUKU UX
CBOICTB.

MeToabl. B craThe IpejcCTaBleHbl O0IKe MPUHIMIIBI M W€, KOTOphIE JieXXaT B OCHOBE MeToza
B-crmaitHoBo# R-MmaTtpunbl (BCP) ¢ HeOpTOrOHaNIBHBIMY OpOUTAIIMU. VICIIOIb30BaHe HEOPTOTOHATBHBIX
OJTHOBJIEKTPOHHBIX OpOUTa/Nell yCTpaHSAET OPTOTOHAJbHBIE OTPAHUYEHUSA, NPUMEHSEMblE BO MHOTHUX
IPYTUX TEOPETHYECKUX IMOAXO0AaX. DTU OTPAHMYeHUs ObLTM BBEAEHBI WCKIIOYUTETBHO IS YAOOCTBa
pacyeToB, a He U3 cOOOpakeHUM (GU3NIECKON HeOOXOoAUMOCTH. OTKIOHSA YCIOBHUS OPTOTOHAJIBHOCTH,
meToz BCP 3HauUTENBHO yaydllaeT TOYHOCTh ONMCAHUA 1jeu. COOTBETCTBEHHO, CTAHOBUTCA BO3MOXXHBIM
JaJIbHEUIITHUIM TOUHBIN pacyeT MPOLeCCOB CTOJKHOBEHUA.

PesyabTaThl. Bruto paccMoTpeHo npuMmeHeHue meroza BCP s pacueTa sHePreTUYeCKON CTPYKTYPBI
aToMoB docdopa U cepsl, UTO Npe/CTABIAET 3HAUUTENbHBIN PAaKTUYECKUH HHTepec. Pe3ybTaThl pacyeToB
MIOKa3bIBAIOT XOPOIllee coryiacue ¢ UMEIOUUMUCA SKCIIePUMEHTAIbHBIMU JaHHBIMMU.

BeiBOABI. B paboTe paccunTaHO 3HEPreTUYecKylo CTPYKTypy aroma ¢ocdopa. Pe3ynbraTel pacyeToB
[IOKa3BbIBAIOT XOpOIIlee corviacue ¢ UMeIIUMUCA SKCIIepPUMEeHTANTbHBIMU JaHHBIMU. B ampHeleM Hamy
JaHHBIE OyyT UCIIOIB30BaHbI IIPYU U3YYEHHUH PAcCessHUs IEKTPOHOB Ha aToMax ¢ocdopa U cepbl

KiroueBble ciioBa: atom pocdopa, aToM Cepsl, pacCyeT CTPYKTYPHI aTOMHBIX CCTEM, METO R-MaTpHIIhI C
B-crinaitnamu, Meto XapTpu-Poka, MHOTOETEKTPOHHBIE 6a3bl, KOPEIAIIMOHHOE B3aUMO/IEHCTBUE, OZTHO- U
MHOTOKOH(QUTYPAIIMOHHOE TTPUOJIKEHNE



