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Abstract

This paper presents a methodology that allows for calculated energy levels and other
atomic characteristics in relativistic atomic theory, i.e., using the jj-coupling scheme, to
be identified in terms of LS]-coupling characteristics. The paper begins with outlining
the general principles for effectively addressing this problem. Furthermore, it provides a
general expression that enables such identification when the atomic state function consists
of any number of configuration state functions, each with any number of open shells, and
explains how this expression was obtained. The methodology developed in this paper has
been successfully implemented in the General Relativistic Atomic Structure Package and
can be applied to other similar packages.

Keywords: energy levels; LS]-coupling; jj-coupling; jj into LS] transformation; unique
labeling

1. Introduction

Traditionally, atomic energy spectra and other atomic properties are classified using
the quantum numbers of the pure-coupling wave functions. If an atomic state function
(ASF) is expressed as a linear combination of nearly pure-coupling functions, the quantum
numbers of the function with the largest expansion coefficient are usually used. In principle,
any valid coupling scheme can be used to represent the wave function in atomic structure
calculations. However, the corresponding identification and classification provide insight
into the structure of the atom or ion under consideration only when the quantum numbers
are close to their exact values, i.e., when the expansion coefficient of the corresponding
nearly pure-coupling wave function approaches 1. The search for such a coupling, where
the largest expansion coefficient of the ASF is close to 1, is called the search for an optimal
coupling scheme, i.e., the optimal coupling problem.

Nevertheless, the most commonly used coupling schemes in atomic theory are LS|
and jj. In atomic spectroscopy, the standard LS| notation is widely used to classify the
level structures of atoms or ions. On the other hand, in many cases, calculations may be
performed in the relativistic (jj-coupling) scheme [1-3] to obtain more accurate data that
include relativistic effects, although the results are desired in the LS]-coupling scheme.
Thus, in atomic theory, in this case, and in the search for an optimal coupling scheme, it is
necessary to be able to move from identifying atomic characteristics in the jj-coupling to
identifying them in the LS]-coupling, which are discussed in this paper.

The research was carried out in close cooperation with Prof. Charlotte Froese Fischer
(1929-2024) and Prof. Zenonas Rokus Rudzikas (1940-2011). The aim of this research was
(i) to enable the ATSP [4] and GRASP [5,6] software packages to search for the optimal
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coupling scheme and (ii) to add a program to the GRASP package that would allow for
the identification of the results obtained by GRASP [5,6] in the LS]-coupling scheme. This
led to the development of the JJ2SL] [7] and COUPLING [8] programs, which are based on
the methodology presented in this paper. These two programs are among the few that
integrate ATSP [4] and GRASP [5,6] software packages into a single whole.

The present paper is divided into an Introduction, four sections, and Conclusions.
Section 2 provides an outline of the general principles used to effectively identify atomic
characteristics within the LSJ-coupling scheme. Section 3 addresses the transformation
from jj-coupling to LS]-coupling for configuration state functions with equivalent elec-
trons. Section 4 presents the general expression for transforming from jj-coupling to
LS]-coupling for configuration state functions with an arbitrary number of open subshells.
The implementation of the methodology in programs is discussed in Section 5.

2. General Theory

Two complete orthonormal bases of wave functions, |¢;) and ‘cpj), corresponding
to the same specific energy spectrum of a multi-electron system and classified according
to the quantum numbers of two different coupling schemes, are related by a unitary
transformation. If the corresponding transformation matrices can be chosen to be real,
the transformation itself will be orthogonal [3]:

vi) =Y (eilvi) |¢j), 1)

]

l9i) = X (¢ile) 1¢3)- @)

i

Expressions similar to Equations (1) and (2) may also be written for the wave functions |[¥;)
and |®;) in intermediate coupling. In particular,

[¥:) = Z aij|;), ©)
j
@) = ; Cik |Pk), @)

where 4;; and cj; are the weights of the wave functions in two pure-coupling schemes.
If the wave functions in Equations (3) and (4) share the same eigenvalues (this is the
case when we consider, in different coupling schemes, the matrix elements of one and
the same Hamiltonian), then, taking into account the orthonormality conditions for the
wave functions, we arrive at the following relationships between the weights of the wave
functions in two pure-coupling schemes:

cik =3 ajr (@xlyr), 5)
ajj = ; cik (¢jlk)- ©6)

It follows from Equations (5) and (6) that given the weights of the wave functions in a
particular coupling scheme and the transformation matrix (@[, ) or (;|@ ), we can easily
determine them for any other coupling scheme and thereby select the optimal one without
diagonalizing the energy matrices for those schemes.
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In the case of multiconfiguration Hartree-Fock (MCHEF) [9,10], multiconfiguration
Dirac-Hartree-Fock (MCDHEF) [2], configuration interaction (CI) [10,11], or relativistic
configuration interaction (RCI) [2] methods from atomic theory, functions |;) and ’goj)
would correspond to the configuration state functions (CSFs) |y; L;S; JP) and |'y]- JP >, re-
spectively, for example, |y; L;S; JP) in LS]-coupling and |7;]P) in jj-coupling. Meanwhile,
functions |¥;) and |®;) would correspond to the atomic state functions (ASFs) [¥+(J")),
“I’T(]P)>LS in LS]-coupling and |‘I’T(]P)>].j in
jj-coupling. Thus, with the help of transformation matrices (¢;j|y;) and (¢;|¢; ), we per-
form the transformation of the CSF from jj-coupling to LS]-coupling, and vice versa,

and [¥(J P )>jj’ respectively, for example,

and with the help of Equations (5) and (6), we perform the transformation of the ASF
from jj-coupling to LS]-coupling, and vice versa. The ASF expansion coefficients 4;; and
cjx from Equations (3) and (4) are obtained from CI, RCI, MCHE, or MCDHEF. Therefore,
to perform the aforementioned transformation, it is sufficient to know the expressions for
the transformation matrices (¢;|y;) and (¢;|¢;).

In the case of atomic wave functions, the transformation matrices (q)j ;) and (¥ } ?; )
consist of two parts: those that change the coupling scheme within the shell of equivalent
electrons (usually LS-jj) and those that change the coupling scheme between shells of
equivalent electrons. The expression obtained from the first part depends on the coeffi-
cients of fractional parentage (CFP) used to construct the shell wave function (see Section 3).
The expression obtained from the second part is expressed through the 3nj-coefficients.
The general transformation matrices (¢;|i;) and (9;|@;) for the configuration with any
number of open shells are constructed from the expressions obtained from the aforemen-
tioned two parts (see Section 4). It should also be noted that the transformation matrix
(¢;]¢; ) from jj-coupling to LS]-coupling is identical to the transformation matrix (1;|¢; )
from LS]-coupling to jj-coupling.

3. Transformation from jj-Coupling to LS]-Coupling for
Equivalent Electrons

In this section, we consider the transformation between LS]-coupling and jj-coupling,
and vice versa, when a CSF is formed from only a single open shell in terms of LS J-coupling.
In this case, the CSF is

|y LS] P) = [I“avLS) ()

and

,712_7 Jr(wfzfi)_i_+
lyIP) = (1 v], I vi) ) (®)
Each non-relativistic [-orbital (except for s) is associated with two relativistic orbitals
+
I=j=1+1/2. Therefore, transforming shell |nl“aLS), which is in LS]-coupling, into jj-
- +

w

_— +% 4+
coupling splits it into two subshells [n I v]) and |n [ v I):
- +
- _— +w ++
[nlYavlS) — | |nl v]), |nl v])|, )

where w =w + ZJ{FJ, with w (max) = 2 and W (max) = 2(I +1). The transformation
between the shells and subshells in LS]-coupling and jj-coupling, respectively, can be
written according to [12] as
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w4 (w-w) _w w—w)
avlsfy = Y (v, T VDD (1 v, 1 v)) L)), (10)
vIvjw
w__ p(w-w) —w_ o (wmw)
(1 v], I v])]) = Z [I“avLS]) (I®avLSJ|I(1 v], I v]) ), (11)
avLS

which, in both cases, includes a summation over all the quantum numbers exceptn, , I,

+
and .

The LS-jj transformation matrices for the shell of equal electrons

w (w—w) w +(w717))

- _ + 4+ P +
(1 v, 1 v]) JI®avLS]) = (I®avLSJ|(1 v], | v])]) (12)

in Equations (10) and (11) have simple algebraic expressions when the shell in LS-coupling
is filled with three electrons (see (14) and (16) in [12]). But of course, these algebraic expres-
sions are not sufficient to analyze more complex atomic systems. The LS-jj transformation
matrices (Equation (12)) for the shell of equal electrons can be found recursively using ex-
pression (8) from [12], where the input transformation matrices have the forms (9) and (10)
from [12]. It should be noted that expressions (8) in [12] contain two CPF coefficients: one
in the LSJ-coupling and the other in the jj-coupling. Therefore, the values of the LS—jj
transformation matrices for the shell of equal electrons found are adjusted to this specific
set of CFP coefficients (including the definition of the phase system) and are correct only for
them. Using these LS—jj transformation matrices in calculations based on CFP coefficients
defined differently will produce incorrect results. Therefore, although other publications
in the literature also include [13,14] LS—jj transformation matrices (Equation (12)) for the
shell of equal electrons, they are inconsistent with the phase system and CSF coefficient
values used by ATSP and GRASP. Furthermore, they are incomplete because they do not
include coefficients for the transformation of the nf% shell. Meanwhile, the values of the
L5—jj transformation matrices published in [12] are complete and consistent with the CFP
reported in [12,15].

4. Transformation from jj-Coupling to LS]-Coupling for the
Configurations with Arbitrary Number of Open Subshells

Now, in this section, we discuss how the CSF transforms from jj-coupling to LS]-
coupling in the most general case, i.e., when the CSF has u number (any number) of open
shells. Since the CSF transformation from jj-coupling to LSJ-coupling is identical to the
transformation from LSJ-coupling to jj-coupling, for simplicity, we will focus on the latter.
In the most general case, the CSF in LS J-coupling can be written as

|’)/ LS]P> = ((((llwloqusl, l;’zﬂchzsz)LuS]z, l;”3043L353)L1235123) .. ) LS]> (13)

As we can see from Equation (13), the shells are consistently coupled separately in the
I and s spaces into the resulting angular momenta L and S, respectively. These latter
momenta are finally coupled into a total angular momentum J. We also see that when
angular momenta are coupled, intermediate resulting angular momentum arise. For ex-
ample, when the angular momentum L; of the first shell in the / space is coupled with the
angular momentum L, of the second shell, we obtain an intermediate angular momen-
tum L1p. The same thing happens when other shells are coupled in both I and s spaces.
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This coupling of angular momentum is performed according to the theory of angular
momentum [10,11,16-19] by summing the product of Clebsch-Gordan coefficients together
with the product of the functions of individual shells according to the corresponding
magnetic quantum numbers. This can be represented graphically [2] using the graphi-
cal method of momentum [16-18,20-22]. In Figure 1, based on the method in [18], nodes
Psy, Ps3, Psy, ..., Psy, Prp,Pr3, Pra, ..., and Pp, represent this LSJ-coupling for the CSF
(Equation (13)).

Ps, Sip Pss 8153 Pss §1p5y Psy

PIl h P]Z J12 PI3 J123 . PI4 J1234 . P]u

A-:fb A% AY A

Figure 1. Diagram representing the transformation matrix for the CSF transformation from LS]-
coupling to J[-coupling, and vice versa.

In Figure 1, we can see that first, the angular momenta L and S; of the first two shells
are coupled into the intermediate resulting momenta L1, and Si, respectively (see nodes
P15 and Psy). These are then coupled with the momenta Lz and S3 of the third shell to form
the intermediate resulting angular momenta Liy3 and Sip3. This is done for all existing
open shells in the CSE, as it is for the CSF from Equation (13). In the case shown in our
Figure 1, we proceed up to the last shell (see nodes Py, and Ps,,), where momenta Ly ;1
and Sy, ;1 are coupled into momenta L, and S, respectively, to form the final angular
momenta L and S. The latter are coupled into the final momentum | (see point Prgsy in
the figure).

Meanwhile, we want to have the CSF in the jj-coupling, i.e., in the following form:

lvIP) = |((((((11 vi]1, 14 Vi) 1 vaJ) i 1o tzfz)hz I3 173}3)]{2& I3 v3J3)is-.) T ).

_ZTU1 i +(101—i11) + _Z;)z _ +(102—1112> + _1213 +(ZU3—ZTU3) +
(14)

To perform a complete CSF transformation from LSJ-coupling (Equation (13)) to
jj-coupling (Equation (14)), one needs to perform the following:

1.  Couple the L; and S; momenta of each shell into the intermediate J; angular momen-
tum, and then sequentially couple the intermediate J; momentum of the shells into
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the final | angular momentum. In this case, the LS J-coupling is still valid within each
shell. This coupling is called a JJ-coupling (see (10) and Table 1 from [8]). At this
stage of the transformation, the transformation matrix in Figure 1 must be computed.
We can see from Figure 1 that we couple the momenta L; and S; of the first shell into
J1 at the node Pj;, we couple L, and S of the second shell into ], at the node Prsy,
and so on, until the last shell #, when angular momenta L, and S, are coupled into J,
at the node Prg,. After this, all the intermediate angular momenta of the shells in j
space are consistently coupled into the final momentum | of the CSF at the nodes Py,
PI3’ ceey and PIu~

Perform the transformation within the shell from the LS]-coupling to the jj-coupling.
As aresult, the shell with angular momentum J; is split into two subshells with angular

momenta J; and i-, respectively. We have already described this transformation in
Section 3 and will not return to it here because, in the general case for a CSF with any
number of shells, this transformation is performed in the same way as described in
Section 3.

Finally, transform the angular momenta from the J[-coupling scheme into the desired

- +
jj-coupling scheme, where the subshell angular momenta J; and J;, already defined
in the second stage, are coupled into the shell momentum J;, which is already in the
JJ-coupling scheme and was obtained in the first stage.

Now let us discuss stages 1 and 3 in more detail:

In the first stage, as we mentioned earlier, we need to compute the transformation
matrix shown in Figure 1. It is expressed as the product of Clebsch—-Gordan coeffi-
cients and shell wave functions, with summation over magnetic quantum numbers.
The summation can be performed by directly summing the product. However, it is
much more efficient to find an algebraic expression for the transformation matrix that
does not depend on the quantum numbers. This expression makes it easier and faster
to find the values of the transposition matrix, especially when the CSF has several
open shells, especially when it has an nf* open shell.

Using the momentum theory [18], it is possible to derive this algebraic expression for
the transposition matrix shown in Figure 1. This is done using the rules of graphic
techniques presented in [18]. With their help, this diagram can be simplified by cutting
it over three angular momentum lines: J1p, L12, and S12; J123, L123, and S123; J1234,
L1234, and S1234; .. .; J12..u—1, L12..u—1, and Sq12..,,—1. As we can see, there are the same
u — 2 cuts, where u is the number of open layers in CSF. For example, if the CSF
consists of three open shells, there will be one such cut, and the diagram shown in
Figure 1 can be expressed by two A diagrams shown in Figure 2.

It should be noted that in the most general case, when there are u open shells, the trans-
formation diagram splits into a product of A diagrams, consisting of u — 1 A diagrams,
all of which are topologically equivalent, with only the line notations differing. Thus,
given the algebraic expression of diagram A from Figure 2, it is possible to determine
the algebraic expression of the transformation matrix shown in Figure 1. Using the
graphical Jucys-Bandzaitis’ method, it is easy to obtain this expression for diagram A,

which is
Li S h
A=1/lLi,S12. Ji, ]S Lo S22 Jo - (15)
Lo S12 Ji2

Similarly, using other angular momentum graphical methods [16,17,20-22], we can ob-
tain the same (Equation (15)) algebraic expression for the transformation matrix shown
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in Figure 2. For example, by redrawing diagram A accordingly, we can obtain a dia-
gram that is topologically equivalent to diagram (5.3.2) in [20] and proportional to the
9j-coefficient. This is exactly what was done using the Jucys-Bandzaitis” method [18]
to obtain expression (Equation (15)).

In this third step, we need to learn how to compute the transposition matrix shown in
Figure 3.

The nodes Pjq, Py, .. ., Pj, in this diagram correspond to the nodes Py, Py, ..., Py,
in Figure 1. In these diagrams, they correspond to the same shell coupling, which
is as it should be. In these diagrams, they correspond to the same shell coupling,
as they should. Meanwhile, nodes Pjj1, Pjjz, - - ., Pjj, represent the angular momentum
couplings we need, i.e., jj-coupling, when shells are divided into subshells. Nodes
Pj1, ..., Py, describe the coupling of subshells into common angular momentum
values Ji, ..., Ju, respectively, or, in our case, when analyzing the transformation from
LSJ-coupling to jj-coupling, these nodes distribute the shells” angular momentum

Ji into the angular momenta J; and J]r,» of the two corresponding subshells. This
transformation diagram can also be simplified using the Jucys-Bandzaitis” graphical
technique [18]. According to it, first we cut the diagram via two lines [; (at node PJ1)
and J1 (at node Pjj1). Such line cutting leads to a non-zero value in the transformation
matrix only when the values of these two lines coincide. Therefore, for simplicity,
they have the same designation in the diagram from Figure 3. Similarly, in the
remaining parts of the diagram where it is possible to cut the diagram via two lines,
we will use the same principle that the lines will have the same marking. The latter
cutting of the lines in the diagram at points Pj; and Pjj; forms a triangular delta

-+
IWEVEED ]1) , similar to other graphical methods for angular momentum [16,17,20-22]

(see, e.g., (4.3.3) from [20]). Continuing to examine the remaining diagram from left to
right, we see that the next possible cut in the diagram via two lines is a cut via the |,
(at node Pjz) and J> (at node Pjj») lines. This part of the diagram, cut according to the
graphical technique [18], is represented by diagram B, which is shown in Figure 4.
There may be additional such diagram cuts, depending on the number of open layers
in the CSE. Therefore, we cut the diagram using the same principle until we reach
the points Py, Pyj,, and Pjj, in the diagram. Each such cut, with the remaining part
of the diagram after the last cut, when the cut is made via the lines J1, ;1 (at node
Pp,) and J13.., -1 (at node Pjjy), leads to diagram B in Figure 4. Thus, we see that the
transformation diagram in Figure 4 decomposes into a product of # — 1 B diagrams.
Using Jucys—-Bandzaitis” graphical technique [18], we find that diagram B has the
following algebraic expression:

_ . -+
B — (_1)]1+Iz+]z+hz U2' ]{2]{ Jo Jo |2 } (16)
Ju

Similarly, using other angular momentum graphical methods [16,17,20-22], we can
obtain the same (Equation (16)) algebraic expression for the transformation matrix
shown in Figure 4. For example, diagram (5.2.3) shown in [20] is topologically equiva-
lent to diagram B shown in Figure 4. Both diagrams correspond to the 6j-coefficient.
However, because Jucys-Bandziatis” technique graphically [18] represents Clebsch—
Gordan coefficients, whereas El Bas—Castel [20] represents Wigner 3 coefficients,
there are differences in phase and multipliers between these graphical representations.
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Figure 2. Diagram A, which appears when simplifying the transformation matrix shown in Figure 1.

Pp o,

ijl 1 P]'iz I{z 1)]']'3 112_: P, I{z,,,u P;;

s(nin) X B Y B !

Figure 3. Diagram representing the transformation matrix for CSF transformation from JJ-coupling
to jj-coupling, and vice versa.

Ji2
B

Figure 4. Diagram B, which appears when simplifying the transformation matrix shown in Figure 3.

Thus, taking into account the considerations presented in Section 3 regarding the
transformation from LSJ-coupling to jj-coupling or from jj-coupling to LS]-coupling in
the case of a single open shell in the CSF, and what we have discussed above in this section,
for any number of open shells in the CSF, we obtain the following algebraic expression
for the final transformation from LS]-coupling to jj-coupling or from jj-coupling to LS]-
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- |

_wi

<((((((11 viJi, Iy

coupling in the most general case, which allows us to change the coupling scheme for the
CSF with an arbitrary number of shells:

flwr—wr) 4 _wy pwr—wa) _wy_ p(ws—ws)

viJ1)h Lo val2)fia 1o ;212)]12 I3 v3]3)]ias 13 v3J3)fi23...) ]

‘((((llwll’élhsb 1, 205L252)L12S12, 132 a3L353) L1235123) - - -) L5]>

Sl w : JitTi+hia+h
(Ih vi]y, 1q viJ )R aalySy gy ) | [ (—1)/ i \/U{zmizIl...iflle...i/Sl.A.i]
i=2
- + L1 St.i-1 ot o ) ‘
‘ { Ji Ji ,]’ } L; Si Ji <(li vili 1 vi [ )il I LS L‘>- (17)
Jii Tin T L Sy I

Here we see a u-pair product, where each pair consists of 6j-coefficients, 9j-coefficients and a
jj—LS transformation matrix for the shell of equal electrons (Equation (12)) that changes the
interaction within the shell. The 9j-coefficient comes from the transformation matrix shown
in Figure 1 and is graphically represented by diagram A (see Figure 2). The 6;-coefficient
comes from the transformation matrix shown in Figure 3 and is graphically represented
by diagram B (see Figure 4). The last coefficient is related to the jj—LS transformation
matrix for the shell of equal electrons, which changes the coupling within the shell, and is
described in Section 3. As we can see, another such jj—LS transformation matrix for the
shell of equal electrons (Equation (12)) appears before the multiplication sign for the first
shell because the 6j- and 9j-coefficients appear only when the number of open shells is two
or more.

In the case of a single open shell, the expression (Equation (17)) becomes the transfor-
mation matrix given in Equations (10) and (11). As we can see, Equation (17) is suitable for
both the CSF transformation from jj-coupling to LS]-coupling and from LSJ-coupling to
jj-coupling.

In the case of two open shells, the expression is also simple. In this case, Equation (17)
is reduced to an expression in which we have one 6j-coefficient and one 9j-coefficient and
two jj—LS transformation matrices for the shell of equal electrons. This expression is the
same as (21) from [12].

5. Implementation of the Methodology in Programs

There are several programs [7,8,23,24] based on the methodology presented in the
paper. The RACAH VI program [23] is written in the MAPLE programming language and is
designed to perform various manipulations of algebraic formulas within the framework of
atomic theory and to perform simple calculations for atoms or ions with one or two open
shells in the CSF in terms of LS J-coupling. In this case, the program uses simple formulas
(Equation (11), as well as (21) from [12]). This program can also serve as an electronic table
of jj—LS transformation matrix for the shell of equal electrons, allowing us to quickly and
easily obtain the desired values for these coefficients. This is particularly important when
searching for a transformation matrix for 7 shell because there are a very large number of
these coefficients. For example, in the case of nf 6 we have 9393 such coefficients, of which
7313 are non-zero.

The COUPLING program [8] is written in the Fortran programming language. It is
designed to determine the optimal ASF coupling when ASF is obtained using the CI,
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MCHD, RCI, and MCDF methods. The program is limited to one- and two-shell systems in
terms of LS]-coupling, and thus, it is written based on Equation (11) and (21) from [12].

Programs [7,24] are written in the FORTRAN programming language and are intended
for large-scale calculations. Therefore, they use Equation (17). These two programs are
compatible with the ATSP [4] and GRASP [5,6] software packages and libraries 1ibang77 [25]
and 1ibrang90 [26],i.e., they use jj—LS transformation matrix for the shell of equal electrons
that are compatible with the CFP coefficients [12,15] available in these programs and
libraries. We would also like to note that program Jj2LSJ [7] is one of the few existing
programs that integrates the ATSP and GRASP computer packages. With the help of the
JJ2LS] program, it is possible to convert the ASF expansion coefficients obtained from
calculations in relativistic atomic theory with GRASP (from GRASP output files <name>.m
or <name>.cm and <name>.c) to expansion coefficients corresponding to non-relativistic
atomic theory (to ATSP output files <name>.c and <name>.j), and to convert the ASF
from LSJ-coupling (from ATSP output files <name>. ¢ and <name>. j) to jj-coupling (to file
<name>. jj.1lbl) with the program COUPLING [8].

As we can see from the theory described above, these programs [7,24] perform calcu-
lations in the following order:

1.  Thenecessary and complete CSF list in the LS]-coupling scheme based on the existing
CSF list in the jj-coupling is generated, and this corresponds to the operation of such
programs as GENCL [27] or LSGEN [28].

2.  Transformation matrices are computed using a general expression (Equation (17)),
with calculations that are partly reminiscent of spin-angular integration in the ATSP
(either in NONH [29] or BREIT [30] or MLTPOL [31]) and GRASP (either in GENMCP [32]
or MCP [33] or RANGULAR [5,6]) packages.

3. The expansion coefficients a;; from Equation (3) for ASF are found in the LS]-coupling
according to Equation (6), which partially corresponds to the calculation of atomic
characteristics, such as transition characteristics, using the LSTR and LSJTR pro-
grams [34].

Therefore, at first glance, this transformation seems to be a simple task. However, as we
can see, the ASF transformation from jj-coupling to LSJ-coupling splits into three types of
tasks, similar to those performed by three different program types in the ATSP or GRASP
packages. With this in mind, and considering that a large number of L5—jj transformation
matrices for the shell of equal electrons are used to transform the 1 f* shell, the operation
of programs [7,24] may sometimes require more computing time.

The most suitable program for transformation of the ASF from jj-coupling to LS]-
coupling in atomic theory is JJ2Ls] [7]. The program JJ2LS] is maximally optimized in terms
of the algorithm. The computational complexity of the JJ2LsJ algorithm does not depend
on the number of open shells because it is based on an algebraic expression whose form is
not affected by the number of open shells. The methodology presented in the paper is both
attractive and easy to implement in code. The program’s calculation speed depends on the
specifics of the task being computed. The program computation time mostly depends on
the number of open shells in the CSF and the type of shells in the CSF, i.e., the speed is
particularly slowed when an open f shell has occupation numbers 6, 7, or 8. In this case,
such a transformation can take longer than when the CSF consists of more open shells
but does not include an open f shell. In addition, to speed up calculations performed
only for level identification in LS]-coupling, when the program’s default option is used,
only a partial ASF transformation is performed, transforming only CSFs with the highest
expansion coefficients. The complete ASF transformation is performed only upon the user’s
specific request. Naturally, in this case, the program’s operation is extended.
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772Ls] [7] is an open source program. Since it is integrated into the GRASP2018 com-
puter package, it is available on GitHub in the GRASP2018 repositories. The author is not
aware of an existing analogous JJ2LSJ [7] programs that would perform an ASF transforma-
tion in the most general case where the CSF consists of any number of open shells.

6. Conclusions

The developed methodology allows us to transform the atomic state function, which
consists of any number of configuration state functions, each with any number of open
shells, from jj-coupling to LS/-coupling, and vice versa. This methodology has been
implemented in several programs, including JJ2LsJ, which is suitable for large-scale calcu-
lations. JJ2LS] can be used with any software package based on jj-coupling that uses CFPs
matched to the LS-jj transformation matrices for the shell of equal electrons, as proposed
in this paper.
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Abbreviations

The following abbreviations are used in this manuscript:

ATSP ATomic-Structure Package

GRASP General Relativistic Atomic Structure Package
ASF Atomic state function

CSF Configuration state function

MCHF Multiconfiguration Hartree-Fock
MCDHF  Multiconfiguration Dirac-Hartree-Fock

CI Configuration interaction
RCI Relativistic configuration interaction
CFP Coefficients of fractional parentage
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