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1. GRASP for Atomic Physics
1.1. Relativistic vs. Non-Relativistic Calculations

The General Relativistic Atomic Structure Package (GRASP) is based on the fully relativistic (four-component) multicon-
figuration Dirac-Hartree-Fock (MCDHF) method and is suitable for medium to heavy atomic systems. For light and
near neutral systems, where relativistic effects often (though not always) are comparatively small, the ATSP2K Atomic
Structure Package [1], based on the non-relativistic multiconfiguration Hartree-Fock (MCHF) method with Breit-Pauli
(BP) relativistic corrections, may be a better choice. The MCHE-BP method allows LS symmetries to be used, which often
makes it possible to include more electron correlation. In addition, semi-empirical fine-tuning of the energies can be done,
that leads to more accurate results, especially in cases with closely degenerate states. ATSP2K and the corresponding
manual can be downloaded from GitHub: https://github.com/compas, accessed on 5 November 2022.

1.2. Features of the Package

The first GRASP manual, distributed in 1980, described how a deck of cards needed to be assembled and submitted with
the program deck that computed both the wave function and, say, a transition probability. Wave function expansions were
just a few configuration state functions (CSFs). Its successor, GRASP92 was quite different. It divided the problem into
stages so that all resources available could be used at every stage, and intermediate results were stored. The basic strategy
was similar to that of ATSP2K, thereby it became a package rather than a single program. In time, the typical expansion
size of a wave function has increased from 100-1000 to 5-50 millions today. What we are describing is the current version
that still is evolving. This GRASP, like its predecessors, is based on the MCDHF method; see [2,3] for an account of the
general theory. The package consists of a number of application programs and tools to compute approximate relativistic
wave functions, from which atomic properties such as energy levels, hyperfine structures, Landé g;-factors, isotope
shifts, interactions with external fields, angular couplings for labeling purposes, radial electron density functions and
transition energies and transition probabilities for many-electron atomic systems can be computed. There are also some
graphical utilities. The application programs and tools, along with the underlying theory, are described in the original
write-ups [4-16]. The present manual updates the previous version (GRASP2018[4]), to include also the most recent
application programs. For convenience, the theory, as it applies to all the programs described in this manual, is presented
in the accompanying paper [17] in the present Special Issue. The manual and the accompanying theory paper (or TP for
short) go hand in hand, and we will refer to the latter in the coming sections. Using GRASP, research into highly accurate
transition energies and transition rates as well as detailed electron nucleus interactions becomes feasible for a wide range
of atomic systems.

The main features of the package are as follows:

1. There are efficient and easy to use programs to generate lists of CSFs that capture different electron correlation
effects. The concepts of CSFs and electron correlation are discussed in TP Sections 2.4 and 4.

2. The interaction matrix, see TP Sections 2.2 and 2.8, is considered to be a series of sparse non-interacting blocks of
given parity and | value, with selected eigenvalues and eigenvectors determined from each. For a description of the
sparse Davidson eigenvalues library module, see [18].

3.  Spin-angular integrations are based on second quantization in the coupled tensorial form, angular momentum theory
in three spaces (orbital, spin and quasi-spin), and a generalized graphical technique. The theoretical background
can be found in [19-21] as well as in TP Section 2. The spin-angular library is fully documented by Gaigalas [22] in
the present Special Issue.

4. Wave functions in jj-coupling can be transformed to a basis of LS]-coupled CSFs, see [23-26] and TP Section 2.9.
Labels in LS J-coupling are used by several programs in the package.
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5. Wave function in jj-coupling can be transformed to a basis of several other, e.g., JK, LK, coupling schemes CSFs,
see [14]. Labels in different coupling schemes are used by many programs in the package.

6. Separately optimized initial and final state wave functions can be used to compute transition rates. The non-
orthogonality between initial and final state radial orbitals is handled by an efficient biorthonormal transformation
technique. The computation of transition rates and the use of transformation techniques are described in TP Section
3.5, see also [27].

7. The interaction between the electrons and extended and deformed nuclei can be described in a model independent
way. The background assumptions are given in [12] as well as in TP Section 3.3.

8. MPI codes for parallel processing are available for the most time-consuming programs of the package.

9. Zero- and first-order perturbative methods can be used to handle large CSF expansions; see [2,28] and TP Section
2.8.

1.3. Downloading and Installing GRASP

GRASP is a series of libraries, application programs and tools written in Fortran 95 and adapted to run in parallel under
MPI, a language-independent communication protocol. In addition, there are GNU Octave and Matlab M-files for
graphical purposes. GRASP can be downloaded from GitHub: https:/ /github.com/compas, accessed on 5 November
2022. The downloaded package contains the following directories:

bin directory where, after compilation, the executables reside
lib directory where, after compilation, the static library archives reside
src directory with the subdirectories appl, containing the source code

for the application programs, 1ib, containing the source code for the
libraries and tool, containing the source code for the tools.
grasptest directory containing scripts for all the test runs and examples in this manual

The package can be installed using CMake, that generates the necessary build files for either the GNU gfortran or Intel
(ifort or ifx) compilers. For backward compatibility, the package can also be installed by running a pre-defined makefile.
Detailed instructions can be found on GitHub: https://github.com/compas, accessed on 5 November 2022. Upon
successful installation the following 6 static library files, where the suffix . a stands for archive, should appear in the 1ib
directory

1ib9290.a 1ibmcp90.a libmpiu90.a 1ibdvd90.a 1libmod.a librang90.a

The following 25 executable application programs should be found in the bin directory, where the extension _mpi
indicates that the executable can be run in parallel under MPI

hf jj21sj jjgen rangular rangular_mpi
rbiotransform rbiotransform _mpi rci rci_mpi rcsfgenerate
rcsfinteract rcsfzerofirst rdensity rhfs hfszeeman95
ris4 rmcdhf rmcdhf_mem rmcdhf_mpi rmcdhf_mem_mpi
rnucleus rtransition rtransition_mpi rtransition_phase rwfnestimate

The following 24 executable tools should also be found in the bin directory.

rasfsplit rcsfblock rcsfmr rcsfsplit rhfs_1sj
rlevelseV rlevels rmixaccumulate rmixextract rseqgenergy
rseqghfs rseqtrans rtabhfs rtablevels rtabtransl
rtabtrans2 rtabtransEl rwfnmchfmcdf rwfnplot rwfnrelabel
rwfnrotate rwfntotxt winplot fical

In addition, there are 4 script files

lscomp.pl mithit rsave rwfnpyplot
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The use of each of the application programs, tools, and script files will be discussed in the following sections.

The Coupling program, that is used to find the optimal coupling schemes, can be downloaded from
https://github.com/compas/coupling, accessed on 5 November 2022. In this manual, we assume that the Coupling
program has been installed and that the corresponding binary file is on the path.

1.4. Changing Parameters in the Package

The application programs are written in terms of some basic parameters. Most, but not all, are set in the directory
GRASP2018/src/1ib/libmod and can be changed by editing the file parameter_def_M.£90. These include parameters
that define the grid, see TP Section 2.2. Often changes are with respect to the location of the first point away from the
origin, defined in terms of a variable RNT that changes the number of points of the grid. The above installation sets the
maximum number of grid points NNNP for representing the radial parts of the one-electron orbitals to the default value
NNNP=590. This default value works fine in most cases. For heavy or super heavy elements, it is sometimes necessary
to extend the number of grid points. Another parameter defining the grid is the step-size H. Reducing this parameter
would improve the numerical accuracy of the calculations but, at the same time, might require an increase of the number
of grid-points. To install the program with an extended grid, start by deleting the old executables and libraries in the
GRASP2018/bin and GRASP2018/1ib directories by issuing the make clean command in the GRASP2018/src directory
and change the number of grid points from NNNP=590 to a larger value, say NNNP=1990. At the same time, set NNN1=2000
(NNN1 = NNNP + 10). Recompile all the package. After recompilation, all programs and tools in the GRASP2018/bin
directory will be based on the extended grid. Unless explicitly stated, all examples in this guide are based on programs
with the default grid NNNP=590. In Section 13.5, however, we have a specific example with an extended grid.

The rci programs (including the MPI version) have a parameter NINCOR that decides whether the eigenvalue problem
stores the interaction matrix in memory or on disk, in terms of the memory requirement for all the non-zero matrix
elements. This parameter has been increased to the number of double precision matrix elements that can be stored in 2
Gigabytes of memory. For the MPI version, this is a memory requirement per CPU. Another parameter is IOLPCK that
determines whether matrices are stored in a sparse format and solved by the Davidson method or are small enough to be
stored in the dense, symmetric matrix format and eigenvalues computed using a Lapack routine. This parameter is set to
2000. Both parameters can be modified by the user.

1.5. Citing the Package

Developing computational methods and programs is challenging, often requiring intensive effort. The work needs to be
properly acknowledged and quoted in order to be continued.

1. Users of the current package should quote the most recent publication :
C. Froese Fischer, G. Gaigalas, P. Jonsson and J. Bierori
GRASP 2018 - A Fortran 95 version of the General Relativistic Atomic Structure Package
Comput. Phys. Commun. 237, 184-187 (2019)
https://doi.org/10.1016/j.cpc.2018.10.032 , accessed on 5 November 2022.

2. Inaddition, when applicable, users of ris4 should quote it as:
J. Ekman, P. Jonsson, M. Godefroid, C. Nazé, G. Gaigalas and ]. Bieror
RIS 4: A program for relativistic isotope shift calculations
Comput. Phys. Commun. 235, 433-446 (2019)
https:/ /doi.org/10.1016/j.cpc.2018.08.017 , accessed on 5 November 2022.

3. Users of COUPLING should quote it as:
G. Gaigalas
Coupling: The program for searching optimal coupling scheme in atomic theory
Comput. Phys. Commun. 247, 106960 (2020)
https://doi.org/10.1016/j.cpc.2019.106960, accessed on 5 November 2022.

4. Users of HFSZEEMANY5 should quote it as:
W. Li, J. Grumer, T. Brage and P. Jonsson
HFSZEEMAN95 — A program for computing weak and intermediate magnetic-field- and hyperfine-induced transi-
tion rates
Comput. Phys. Commun. 253, 107211 (2020)
https://doi.org/10.1016/j.cpc.2020.107211, accessed on 5 November 2022.
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https://doi.org/10.1016/j.cpc.2019.106960
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5. Users of RDENSITY should quote it as:
S. Schiffmann, J.G. Li, ] Ekman, G. Gaigalas, M. Godefroid, P. Jonsson and J. Bieron
Relativistic radial electron density functions and natural orbitals from GRASP2018
Comput. Phys. Commun. 278, 108403 (2022)
https://doi.org/10.1016/j.cpc.2022.108403, accessed on 5 November 2022.

1.6. Reporting Errors

The programs and tools have been extensively tested and used, but as new calculations are tried, errors may be
encountered. If you, the user of the program package, have reasons to believe that there is an error somewhere in the
package, please send an email to one of the authors specifying the case that resulted in the error. Additionally, if there are
sections in this manual that are unclear, please let us know. Better yet, if you find the needed correction, let us know so
that others may benefit as well.

2. Package Structure and File Flow
2.1. Program Naming Conventions

In multiconfiguration calculations, the wave function for an atomic state is approximated by an atomic state function
(ASF). The ASF, in turn, is given as an expansion over CSFs

Ncsr

F]M]ﬂ Z CIX r)/lX]M]T[) (1)

Here {7, } denote the configurations together with the angular coupling trees, 77 is parity, | is the total angular quantum
number, and {cl} are the expansion (mixing) coefficients. The CSFs are given as coupled anti-symmetric products of

one-electron orbitals
1 ( Puxc (1) Qum (0, @) ) @)
i an( ) Q*Km(el §0) !

where the radial parts of the orbitals (the radial wave functions) P(nx;r), Q(nx;r) are numerically represented on a grid,
see TP Sections 2.1, 2.2 and 2.4 for a description of the CSFs and their construction. (In the guide the three terms radial
orbital, radial part of the orbital, and radial wave function will be used intermixed meaning the same thing. Sometimes
we will also loosely speak about the orbitals, meaning the radial parts of the orbitals.)

Yuem (1,0, @) =

Given this description, we identify three main concepts:

e  lists of CSFs defining the ASFs
*  mixing coefficients
e radial parts of orbitals (radial wave functions)

These concepts provide the basis for the program naming conventions: programs generating or manipulating lists of
CSFs have names starting with rcsf, programs generating or manipulating mixing coefficients have names starting with
rmix, programs generating or manipulating the radial parts of the orbitals (radial wave functions) have names starting
with rwfn. Other programs are named according to the atomic properties they compute. There are also a number of
programs that produce output tables in LaTeX format. These programs all have names starting with rtab. Finally, there
are programs that create GNU Octave and Matlab M-files for plotting properties along iso-electronic sequences. These
programs have names starting with rseq.

2.2. Application Programs and Tools

Below is a partial list of programs in the package. The extension _mpi indicates that the program can be run in parallel
under MPI:

1.  rnucleus — define nuclear data, including magnetic dipole and electric quadrupole moments, see TP Section 2.3
2. Routines that generate and manipulate lists of CSFs, see TP Section 4:

(@) rcsfgenerate — generate a list of CSFs using rules for excitations.

(b) jjgen — generate a list of CSFs. More general than rcsfgenerate, but more involved to run.

(©) rcsfinteract — reduce a list of CSFs by retaining only CSFs that interact with CSFs of a reference list.

(d) rcsfsplit — split a list of CSFs into a number of lists with CSFs that can be formed from different sets of
active orbitals.
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https://doi.org/10.1016/j.cpc.2022.108403
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b

10.

11.
12.

13.

14.

(e) rcsfzerofirst — rearrange a list of CSFs in such a way that the most important CSFs are listed at the
beginning, defining the zero-order space, and the less important are listed at the end, defining the first-order
space, see TP Section 2.8.

rangular, rangular_mpi — perform angular integration and compute angular coefficients, see TP Section 2.6.
rufnestimate — estimate the radial parts of the orbitals (radial wave functions), see TP Section 2.7.

rmcdhf_mem, rmcdhf, rmcdhf_mem_mpi, rmcdhf_mpi — determine radial parts of the orbitals and mixing coef-
ficients of the CSFs in a relativistic self-consistent-field (SCF) procedure, see TP Section 2.7. The extension _mem
indicates that all angular data are kept in core and are not read from disk. rmcdhf_mem and rmcdhf_mem_mpi are the
preferred programs when enough RAM is available. Wave functions from these programs are referred to as rmcdhf
wave functions.

rci, rci_mpi — perform relativistic configuration interaction (rci) calculation with transverse photon (Breit)
interaction and vacuum polarization and self-energy (QED) corrections, see TP Sections 2.3 and 2.8. Wave functions
from these programs are referred to as rci wave functions.

jj2lsj — a program for converting a portion of the wave function expansion in jj-coupled CSFs to a basis of
LSJ-coupled CSFs for labeling purposes, see [23-26] and TP Section 2.9. Includes a feature to provide unique labels
for all the considered states.

Coupling — a program for searching the optimal coupling scheme, see [14].

Programs for computing transition probabilities,

@) rbiotransform, rbiotransform_mpi — perform biorthonormal transformations of wave functions, see TP
Section 3.5.

(b) rtransition, rtransition_phase, rtransition_mpi-— compute transition properties from transformed wave
functions, see TP, Sections 3.5 and 3.6. The extension _phase indicates that the program outputs additional
phase information needed by the mithit program. If the jj21sj program has been run, the labels of the
states in the output files are in LS J-coupling. If the Coupling program has been run, the levels of the states in
the output files can be presented in other coupling schemes.

rhfs — compute diagonal and off-diagonal hyperfine interaction constants and Landé gj-factors, see [8] and
TP Sections 3.1 and 3.2.

ris4 — compute isotope shift and detailed electron and nucleus interactions, see [12] and TP Section 3.3.
hfszeeman95 — compute reduced matrix elements for magnetic interactions as well as for hyperfine interactions,
see [11] and TP Section 3.2.

mithit — compute, given reduced matrix elements from hfszeeman95, and plot Zeeman splittings of fine- and
hyperfine levels as functions of the magnetic field. Compute transition rates between magnetic fine- and hyperfine
structure substates in the presence of an external magnetic field and the rates of hyperfine induced transitions in the
field-free limit. Synthesizes spectral profiles, see [11] and TP Section 3.6.

rdensity — compute the radial electron density function and transform to natural orbitals, see [16] and TP
Section 3.4.

A number of generally short programs have been developed as tools to facilitate computational procedures.

1.
2.

10.

rmixaccumulate — accumulate CSFs corresponding to a specified fraction of the total wave function.
rmixextract — extractand print the numerical values of the expansion coefficients above a cut-off value along
with the corresponding CSFs, in descending order of magnitude, if requested.

rcsfmr — analyse the wave function expansion in LS]-coupled CSFs and determine a multireference (MR).

hf — perform a non-relativistic Hartree—Fock (HF) calculation to produce a radial wave function file wfn.out. The
file wfn. out should be copied to wfn. inp for further processing by rwfnmchfmcdf.

rwfnmchfmedf — convert a non-relativistic Hartree—Fock radial wave function file, wfn.inp, to a GRASP radial wave
function file, rwfn. out, that can be used with rwfnestimate.

rwfntotxt — write radial wave functions in binary format to a text file.

rwfnpyplot — Python script to plot radial wave functions from files produced by rufntotxt.

rwfnplot — extract radial wave functions from a radial wave function file and generate a GNU Octave/Matlab
M-file that plots the radial wave functions as functions of /7 or .

wfnplot — extract radial wave functions from the non-relativistic radial wave function file as produced by the hf
program and generate a GNU Octave/Matlab M-file that plots the radial wave functions as functions of /7 or r.
rwfnrotate — a routine that rotates radial orbitals, useful for debugging purposes.
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11.

12.

13.
14.
15.
1e.
17.
18.
19.
20.
21.
22.
23.

24.
25.

rlevels — list the levels in a series of mixing files, in the order of increasing energy and report levels in cm !

relative to the lowest. If the jj21sj program has been run, the levels are given in LSJ-coupling notation. If the
Coupling program has been run, the levels are given in other coupling schemes, as determined by the user.
rlevelseV — list the levels in a series of mixing files, in the order of increasing energy and report levels in eV
relative to the lowest. If the program jj21sj has been run, the levels are given in LSJ-coupling notation. If the
program Coupling has been run, the levels are given in other coupling schemes.

rtablevels — produce LaTeX and ASCII tables of energies from energy files produced by rlevels.

1scomp.pl — perl script to produce LaTeX tables with LS| composition and energies from energy files rlevels.
rtabtransEl — produce LaTeX and ASCII tables of transition parameters from files produced by rtransition (E1
transitions only).

rtabtransl and rtabtrans2 — produce LaTeX tables of transition parameters and lifetimes from files produced by
rtransition.

rhfs_lsj — give the output from the rhfs program in LS]-coupling notation.

rtabhfs — produce LaTeX tables of hyperfine interaction constants.

rseqenergy — produce GNU Octave/Matlab M-files that plot energies as functions of Z along an iso-electronic
sequence.

rseghfs — produce GNU Octave/Matlab M-files that plot hyperfine interaction constants and Landé g;-factors as
functions of Z along an iso-electronic sequence.

rseqtrans — produce GNU Octave/Matlab M-files that plot transition parameters as functions of Z along an
iso-electronic sequence.

rsave — a script file such that the command rsave name copies rwfn.out to name.w and rcsf.inp to name.c and
moves rmix.out to name.m, rmcdhf . sum to name . sum, rangular.log to name.alog and rmcdhf . log to name. log.
rasfsplit — splits the files defining a number of ASFs of different symmetry blocks (J and parity) into groups of
files, one for each symmetry block.

rcsfblock — splits the list produced by j jgen into block-form.

fical — an auxiliary program that computes frequency isotope shifts given the output from ris4 and supplied
nuclear data.

2.3. File Naming Convention, Program, and Data Flow

The passing of information between different programs is done through files. This process is greatly simplified by a file
naming convention. GRASP uses a convention similar to the one for ATSP2K [1]: a name is associated with the results from
a calculation, and an extension defines the content and format of a file. Thus, the file name becomes name . extension.
Common extensions are listed in Table 1. The tool rsave makes use of these default extensions to save the output files
from an rmcdhf calculation. Most programs produce a file that keeps a record of the input data. This file is called a log-file.

To perform a calculation, a number of programs need to be run in a predetermined sequence. Figure 1 shows a typical
sequence of program calls to compute wave functions and different expectation values. The resulting flow of files is
displayed in Figure 2.
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Table 1. Common file extensions.

Extension Type of file
c List of CSFs.
W Binary file of radial wave functions.
m Binary file of expansion or mixing coefficients produced by rmcdhf.
sum File containing information from an rmcdhf run.
cm Binary file of mixing coefficients produced by rci.
csum File containing information from an rci run.
bw A .v file after biorthonormal transformation using rbiotransform.
bm A .mfile after biorthonormal transformation using rbiotransform.
cbm A . cn file after biorthonormal transformation using rbiotransform.
1sj.1bl File containing composition of wave functions in LS]-coupling.
1sj.c File containing the list of full CSFs in LS]-coupling
(only after complete transformation from jj to LS]-couplings).
1sj.j File containing full set of composition of wave functions in LSJ-coupling
(only after complete transformation from jj to LS]-couplings).
uni.lsj.1lbl File containing composition of wave functions in LS]-coupling, but

uni.lsj.sum
coup*.AA.1bl
coup*.sum

t

t.1sj

ct
ct.lsj

h

ch
hoffd
choffd
ci

fi

cfi

nw
gjhfs

cgjhfs
zZm
czm

trans
mtrans

log

arranged to give unique labels of all states.

File containing information from a jj21sj run in case of unique
labels identification.

File containing composition of wave functions in AA-coupling.

AA characters denote the corresponding coupling schemes:

LS, jj, J], JK, LK, LScjj, LS3, LS]3, JK3, LK3, cLSjj3.

File containing information from a Coupling run.

Transition probability data from rmcdhf wave functions.

Transition probability data from rmcdhf wave functions. Labels in
optional coupling scheme, e.g., LS]-coupling.

Transition probability data from rci wave functions.

Transition probability data from rci wave functions. Labels in
optional coupling scheme, e.g., LS]-coupling.

Hyperfine constants and Landé g;-factors from rmcdhf wave functions.
Hyperfine constants and Landé g;-factors from rci wave functions.
Diagonal- and off-diagonal hyperfine constants and matrix elements
from rmcdhf wave functions.

Diagonal- and off-diagonal hyperfine constants and matrix elements
from rci wave functions.

Isotope shift data from rmcdhf wave functions.

Isotope shift data from rci wave functions.

Data from the program fical from rmcdhf wave functions.

Data from the program fical from rci wave functions.

Radial density distribution and function.

Binary file of radial parts of natural orbitals.

Reduced electronic hyperfine and magnetic matrix elements from
rmcdhf wave functions.

Reduced electronic hyperfine and magnetic matrix elements from
rci wave functions.

Energies and expansion coefficients of the magnetic sublevels from
rmcdhf wave functions.

Energies and expansion coefficients of the magnetic sublevels from
rci wave functions.

Transition probability data between the hyperfine structure states.
Transition probability data between the magnetic substates.
Synthetic spectra data.

Log-file that keeps a record of program input.
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rnucleus

\

rcsfgenerate

\

rcsfinteract

\

rangular

\

rwfnestimate

\

rmcdhf

rci

jj2lsj

\

Sequence of program calls to compute expectation values

Generation of nuclear data

Generation of list of CSFs based on rules for excitations

Reduction of a list to CSFs interacting with
the multireference (optional)

Angular integration

Initial estimates of radial orbitals

Self-consistent field procedure

Relativistic rci with optional transverse photon
(Breit) interaction and vacuum polarization and
self-energy (QED) corrections

Transform representation from jj- to LS]-coupling

Coupling Transform atomic state functions in different
coupling schemes (optional)
rbiotransform Biorthonormal transf. Eval. of expect. values
hfszeeman, rdensity
\
rtransition Eval. of transition rates

Figure 1. Typical sequence of program calls to compute expectation values and transition rates and

to obtain labels in different coupling schemes.
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Flow of files between different programs

rnucleus Output: isodata

\

rcsfgenerate

Output: rcsf.out, rcsfgenerate.log

\

rcsfinteract Input: rcsfmr.inp, rcsf.inp

Output: rcsf.out

rangular Input: rcsf.inp

Output: rangular.log, mcp.30, mcp.31, ...

\

rufnestimate  Input: isodata, rcsf.inp, optional radial wave function file(s)
Output: rwfn.inp

\
rmcdhf Input: isodata, rcsf.inp, rwfn. inp, mcp.30, mcp.31, ...
Output: rmix.out, rwfn.out, rmcdhf . sum, rmcdhf.log
Y Use rsave to move output files to name .m, name . w, name . sum, name . 1o
p g
rci Input: name. c, name.w
Output: name. cm, name . csum, name . clog, rci.res (restart file)
\
jj21sj Input: name.c, name. (c)m
Output: name.1sj.1bl, name.uni.1lsj.1bl (optional)
\
Coupling Input: name.1sj.c, name.1sj.j
Output: namel.coup*.*.1bl, name.coup*.sum
\

rbiotransform Input: namel.c, namel. (c)m namel.w, name2.c, name2. (c)m name2.w

Input: name1.TB, name2.TB (if available)
l Output: namel. (c)bm, namel. (c)bw, name2. (¢c)bm, name2. (c)bw

Output: namel.TB, name2.TB

rtransition Input: namel.c, namel. (c)bm, namel. (c)bw
name2.c, name2. (c)bm, name2. (c)bw
Input: name1.name2.xT (if available)
Output: namel.name2. (c)t, namel.name2.(c)t.1lsj (in LS]-coupling)
Output: namel.name2.xT

Figure 2. Flow of files for a normal sequence of program runs. Extensions (c) indicate data files
based on rci mixing coefficients. For rtransition the extension x denotes the multipole.

3. Important Concepts and Aspects of Processing
3.1. Generating Lists of CSFs

Wave functions are expanded in CSFs, where effects beyond the single CSF approximation are referred to as correlation
effects, see TP Section 4.1. Exploring different electron correlation models and generating lists of CSFs is a major task of
the computation. To generate lists of CSFs based on the notion of excitations from orbitals in a MR to an active set of
orbitals it is advantageous to use the rcsfgenerate program. (Please note that the word excitation might be a misuse
of language in this context, since this term is in general used to indicate a physical process involving a change of state
of the considered electron from a higher to a lower binding energy. When refering to constructions of configuration
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function states (CSFs) in the Dirac-Hartree-Fock theory, we should rather use the phrase substitution or replacement,
for which the sign of the one-electron energy change is irrelevant. The latter terminology is preferably adopted in the
accompanying theory paper [17]. However, the term excitation has been used in the GRASP community for many
years, and it is still present in the fortran programs, as well on the outputs from these programs. Therefore, for the sake
of consistency, as well as backward compatibility, in the present paper we continue to use excitation in the context of
multiconfiguration expansions.) Different restrictions can be put on the excitations, and it is possible to generate CSFs that
describe valence—valence, core—valence and core—core correlation in different combinations, see TP Sections 4.3 and 4.4.
To make sure that the generated CSFs interact with the CSFs in the MR the program rcsfinteract should be used.

The reader is advised to work through the examples in Section 5 on how to use rcsfgenerate. The reader may also
want to read the write-up of the jjgen program [10], the predecessor of rcsfgenerate. The write-up provides a number
of examples on how to generate expansions capturing different correlation effects. The general theory, Z-dependent
perturbation theory, for generating CSFs is described in [29], Sections 4 and 5. See also Section 4.3 of this manual and
TP Section 4.2.

3.2. Lists of CSFs and Symmetry Blocks

A list of CSFs starts with a line that defines the core subshells (or orbitals). The core orbitals are fully occupied in all CSFs
and need not be part of the specification of the CSFs. After the line with the core orbitals, there is a line of the remaining
subshells (peel subshells). The specification of the orbitals is followed by the list of CSFs, where each CSF comprises three
lines. The CSFs are arranged into symmetry blocks, where the different blocks are separated by an asterisk. We take a
specific example.

Core subshells:
1s 2s 2p- 2p
Peel subshells:

3s  3p- 3p
CSF(s):
3s (1) 3p (2)
1/2 0
1/2+
3s (1) 3p-(1) 3p (1)
1/2 1/2 3/2
1 1/2+
3s (1) 3p-(2)
1/2
1/2+
*
3s (1) 3p (2)
1/2 2
3/2+
3s (1) 3p-(1) 3p (1)
1/2 1/2 3/2
0 3/2+
3s (1) 3p-(1) 3p (1)
1/2 1/2 3/2
1 3/2+
*
3s (1) 3p (2)
1/2 2
5/2+
3s (1) 3p-(1) 3p (1)
1/2 1/2 3/2
1 5/2+

There are four core subshells 1s, 2s, 2p-, 2p corresponding to a 1522522;76 closed core (in non-relativistic notation)
that is common to all CSFs. After the line with core subshells there is the line with the peel subshells, 3s, 3p-, 3p. The
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peel subshells (or orbitals) are the orbitals in the active set that are used in the construction of the CSFs in the list. The
core subshells are not part of the active set. After the orbital specifications, the list of CSFs appear. Each CSF is written on
three lines. The first line gives the configuration. The second line gives the | quantum number of each subshell. The third
line shows how the | quantum numbers of each subshell are coupled together from left to right. Looking at the first CSF
in the list

3s (1) 3p (2)
1/2 0
1/2+

The 3s ( 1) subshellhas ] = 1/2and the 3p ( 2) subshell is coupled to | = 0. The third line defines how the | quantum
numbers of the different shells are coupled from left to right to a final | quantum number | = 1/2+, where + denotes
positive (even) parity. In some cases, if needed, the second line displays more information than the single | quantum
number of the j¥ open subshell. For example, for 4%, | = 2, rcsfgenerate produces the following:

4f ( 4)

2; 2
2+

4f ( 4)

4, 2
2+

The numbers 2; and 4; preceding the | = 2 string specify unambiguously the CSF through the seniority number v. For
convenience, a list of seniority numbers and other needed quantum numbers is given in Table 2 in the accompanying
theory paper (TP).

In the current version of the codes, the CSFs are automatically arranged into symmetry blocks, where the different blocks
are separated by an asterisk. In the example above, there are three symmetry blocks | = 1/2+, 3/2+, 5/2+ separated by
an asterisk x.

3.3. Spectroscopic Orbitals and Convergence

Major contributors to an ASF define a MR set of CSFs. The orbitals building the reference CSFs of the targeted states
are referred to as spectroscopic orbitals. A variational method is used that determines optimized radial functions for
which the total energy is stationary with respect to all perturbations satisfying boundary and orthonormality conditions
and leads to a non-linear system of equations, see TP Section 2.7. This requires that the radial functions have the same
number of nodes as the corresponding hydrogen-like orbitals [29]. The radial equations are solved iteratively by the
SCF method, which requires initial estimates that are then improved successively. Orthonormality and the associated
Lagrange multipliers may lead to convergence problems, especially for near neutral systems where initial estimates from,
e.g., screened hydrogenic functions are not sufficiently accurate.

In general, the program DBSR_HF [30] is the most reliable method for getting started. This is a B-spline solution of the
Dirac-Hartree-Fock equation in which orbitals are obtained from eigenvectors of a Dirac-Fock operator and orthogonality
is achieved through the use of projection operators. Thus, the node-counting used by differential equation methods is
avoided. The command — dbsr_hf Li_092 atom=U ion=Li out_w=1— will determine orbitals for Li-like Uranium,
with orbitals output in GRASP format. When many CSFS are in the expansion, DBSR_HF will provide orbitals for an EAL
approximation. Suppose the calculation is for atom=Cu and the file Cu. c contains the expansion of 3d(10)4s, 3d(10)5s,
3d(9)4s(1)56s(1), in standard clist format, then the command dbsr_hf Cu term=jj out_w=1 will produce a file Cu.w
that contains the EAL orbitals in GRASP format. Please note that such a calculation need not require a high-level of
accuracy, and it might be desirable to reduce the convergence requirement. These generated orbitals can be directly used
as input if all orbitals have been estimated.

Instead of the relativistic DBSR_HF program, the non-relativistic HF program can be used, and the radial functions
converted to relativistic form. In fact, it is the experience of the authors that the use of converted HF or MCHF radjial
wave functions generally give very good starting values, and that this may cut down on the number of needed iterations
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in the SCF procedure. The conversion of HF or MCHEF radial wave functions to relativistic radial wave functions is done
by rwfnmchfmcdf. In the present implementation, prior to normalization,

P(ni;r) = PHF(ul;r)
a(d  x

Qlui;r) = 5 (dr + r)P(VlK,'V)/

which means that the relativistic orbital pair is strictly kinetically matched [3].

The program rufnestimate has the capability of combining initial estimates from many sources:

*  GRASP wave function file. Each such file has information about the grid and atomic number so that the radial
function can be scaled to the current case.

®  Thomas Fermi potential — orbitals from this simple potential are used as estimates.

®  Screened hydrogenic functions — these functions can be computed from analytic expressions.

*  Screened hydrogenic functions with custom Z — these functions can be computed from analytic expressions.

See Section 6.2 for an example using converted HF wave functions as initial estimates for rmcdhf. The use of screened
hydrogenic functions with custom Z is exemplified in Section 6.8 and further discussed in Section 13.6.

3.4. Dealing with Convergence Problems

Most problems are encountered with outer spectroscopic radial functions. However, these orbitals can only converge if
they are in an appropriate potential. It is customary to list orbitals in order of decreasing orbital energy so 4f orbital
appears towards the end of a list. However, 4f may be a core orbital defining the potential of an outer orbital. So the first
thing to do is remove the valence electrons and make sure core orbitals are adequately defined, see [2]. Then consider the
following steps:

1.  Start from relativistic DBSR_HF or converted HF or MCHEF radial wave functions as estimates.

2. Increase the nuclear charge Z. If convergence is achieved, decrease the nuclear charge in small steps. Remember that
Z needs to have an integer value in quantum theory, but may have fractional values in GRASP. Use the converged
radial wave functions from the previous rmcdhf run as input for the new rmcdhf calculation.

3. Use the above strategies together with non-default options in rmcdhf allowing direct control of damping and orbital
updates.

4. If nothing helps, see if it is possible to start with a different MR set.

Convergence will be further discussed in Section 13 in connection with some practical examples on how convergence of
spectroscopic orbitals can be achieved in problematic cases.

3.5. Correlation Orbitals and Layer-by-Layer Calculations

Orbitals introduced to build CSFs that correct the reference CSFs are called correlation orbitals. These are corrections to
the wave function due to electron-electron interactions and may no longer have spectroscopic nodal structure. Initial
estimates are not as critical. In fact, the mean radius of a converged correlation orbital is similar to that of the occupied
orbital in the MR set. Thus, the initial estimate of, say, a 10s correlation orbital may need to be a contracted orbital,
something most readily achieved by increasing the nuclear charge of a screened hydrogenic orbital (the custom Z-option
for the program rwfnestimate).

Although desirable, it is often not possible to optimize all radial orbitals, spectroscopic and correlation orbitals, simulta-
neously because of orthonormality constraints. Instead, the calculations can be done layer-by-layer in a procedure that is
described as follows:

1. Perform calculation for the MR where the orbitals are required to be spectroscopic.

2. Use the active set approach to generate the list of CSFs. Increase the active set systematically by adding a layer of
correlation orbitals (a layer is a set of correlation orbitals such that there are no two orbitals with the same symmetry).
Optimize only the outermost layer and keep the remaining orbitals fixed from the previous calculation.

3. Monitor the convergence of the calculated properties such as energy differences, transition rates, hfs, isotope shift,
as the active set is increased.

4.  Stop the calculations when the properties are converged at some level and when it is not meaningful to extend the
active set further.
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5. Relax the rules for generating CSF, perform calculations using rci and check if the calculated properties are
converged also with respect to the type (valence-valence, core-valence and core—core, etc.) of included electron
correlation, see TP Section 4.4 and [2] for a general discussion of systematic methodologies.

3.6. Simultaneous Calculations for Many Levels

In GRASP, calculations can be done for many levels (states) simultaneously, sometimes referred to as “all levels’ calculations
or, if both even and odd parity levels are targeted at the same time, spectrum calculations. Although the wave function
for each individual level (state) may not be the most accurate, simultaneous calculations lead to a balanced description of
the levels with accurate energy separations. Simultaneous calculations are often done by term, which determines all the
levels of an LS-term, by configuration, which determines all the levels of a configuration, or by parity, which determines
all the desired levels with the same parity. Simultaneous calculations can be done also in other ways and may include all
desired levels of both parities. Studies have been performed where hundreds of levels in an atomic spectrum have been
determined simultaneously [31,32].

In rmcdhf, simultaneous calculations of many levels are done in the so-called extended optimal level (EOL) mode. Here a
weighted energy functional of a selected set of levels is constructed, and by applying the variational principle both the
radial wave functions and the corresponding expansion coefficients are determined, see [2] and TP Section 2.7. As an
example we consider 1s2252p. We want to do the calculation by parity and determine the four levels 1s*2s2p 3P8,1,2 and
1s22s2p 1P? simultaneously. The | = 0 and ] = 2 levels are the lowest of their symmetry. The two | = 1 are the lowest
and the second lowest of their symmetry. In the rmcdhf calculation, we would specify this by saying that we want the
serial number 1 of symmetry | = 0, the serial numbers 1 and 2 of symmetry | = 1, and the serial number 1 of symmetry
J = 2. In previous studies, levels entering the construction of the energy functional have been equally weighted [33] and
also weighted by the statistical weight 2] + 1 [31,32]. Depending on the case, other weights may be useful.

3.7. Transverse Photon Interaction and Self-Energy Correction

Relativistic corrections beyond the Dirac-Coulomb approximation for a many-electron system are implemented using
assumptions based on one-electron concepts. For example, in the transverse photon interaction

N cos(wjjrij/ ) cos(wjjrij/c) —1

HTP:_Z Dci-vé]'

i<j

(i Vi)(aj- V)

1’1‘]‘ wl.zjrij/cz ’ (3)
which is the leading correction to the electron-electron Coulomb interaction, the frequency wj; is assumed to be the
difference between the diagonal orbital energy parameters. This may be an appropriate assumption for singly occupied
orbitals, but is not correct for multiply occupied ones and certainly is not true for correlation orbitals. For these reasons,
transverse photon interaction is often computed in the low-frequency limit by multiplying the frequency w;; with a
scale factor. The scale factor is often set to 10~°. The transverse photon interaction with scaled frequencies is sometimes
referred to as the Breit interaction, see TP Section 2.3.

Similarly, the self-energy correction is computed from a screened-hydrogenic approximation, a model that does not apply
well to correlation orbitals that are far from hydrogenic. The rci code allows the user to specify the largest principal
quantum number for which CSFs are to be considered in the self-energy corrections. For small calculations with a
few correlation orbitals, this cut-off is set to the largest principal quantum number of the included orbitals. In large
calculations with many correlation orbitals, the cut-off is typically set to a number somewhat larger than the highest
principal quantum number of the spectroscopic orbitals. In many research articles, the vacuum polarization and the
self-energy correction are referred to as the leading quantum electrodynamic (QED) corrections.

3.8. Biorthonormal Transformations for Transition Calculations

Transition parameters, such as rate and weighted oscillator strength, for a multipole transition of rank L from I'] to T'J,
are related to the reduced transition matrix element

rrjot|r'yy @)

where O(L) is the transition operator, see TP Section 3.5. This matrix element is very time-consuming to evaluate between
separately determined initial and final state wave functions, since the non-orthogonalities of the initial and final state
orbital sets prevent Racah-algebra to be used. Provided the CSF expansions for the initial and final states are closed
under de-excitation (cud), it is possible to change the wave function representation of the two states in such a way that
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Racah-algebra can be used for evaluating the matrix elements in the new representation [27]. This cud property is satisfied
if for each CSF based on a configuration that is part of the list, all the CSFs based on the configurations where the orbitals
are de-excited to orbitals with lower principal quantum numbers are also part of the list. Please note that (i)- an expansion
based on the active set approach is closed under de-excitation if the MR is closed under de-excitation and (ii)- CSF lists
based on the active set approach from a single core-excited configuration may not be closed under de-excitation although
additional CSFs can be introduced to satisfy the cud condition. See also TP Section 3.5.

The procedure for calculating the oscillator strength can be summarized as follows:

1. Perform separate rmcdhf or rci calculations for the initial and the final states.

2. Change the initial and final state wave function representations by transforming the radial orbital sets to a biorthonor-
mal orbital set. This is followed by a counter-transformation of the initial and final state expansion coefficients to
leave the total wave functions invariant.

3.  Calculate the transition matrix element with the transformed wave functions, for which now the Racah-algebra can
be used.

The biorthonormal transformation is very fast and is performed with the program rbiotransform. The evaluation of the
transition parameters from the transformed initial and final wave functions is then performed with rtransition.

3.9. Angular Data from rbiotransform and rtransition

The rbiotransform and rtransition programs and their MPI variants save angular data on file to speed up calculations
for an iso-electronic sequence. If angular files are available, the programs read these files and the execution time is
reduced considerably. If, for some reason, there are incomplete files with angular coefficients, these programs will end
with some error message when trying to process the angular data files. In these cases, the user should remove the angular
files (they all have a capital T in the extension) and rerun the case again.

3.10. Managing Large Expansions — Zero- and First-Order Calculations

Often the CSFs expansions grow so large that they can not be handled with the available computational resources. In
these cases an approximate computational scheme can be employed in which the CSF list is rearranged into zero- and a
first-order spaces:

(), @(43)), ..., 2V u)), @(11]), ®(13)), - .., P(YN])

zero-order space, P first-order space, Q

where M + N is the total number of CSFs in the original list. The zero-order space, P, contains the most important CSFs,
while the first-order space, Q, contain less important CSFs that can be regarded as minor corrections. Normally M < N.
Associated with the rearrangement of the CSFs is a decomposition of the Hamiltonian interaction matrix in submatrices

H(PP)  p(PQ)
H(@QP) Q) |-

The energy expression, on which to optimize, is now obtained from the limited interaction matrix where the full H
H(Q), H(QP) submatrices are included (interactions within the zero-order space and between the zero- and first-order
spaces) but only the diagonal part of H(QQ), see TP Section 2.8. The rearrangement of the list of CSFs in zero- and
first-order spaces is done by the program rcsfzerofirst. In the programs rangular and rci, which set up expressions
for the Hamiltonian, there is a question if full interaction should be considered or not. If not full interaction, the user can
specify the size of the zero-order space for each symmetry block. See [28] for recent applications of this methodology. The
handling of large expansions is discussed and exemplified in Section 14.

(pP)

3.11. Running Parallel Programs Using MPI

Some of the more time-consuming programs in GRASP have been converted to run in parallel under MP]I, a language-
independent communication protocol used to program parallel computers. In order to compile the programs, MPI
libraries need to be installed. For cases where the MPI codes can be used, the increase of speed is often substantial. In
Section 6.4 we show in detail how to set up the computational environment and use the MPI codes.
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3.12. Restarting rci

rci and rci_mpi produce a file rci.res containing, in sparse representation, the matrix elements of the Hamiltonian. If,
for some reason, an rci or rci_mpi run stalls, then the programs can be restarted. During a restart, the rci.res file is
read, and the computation continues at the place where the original computation stalled. The restart option is described
in Section 6.7.

4. Lists of CSFs
4.1. Configurations, Configuration State Functions

A configuration is a number of orbitals with occupation numbers, e.g.,
1s22s%(2p-)%, 1s%2s2(2p-)2p, 1s°2522p?,

where we use the notation 1s, 2s, 2p-, 2p for 1sq 3,251 /2,2p1/2,2p3 /2. Frequently, the non-relativistic notation is used, and
the configuration is then
1522522p2.

CSFs are formed by angular couplings of the orbitals in a relativistic configuration. Depending on the structure of the
configuration, i.e., number of open shells, there may be many angular couplings and thus CSFs for each configuration.
An angular coupling is sometimes referred to as a coupling tree.

In GRASP the CSFs are given in rcsf . inp. The CSFs comprise three lines in the file. The first line gives the configuration,
and lines two and three define the coupling tree, see TP Section 2.4. The CSFs are ordered in blocks specified by parity
and | symmetry, the blocks being separated by an asterisk *. Below are all the CSFs of even parity belonging to the
configuration 1s22s%2p?.

1s (2) 28 (2) 2p (2)
0
o+

1s (2) 2s (2) 2p-(2)

0o+
1s (2) 2s (2) 2p-C1) 2p (D
1/2 3/2

1+

1s (2) 28 (2) 2p (2)

2
2+
1s (2) 28 (2) 2p-C1) 2p (D
1/2 3/2

2+

In the case above we have three symmetry blocks with even parity corresponding to | = 0,1,2.

GRASP handles expansions with hundreds of thousands of CSFs, even on a small scalar computer. On a cluster, expansions
with millions of CSFs can be used. The success of a calculation depends on judiciously chosen CSFs.

4.2. Multireference

The starting point for a study is normally a calculation for a number of important CSFs that define the MR. The CSFs in
the MR are those that can be formed from nearly degenerate configurations, see [29] chapter 4, ref. [2] and TP Sections 4.1
and 4.4. (When talking about the MR we will, somewhat loosely, refer to both the set of CSFs and the set of configurations
from which the CSFs are formed) The wave function based on the CSFs in the MR is the first approximation, and it is the
starting point for further refinements. The concept of an MR is best illustrated by some examples.

Suppose we want to compute the wave function for the ground state 3s? 'Sy of Mg 1. The 3s2, 3p? and 3d? configurations
are formed by orbitals with the same principal quantum numbers and the configurations are closely degenerate. An MR
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in this case could consist of the CSFs that can be formed from these configurations.

Suppose we want to compute the wave functions for the 3s3p 3P8’1,2 , IP? excited states of Mg I. The 3s3p and 3p3d
configurations are formed by orbitals with the same principal quantum numbers, and these configurations are closely
degenerate. An MR in this case could consist of the CSFs that can be formed from these configurations. However, it turns
out that 3s4p is important, and thus a more suitable MR should consist of CSFs also from the latter configuration.

We want to compute the wave functions for the states of 2s22p? and 2s2p>. The 25?2p? and 2p* configurations are formed
by orbitals with the same principal quantum numbers, and the configurations are closely degenerate. Thus, the MR
for the even states would consist of the CSFs that can be formed from these two configurations. It turns out that the
252p?3d and 25%3d? configurations are important, and a better MR includes CSFs also from these configurations. Looking
at 2s2p? there is no other configuration of the same parity that can be formed by orbitals with the same principal quantum
numbers. In this case, the MR would consist of CSFs formed from this single configuration. However, also 2p33d, 2s22p3d
and 2s2p3d? are important and the MR should consist of CSFs also from these configurations.

We see that the selection of the MR in advance or a priori is far from trivial, and it often requires a number of exploratory
calculations to find a good MR. In other words, the MR is best determined after some correlation studies have been
performed. The program rcsfmr, described in Section 6.6, is designed to support the exploratory process.

For "all levels’ calculations or spectrum calculations, see Section 6.4, where wave functions are determined for a number
of states belonging to several configurations the MR is often taken as the set of CSFs that can be formed from these
configurations. Suppose that we want to determine the wave functions for states of the 3131’, 314!’ and 3I5s configurations
in Mg-like ions. The MR in this case would be the CSFs that can be formed from these configurations. If we do the
calculations by parity, the MR for the even parity states would be the CSFs formed from even parity configurations and
the MR for the odd parity states would be the CSFs formed from odd parity configurations.

4.3. Active Set Approach

CSFs are often generated using the active set approach. In the active set approach, CSFs of a specified parity and |
symmetry are obtained from angular couplings of configurations generated by excitations from orbitals of one or more
configurations in the MR to orbitals in an active set (AS). Orbitals of a reference configuration are classified as closed (c),
inactive (i), active (*), or active having minimal occupation (m). The active set consists of the active orbitals in the reference
configuration together with orbitals up to a given limit specified by the highest principal quantum number of each orbital
symmetry. Closed orbitals are fully occupied and make up the core. No excitations are allowed from inactive orbitals
of the reference configuration. Excitations are allowed from the active orbitals of the reference configuration to orbitals
in the active set. Excitations from active orbitals having minimal occupations are such that the occupations after the
excitations are always larger or equal to the specified minimal occupation.

Based on perturbation theory one can show that the major electron correlation effects are captured by including, in the
ASE, the CSFs that can be formed from configurations obtained by allowing single (S) and double (D) excitations from the
most important configurations, defining the MR, to an extended active set of orbitals [29].

For small systems, e.g., nominal three and four electron systems, it is sometimes advantageous to include CSFs that can
be formed from all possible excitations: single (S), double (D), triple (T), (Q) quadruple, etc. This expansion is referred to
as the complete active space (CAS).

4.4. Different Types of Correlation Effects

For complex systems it may not be possible, or even desirable, to allow excitations from all orbitals of the MR. Often
excitations are done only from outer orbitals, and the corresponding CSFs are said to describe valence-valence correlation.
If one excitation is from a core orbital and one from an outer orbital, then the corresponding CSFs are said to describe
core—valence correlation. If both excitations are from the core, the corresponding CSFs are said to describe core—core
correlation, see [2] and TP Section 4.3. A discussion about different correlation effects and their relation to the orbital
basis can be found in [34].

As an example of correlation effects, we look at the ground state of Mg 1522522p°3s? 1S;. To make things simple, we
consider only a single reference.

Valence-valence correlation

CSFs based on configurations of the type 1s22s22p®nin’l’ represent valence-valence correlation. In the active set approach,
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these configurations can be formed by starting from 152s22p°®3s? and classifying the 1s,2s, 2p orbitals as inactive (i) and
the 3s orbital as active (*). In our notation, we have

1s(2,1)2s(2,1)2p(6,1)3s(2,%*)
SD-excitations are then allowed to orbitals in the active set.
Core-valence correlation

CSFs based on configurations of the type 1s22s>2p°ni3sn’l’, 1s*2snl2p®3sn’l’ represent core-valence correlation involving
the 2522p° core. In the active set approach, the configurations of the first type can be formed by starting from 1s2s22p°®3s?
and classifying the 1s, 2s orbitals as inactive (i), the 2p orbital as active having a minimal occupation 5 and the 3s orbital
as active having a minimal occupation 1. In our notation, we have

1s(2,1)2s(2,1)2p(6,5)3s(2,1)

SD-excitations are then allowed to orbitals in the active set. Configurations of the second type can be formed by starting
from 1522522p®3s? and classifying the 1s,2p orbitals as inactive (i), the 2s orbital as active having a minimal occupation 1
and the 3s orbital as active having a minimal occupation 1. In our notation, this is

1s(2,1)2s(2,1)2p(6,1)3s(2,1)

SD-excitations are then allowed to orbitals in the active set. In practical applications one most often treats valence-valence
and core—valence correlation together and this is achieved by classifying the 3s orbital as active instead of active with
minimal occupation 1. This corresponds to

1s(2,1)2s(2,1)2p(6,5)3s(2,%*)
and

1s(2,1)2s(2,1)2p(6,1)3s(2,%*)
Core-core correlation

CSFs based on configurations of the type 1s22s?2p*nin’l’3s?, 1s22snl2p>n’l'3s2, 1s*nln’l'2p®3s* represent core—core correla-
tion in the 2s22p® core. In the active set approach, these configurations can be formed by starting from 15?2522p®3s? and
classifying the 1s orbital as inactive (i), the 2s, 2p orbitals as active (*) and the 3s orbital as inactive (i). In our notation

1s(2,1)2s(2,*)2p(6,*)3s(2,1)

SD-excitations are then allowed to orbitals in the active set. In practical applications, we very seldom treat core—core
correlation alone. Instead, we treat valence—valence, core—valence and core—core correlation together and this is achieved
by classifying the 2s,2p, 3s orbitals active (*)

15(2,1)28(2,*)2p(6,%)3s(2,%)
and allowing SD-excitations to orbitals in the active set.

Atomic properties depend in various ways on electron correlation effects. For transition rate calculations, it is important
to include valence-valence and core-valence correlation [35]. For calculations of hyperfine structure and isotope shift, it
is important to include also deep core-valence correlation effects [36].

4.5. Doubly Occupied Correlation Orbitals

Accounting for electron correlation effects including core—core often leads to very large expansions. Imposing the
restriction that correlation orbitals are doubly occupied reduces the expansion size. For example, if 3s, 4s, 5s, 3p-, 3p,
4p-, 4p, 5p-, 5p,3d-,3d,4d-,44d, 5d-,5d are correlation orbitals in relativistic notation only excitation pairs 352, 452, 552,
(3p-)%, (3p-)3p, 3p?, (4p-)?, (4p-)4p, 4p? etc. are allowed. Such an expansion still describes a fair part of the correlation.
A practical example of how to use the restriction that correlation orbitals are doubly occupied is given in Section 5.6.

4.6. CSFs Interacting with the MR

It is important to realize that the active set approach, as we have described it above, is based on generation of configura-
tions that are then coupled to form CSFs. However, not all CSFs generated in this way have non-zero Hamiltonian matrix
elements (interact) with CSFs in the MR. Generated CSFs not interacting with the CSFs of the MR can often, though
not always, be removed from the list of CSFs without any major loss of accuracy [29,37]. This is done by the program
rcsfinteract. The reduction of CSFs is important mainly for complex systems, where the list of CSFs grows very rapidly
with the increasing active set of orbitals.
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5. Running the CSFs Generation Programs
5.1. First Example: Valence—Valence, Core~Valence and Core~Core for 1s*2s% 1Sy

We want to generate an expansion for the 15?252 1S state. In this example, the CSFs are generated by SD-excitations from
the {15252, 1s2p?} MR set to an active set characterized by a maximal principal quantum number n = 4. The expansion
accounts for valence-valence, core—valence and core—core correlation.

stk s o ok sk sk sk sk sk sk sk sk sk ke ok sk sk sk sk sk sk sk sk sk sk ook sk sk sk sk sk sk sk sk sk sk ks sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk ok sk ok ok
* RUN RCSFGENERATE *

* OUTPUT FILES: rcsf.out, rcsfgenerate.log *
sk sk sk o ok ok sk s o e ok sk sk ok e ok sk sk sk e sk sk sk s sk sk sk sk ke ok sk sk sk ke ok sk sk sk e ok sk sk sk s ok sk sk sk ke ok sk sk sk ke ok sk sk sk e ok sk sk sk s sk sk sk s ke ksk sk ok ok

>>rcsfgenerate

RCSFGENERATE
This program generates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([Hel + 2s(2)2p(6) = 10 electrons)
3: Ar ([Nel + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d(10)5s(2)5p(6) = 54 electrons)
6: Rn ([Xe] + 4f(14)5d4(10)6s(2)6p(6) = 86 electrons)

>>0
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1

>>1s5(2,*)2s(2,%)

Give configuration 2
>>15(2,%*)2p(2,*)

Give configuration 3
>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>4s,4p,4d,4f

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>0,0

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)
>>2

Generate more lists 7 (y/n)
>>n
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1 blocks were created

block J/P NCSF
1 0+ 361

Please note that by answering 2 for the number of excitations, we will include both single (S) and double (D) excitations.
By default, the orbitals will be in the order 1s, 2s, 2p, 3s, 3p, 3d etc. There is also the possibility to have a reverse orbital
order ...3d,3p,3s,2p,2s,1s, a symmetry order 1s,2s,3s,...,2p,3p,...,3d,4d, ... or a user defined order. We will look at
these options in Section 5.9. The generated file rcsf . out with the CSF list looks like

Core subshells:

Peel subshells:

1s 2s 2p- 2p 3s 3p- 3p 3d- 3d 4s 4p- 4p 4d- 4d 4f- 4f
CSF(s):

1s (2) 2s (2)

0+
1s (2) 2s (1) 3s (1)
1/2 1/2
0+
1s (2) 2s (1) 4s (1)
1/2 1/2
0+
1s (2) 2p (2)
0
0+
1s ( 2) 2p-( 2)
0+

In addition to the file rcsf . out with the list of CSFs, the generation program produces a log-file rcsfgenerate . log that
mirrors the input. The latter looks like

* ! Orbital order

0 ! Selected core

1s(2,%*)2s(2,%*)

1s(2,%*)2p(2,%)

*

4s,4p,4d,4f
0 0 ! Lower and higher 2xJ
2 ! Number of excitations

n

In practical work, it is often convenient to edit the log-file and use this as input for additional runs of rcsfgenerate.

5.2. Second Example: Valence~Valence, Core~Valence for 1s22s>2p®3s3p 3P8 10, P

We want to generate expansions for 1s22s22p%3s3p 3P6’,1,2, IP?. In this example, the CSFs are generated by SD-excitations

from {1s225%2p%3s3p, 1522522p°®3p3d} to an active set n = 5 with the restrictions that 1s is closed and that there is at most
one excitation from orbitals with n = 2. The expansions account for valence-valence and core—valence correlation.
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stk s ok ok ok ok sk sk sk sk sk ok ke ok ok ok sk sk sk sk sk sk sk s ook sk ok sk sk sk sk sk sk sk ke s ok sk sk sk sk sk sk sk sk sk ke ok sk sk sk sk sk sk sk sk sk sk ok koo sk sk sk sk sk sk k sk ok ok ok
* RUN RCSFGENERATE *

* OUTPUT FILES: rcsf.out, rcsfgenerate.log *
sk sk sk o o o ok sk o o o ok sk sk ok e ok sk sk ok e sk sk sk s sk sk sk s ok ok sk sk sk e ok sk sk sk e ok sk sk o s ok sk s s e ok sk sk ok e ok sk sk sk e sk sk sk sk s sk sk sk s ke sk sk sk ok ok

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (x/r/s/u)
>>%

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([He]l + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne]l + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d4(10)5s(2)5p(6) = 54 electrons)
6: Rn ([Xe]l + 4f(14)5d(10)6s(2)6p(6) = 86 electrons)

>>1
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (%)

Give configuration 1

>>2s5(2,1)2p(6,1)3s(1,*)3p(1,%*)

Give configuration 2

>>2s5(2,1)2p(6,5)3s(1,*)3p(1,%*)

Give configuration 3

>>25(2,1)2p(6,1)3p(1,*)3d(1,*)

Give configuration 4

>>25(2,1)2p(6,5)3p(1,%)3d(1,%)

Give configuration 5

>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>b5s,5p,5d,5f,5g

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>0,4

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)
>>2

Generate more lists ? (y/n)
>>n

3 blocks were created
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block J/P
1 0-
2 1-
3 2-

NCSF
1912
5210
7122

5.3. Third Example: Valence=Valence, Core-Valence and Intercore for 1s*25*2p°3s3p 3Pg ,, P}

We want to generate expansions for 15>2s22p®3s3p

3po
P 0,1,2”

1o, In this example, the CSFs are generated by SD-excitations

from {1s%225?2p®3s3p, 1522522p°3p3d} to an active set n = 5 with the restrictions that 1s is closed (and hence inactive) and
that there is at most one excitation from 2s and 2p, respectively. In this case, in addition to valence-valence and core—
valence correlation, also intercore correlation are accounted for through configurations of the form 1s*2snl2p°n'l'3s3p
1s22sn12p°n’1'3p3d, where 1s? is inactive. Please note how much the number of CSFs has increased.

3k 3k >k >k K 3K 3K 3K 3K 3k 5k 3k 5k 5k 5k 5k 5k %k >k 3k 3K 5k 3k 3k 5k 5k 5k 5k 5k 5k 5k 3 3K 3K 5K 3k 3k 3k 5k 5k 5k 5k 5k %k K 3K 3K 5K 5k 3k 3k 5k 5k 5k 5k %k %k 3K 3k 3K 3K 5k 5k 5k %k 5k 5k >k %k %k % >k >k 3 5k % %k %k k

*
*

RUN RCSFGENERATE
OUTPUT FILES: rcsf.out, rcsfgenerate.log *

*

3k 3k >k >k %k 3K 3K 3K 3k 3k 3k 3k 5k 5k 5k 5k 5k 5k >k 3k 3K 3k 3k 3k 5k 3k 3k 5k 5k 5k %k K 3K 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %K K 3K 3K 3K 5K 3k 3k %k 5k 5k >k 5k %k K 3K 3K 3K 5k 5k 5k %k %k 5k >k >k %k % >k 3k 3 5 % % %k k

>>rcsfgenerate

RCSFGENERATE
This program creates a list of CSFs
Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)
Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)

>>%

Select core

0:

>>1

Ok W

No
He
Ne
Ar
Kr
Xe
Rn

core
(

([Hel
([Nel
([Ar]
([Kr]
([Xel

1s(2)

2s(2)2p(6)

3s(2)3p(6)
3d(10)4s(2)4p(6)
4d(10)5s(2)5p(6)
4f(14)5d4(10)6s(2)6p(6)

Enter list of (maximum 100) configurations.

Give configuration

1

>>2s5(2,1)2p(6,5)3s(1,*)3p(1,%*)
Give configuration 2
>>25(2,1)2p(6,5)3p(1,*)3d(1,%*)
Give configuration 3

>>

= 2 electrons)
10 electrons)
18 electrons)
36 electrons)
54 electrons)
86 electrons)

End list with a blank line or an asterisk (%)

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>bs,5p,5d,5f,5¢g
Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>0,4

Number of excitations (if negative number e.g., -2, correlation
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orbitals will always be doubly occupied)
>>2

Generate more lists ? (y/n)
>>n

3 blocks were created

block J/P NCSF
1 0- 10743
2 1- 29589
3 2- 41500

5.4. Fourth Example: Valence—Valence and Core—Valence and Large Multireference

We want to generate CSF expansions that describe all 92 states with symmetries ] = 0,1,2,3,4,5 of the config-
urations {2s%2p?,2p*,2522p3p,252p?3s,252p?3d}. In this example, the CSFs are generated by SD-excitations from
{2s%2p2,2p*,25*2p3p, 252p?3s,252p*3d} to an active set n = 5 with the restriction that there is at most one excitation from
1s. The expansions account for valence—valence and core-valence correlation.

st ook ok ok ok ok ok ok ok s ok sk ok s ok sk ok ok sk ok sk ok s ok sk ok ok ok sk ok sk ok sk ok s ok ok sk ok sk ok sk ok s ok sk sk ok sk ok sk ok sk ok sk ok sk ok ok sk ok s ok sk ok sk ok sk sk ok sk ok sk ok ook ok
* RUN RCSFGENERATE *

* OUTPUT FILES: rcsf.out, rcsfgenerate.log *
sk stk stk stk s ok ok sk ok sk sk ok sk st st etk s ks sk ok ok sk ok sk sk s ek sk s ko sk ok sk sk sk sk s ks ok ok

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([He]l + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne] + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d(10)5s(2)5p(6) = b4 electrons)
6: Rn ([Xe] + 4£(14)5d(10)6s(2)6p(6) = 86 electrons)

>>0
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1
>>15(2,1)2s(2,*)2p(2,%)

Give configuration 2
>>15(2,1)2p(4,*)

Give configuration 3
>>15(2,1)2s(2,*%)2p(1,*)3p(1,%*)

Give configuration 4
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>>15(2,1)2s(1,%)2p(2,*)3s(1,%)
Give configuration 5
>>1s5(2,1)2s(1,%)2p(2,*)3d(1,*)
Give configuration 6
>>
Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>b5s,5p,5d,5f,bg
Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>0,10
Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)
>>2
Generate more lists 7 (y/n)
>>n

6 blocks were created

block J/P NCSF
1 0+ 14351
2 1+ 38928
3 2+ 53645
4 3+ 56147
5 4+ 48973
6 5+ 36562

5.5. Fifth Example: CSFs Interacting with CSFs in the MR

In this example, we show how to reduce the number of CSFs in the previous list by retaining only the CSFs that interact
with the CSFs of the MR through the Dirac-Coulomb or Dirac-Coulomb-Breit Hamiltonian. We start by copying
rcsf.out from the previous run to rcsf.inp. After that, we generate the list of CSFs for the MR. For an additional
example, see Section 6.3. Please note that the orbital order needs to be the same for the MR file and the file with CSFs that
should be reduced, to ensure that this is the case it is sometimes necessary to invoke the user specified orbital ordering,
see Section 6.6.

>k 5k 3k 5k 5k ok ok 5k 5k >k >k >k %k %k >k >k >k 5k >k 5k 5k 5k >k >k %k %k %k >k >k >k >k 5k 5k 5k 5k %k >k >k >k %k %k >k >k >k >k 5k 5k 5k %k >k >k >k %k %k >k >k >k >k >k 5k 5k %k >k >k >k >k %k >k >k >k >k >k >k %k %k %k %k *k %

* COPY FILE *
stk o ok ok ok ok sk sk sk sk sk ke ok ok ok sk sk sk sk sk sk sk o ok ok ok sk sk sk sk sk sk sk e o ok ok ok sk sk sk sk sk sk sk ke ok ok ok sk sk sk sk sk sk sk ok ke ok ok ok sk ok sk ok k sk ok ok ok

>>cp rcsf.out rcsf.inp

3k 3k 3k >k >k >k 3k 3k 3k >k >k 5k 5k 5k >k >k >k 3k 3k 5k 3k >k >k 5k 5k 3k >k >k 5k %k 5k >k >k >k 5k >k >k >k >k >k >k 5k 5k >k >k >k >k 5k 5k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k > >k %k %k >k % %k

* RUN RCSFGENERATE *
* OUTPUT FILES: rcsf.out, rcsfgenerate.log *
sk sk sk ok o o ok ok ok o o ok sk ok o o ok sk ok ok o sk ok ok o sk sk ok o o ok sk ok sk o ok sk ok sk o ok sk sk ok o o ok sk ok o o sk sk sk ok o ok sk sk ok o sk sk ok o sk sk ok o o koK ok ok

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log
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Default, reverse, symmetry or user specified ordering? (*/r/s/u)

>>%

Select core

0:

>>0

D O W N

No
He
Ne
Ar
Kr
Xe
Rn

core
(
([He]
([Nel
([Ar]
([Kr]
([Xel

+ o+ o+ 4+ o+

1s(2)

2s(2)2p(6)

3s(2)3p(6)
3d(10)4s(2)4p(6)
4d(10)5s(2)5p(6)
4f(14)5d(10)6s(2)6p(6)

Enter list of (maximum 100) configurations.

Give configuration

>>1s5(2,1)2s(2,1)2p(2,1)

Give configuration 2

>>1s(2,1)2p(4,1)

Give configuration 3

>>1s5(2,1)2s(2,1)2p(1,1)3p(1,1)
Give configuration 4
>>1s(2,1)2s(1,1)2p(2,1)3s(1,1)

Give configuration 5

>>1s(2,1)2s(1,1)2p(2,1)3d(1,1)

Give configuration 6

>>

= 2 electrons)
10 electrons)
18 electrons)
36 electrons)
54 electrons)
86 electrons)

End list with a blank line or an asterisk (%)

Give set of active orbitals, as defined by the highest principal quantum number

per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d

>>3s,3p,3d

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>0,10

Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)

>>0

Generate more lists 7 (y/n)

>>n

6 blocks were created

block

1

o O W N

J/P
0+
1+
2+
3+
4+
5+

NCSF
14
25
28
16

3k >k >k >k >k 3k 3k 5k 5k ok 5k 3k 3k 5k 5k 5k %k >k >k 5k 5k 5k 5k 5k 5k 3k >k 5k >k %k %k >k >k 5k 5k 5k 3k 3k %k >k >k >k %k %k >k >k >k 5k 5k 5k %k %k %k >k >k >k >k >k >k >k >k >k 5k 5k >k >k >k >k >k %k %k >k >k >k >k %k %k %k k

COPY RCSF.OUT TO RCSFMR.INP
stk o ok ok ok ok ok sk sk K ok ke ok ok ok ok ok sk sk kK o ok ok ok ok sk sk sk sk ko ok ok ok ok sk sk sk sk sk ke ok ok ok ok ok sk sk sk sk sk sk ok ok ok ok ok sk sk k sk k ok

*

>>cp rcsf.out rcsfmr.inp

*
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3k 3k >k >k K 3K 3K 3K 3K 3k 5k 3k 5k 5k 5k 5k 5k 5k >k 3k 3K 5k 3k 3k 5k 5k 5k 5k 5k 5k %k K 3K 3K 5K 3k 3k 3k %k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k %k 5k 5k 5k 5k %k K 3K 3K 3K 5K 5k 5k %k 5k 5k >k %k %k % >k 3k 3 5 % % %k k

* RUN RCSFINTERACT *
* INPUT FILES: rcsf.inp, rcsfmr.inp *
* OUTPUT FILE: rcsf.out *

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 5k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 3k 5k 5k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k >k 5k %k 5k >k >k %k %k >k %k >k k >k k >k k k

>>rcsfinteract

RCSFinteract: Determines all the CSFs (rcsf.inp) that interact
with the CSFs in the multireference (rcsfmr.inp)
(C) Copyright by G. Gaigalas and Ch. F. Fischer
(Fortran 95 version) NIST (2017).
Input files: rcsfmr.inp, rcsf.inp
Output file: rcsf.out

Reduction based on Dirac-Coulomb (1) or
Dirac-Coulomb-Breit (2) Hamiltonian?
>>1

There are 25 relativistic subshells;
Block MR NCSF Before NCSF After NCSF

1 14 14351 7765
2 25 38928 24492
3 28 53645 33925
4 16 56147 29299
5 7 48973 17134
6 2 36562 7542

RCSFINTERACT: Execution complete

Comparing with what we had before, we see that there is a great reduction in the number of CSFs, where the removed
CSFs are relatively unimportant. The reduction based on the Dirac-Coulomb-Breit Hamiltonian gives somewhat more
CSFs compared to the reduction based on the Dirac-Coulomb Hamiltonian. There is, however, not a big difference.

5.6. Sixth Example: Core—Core and Doubly Occupied Orbitals

Allowing SD-excitations from all subshells of an MR without restrictions leads to large expansions. We may impose
different restrictions allowing, for example, at most one excitation from the core. The resulting expansion accounts for
valence—valence and core-valence electron correlation. Another restriction is to require that all correlation orbitals are
doubly occupied in the generated CSFs. This cuts down the expansion size quite substantially, but still efficiently accounts
for much of the correlation.

We generate a CSF expansion that describes the states with symmetries ] = 0, 1,2 of the configuration 25>2p®3s3p. CSFs are
generated by SD-excitations from {2s22p®3s3p, 2s*2p°3p3d} to an active set n = 8 and symmetry | = h with the restriction
that there is at most one excitation from 2s22p®. The expansion accounts for valence-valence and core-valence correlation.
In addition, there are SD-excitations from {2s?2p®3s3p,25*2p°3p3d} to an active set n = 8 and symmetry | = h with the
restriction that the correlation orbitals are doubly occupied (see section 5.5). This part of the expansion accounts for part
of the core—core correlation.

st sk sk ke s ok ok ok sk sk sk sk sk sk sk ko ok ok sk sk sk sk sk sk sk sk s ok ok sk sk sk sk sk sk sk sk ke sk sk sk sk sk sk sk sk sk sk ok ook ok sk sk sk sk sk sk sk sk sk ks ok sk sk sk sk sk sk sk sk ok ok ok
* RUN RCSFGENERATE *

* OUTPUT FILES: rcsf.out, rcsfgenerate.log *
sk sk sk o o ook sk sk o e ok sk sk ok e ok sk sk ok e sk sk ok s sk sk sk sk o ok sk sk sk ke ok sk sk sk e ok sk sk o s ok sk s s ke ok sk sk sk e ok sk sk ok e sk sk sk sk s sk sk sk s ke ok sk sk ok ok
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>>rcsfgenerate

RCSFGENERATE
This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)

>>%

Select core

0:

>>1

o Ok W

No
He
Ne
Ar
Kr
Xe
Rn

core
(

([He]
([Ne]
([Ar]
([Kr]
([Xe]

1s(2)

2s(2)2p(6)

3s(2)3p(6)
3d(10)4s(2)4p(6)
4d(10)5s(2)5p(6)
4f(14)5d(10)6s(2)6p(6)

Enter list of (maximum 100) configurations.

Give configuration

1

>>2s8(2,1)2p(6,5)3s(1,*)3p(1,*)

Give configuration

2

>>2s5(2,1)2p(6,1)3s(1,*)3p(1,*)

Give configuration

3

>>2s5(2,1)2p(6,5)3p(1,*)3d(1,%*)

Give configuration

4

>>25(2,1)2p(6,1)3p(1,*)3d(1,%)

Give configuration

>>

5

= 2 electrons)
10 electrons)
18 electrons)
36 electrons)
54 electrons)
86 electrons)

End list with a blank line or an asterisk ()

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d

>>8s,8p,8d,8f,8g,8h

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>0,4

Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)

>>2

Generate more lists 7 (y/n)

>>y

Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (%)

Give configuration

1

>>2s5(2,%)2p(6,%)3s(1,*)3p(1,*)

Give configuration

2

>>2s(2,%)2p(6,*)3p(1,*)3d(1,*)

Give configuration

>>

3

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
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>>8s,8p,8d,8f,8g,8h
Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>0,4
Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)
>>-2
Generate more lists 7 (y/n)
>>n

3 blocks were created

block J/P NCSF
1 0- 21399
2 1- 59512
3 2- 85284

5.7. Running rcsfgenerate More Than Once

We may merge CSF expansions by running rcsfgenerate more than once. In this example, we first generate a CAS
expansion for 1s?2p to the orbital set 5s,5p, 5d,5f, 5¢. This is then merged by an SD expansion to a larger orbital set.

stk ok o o ok ok ok ok sk sk sk Kk o ok ok ok ok sk sk K Kk o o o ok ok ok ok sk sk sk sk sk o ok ok ok ok sk sk sk sk sk ok ok ok ok ok sk sk sk Kk ko ok ok ok ok ok sk Kk ok ok ok
* RUN RCSFGENERATE *

* OUTPUT FILES: rcsf.out, rcsfgenerate.log *
sk sk sk o o o ok sk o o o ok sk sk ok o sk sk ok o sk sk ok o sk sk sk s o ok sk ok sk o ok sk sk sk o ok sk sk sk s ok sk sk sk o o sk sk sk ok o sk sk sk sk o sk sk ok o sk sk sk o ok sk sk ok ok ok

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core

0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([Hel + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne] + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d(10)5s(2)5p(6) = b4 electrons)
6: Rn ([Xe] + 4f(14)5d(10)6s(2)6p(6) = 86 electrons)

>>0
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1
>>15(2,%)2p(1,%)
Give configuration 2

>>
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Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>bs,5p,5d,5f,5¢g

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>1,3

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)
>>3

Generate more lists 7 (y/n)
>>y

Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1
>>1s5(2,%)2p(1,*)

Give configuration 2
>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>7s,7p,7d,7f,7g,7h,71i

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>1,3

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)
>>2

Generate more lists 7 (y/n)
>>n

2 blocks were created

block J/P NCSF
1 1/2- 2408
2 3/2- 4174

As expected, we get the same number of CSFs in the two runs. Please note that the resulting | number needs to be the
same when running rcsfgenerate several times for the same parity.

5.8. Running rcsfgenerate for Even and Odd Parity

We want to generate CSFs for odd states with | = 1/2,3/2 by allowing all SDT-excitations from 1s*2p and for even states
with | = 1/2 by allowing all SDT-excitations from 1522s. In both cases, the excitations are to an active set with n = 5.

stk o o ok ok ok ok sk 3K K K K o o ok ok ok ok ok 3k 3 3K K 3 o o ok ok ok ok ok 3k 3K K K o o o ok ok ok ok ok sk 3 K K K o o ok ok ok ok ok sk K K K K o ok ok ok ok ok sk K K K K ok ok oK
* RUN RCSFGENERATE FOR 0DD AND EVEN PARITY *
* OUTPUT FILES: rcsf.out, rcsfgenerate.log *
sk ok ok ok oK ok ok 3K K K K o ok ok ok oK ok ok K K K K o o ok ok ok ok ok sk K K K o o o ok ok ok ok sk sk K K K o o ok ok ok ok ok ok K K K K K o ok ok ok ok ok ok K 3k Kk ok

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log
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Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([Hel + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne] + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d(10)5s(2)5p(6) = b4 electrons)
6: Rn ([Xe]l + 4f(14)5d(10)6s(2)6p(6) = 86 electrons)

>>0
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1
>>1s(2,*)2p(1,*)

Give configuration 1
>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>b5s,5p,5d,5f,5g

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>1,3
Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)

>>3
Generate more lists 7 (y/mn)

>>y

Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1
>>1s(2,%)2s(1,%)

Give configuration 2
>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>bs,5p,5d,5f,5g

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>1,1
Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)

>>3
Generate more lists 7 (y/n)

>>n

3 blocks were created

block J/P NCSF
1 1/2+ 1463
1 1/2- 1454

2 3/2- 2478
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5.9. User Defined Orbital Ordering

In Ce I1I the ground configuration is 5s25p°4 f2, where 4f is to the right of the 5s and 5p orbitals and a user defined orbital
order is needed. To illustrate the user defined orbital ordering, we generate a list of CSFs by allowing SD-excitations from
4524p°4d'95525p%4 2 to an active orbital set {1s,2s, 3s,4s, 5s, 6s,2p, 3p, 4p, 5p, 6p, 3d,4d,5d,4f,5f } (or 6s,6p,5d,5¢f in the
notation of the rcsfgenerate program).

To generate a list of CSFs where, in the configurations, 4f is to the right of the 5s and 5p orbitals, start by creating a file
clist.ref with the desired orbital order; one orbital per line, left justified and with a non-relativistic notation.

1s
2s
2p
3s
3p
3d
4s
4p
4d
5s
5p
4f
5d
5f
6s

6p
Then run rcsfgenerate as usual, but select the user defined orbital order.

K 3K 3K 3K 3K 3K 5k 5k 5k 5k 5k 5k 5k 5k %k >k 3k 3K 5k 3k 3k 5k 5k 5k 5k 5k 5k 5k >k 3k 3K 5K 3k 3k 3k %k 5k 5k 5k 5k %K K 3K 3K 3K 5K 3k 3k 5k %k 5k 5k 5k %k %K 3K 3K 3K 5K 5k 3k %k 5k 5k >k >k %k % >k 3k 3 5 > % % % %k k%

* RUN RCSFGENERATE USING USER DEFINED ORBITAL ORDERING *
* INPUT FILE: clist.ref *
* OUTPUT FILES: rcsf.out, rcsfgenerate.log *

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 5k 5k 5k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k %k 5k %k 5k >k >k %k %k >k %k >k k >k k >k k k

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>u

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([Hel + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne] + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d(10)5s(2)5p(6) = b4 electrons)
6: Rn ([Xe] + 4f(14)5d4(10)6s(2)6p(6) = 86 electrons)

>>3
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Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1
>>3d(10,c)4s(2,*)4p(6,*)4d(10,*)5s5(2,*)5p(6,*)4f(2,%)
Give configuration 2
>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>6s,6p,5d,5f

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>0,12
Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)

>>2
Generate more lists 7 (y/n)

>>n

7 blocks were created

block J/P NCSF
1 0+ 26477
2 1+ 74434
3 2+ 112054
4 3+ 133012
5 4+ 137871
6 5+ 127297
7 6+ 107194

The produced output file rcsf . out looks like this

Core subshells:

1s 2s 2p- 2p 3s 3p- 3p 3d- 3d
Peel subshells:

4s 4p- 4p 4d- 4d bs bp- bp 4f- 4f bBd- 5d bf- 5f 6s 6p- 6p
CSF(s):

4s (1 2) 4p-(2) 4p (4) 4d-(4) 4d (6) b5s (2) 5p (4) 4f (4

0
0+
4s (2) 4p-(2) 4p (4) 4d-(4) 4d (6) 5s (2) 5p-(1) 5p (3) 4f ( 4)
1/2 3/2 25 2
2 0+
4s (2) 4p-(2) 4p (4) 4d-(4) 4d (6) 5s (2) 5p-(1) 5p (3) 4f ( 4)
1/2 3/2  4; 2
2 0+
4s (2) 4p-(2) 4p (4) 4d-(4) 4d (6) 5s (2) 5p-(2) 5p (2) 4f ( 4)
0 0
0+
4s (2) 4p-(2) 4p (4) 4d-(4) 4d (6) 5s (2) 5p-(2) 5p (2) 4f ( 4)
2 2; 2
0+
4s (2) 4p-(2) 4p (4) 4d-(4) 4d (6) bs (2) 5bp-(2) 5p (2) 4f (4
2 4 2
0+

4s (2) 4p-(2) 4p (4) 4d-(4) 4d (6) 5p-(2) 5p (4) 4f ( 4)
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0
0+
4s (2) 4p-(2) 4p (4) 4d-(4) 4d (6) 5s (2) 5p (4) 4f-( 1) 4f ( 3)
5/2 5/2

o+

Comment: when using rcsfinteract make sure that you have the same orbital order (and core) for both rcsf . inp and
rcsfmr. inp. The additional quantum numbers 2; and 4; for the 4f ( 4) subshell are the seniority quantum numbers.

5.10. Running jjgen
The jjgen program is a more flexible generation program than rcsfgenerate. It has several useful properties, but the

input is somewhat longer and more involved. The use of jjgen is described in detail in the original write-up [10]. Please
note that after generating a CSF list with jjgen the list needs to be put in block form by rcsfblock.

6. Running the Application Programs

In this section we demonstrate the use of the application programs of GRASP in six cases. The use of the tools of GRASP
is described in Section 7. All data written to the output files are shown, explained and discussed in detail in Section 8.
Scripts for example 1 are found in grasptest/examplel/script, scripts for example 2 in grasptest/example2/script,
etc. Please note that the executables must be on the path! When running the application programs and the tools, the user
is encouraged to look at all the output files and use the information in Section 8 to correctly interpret the output data.

6.1. First Example: 1s*2s %S and 1s*2p 2P° in Li |

The first example is for 15?25 %S /, and 1s*2p ZPf/Z, 3 in Li. The example shows the computation of rmcdhf and rci wave
functions, and the subsequent evaluation of hyperfine structure constants, Landé gj-factors, and isotope shift parameters.
In addition, the biorthogonal transformation is applied, and the transition rates computed from the transformed wave
functions. The example also illustrates the use of jj21sj for labeling purposes.

Overview

1.  Define nuclear data.

2. Obtain common spectroscopic orbitals for the MR set.
(@) Generate configuration state list containing three CSFs: 1s%25 %5, /2 1s%2p sz 0.3/
(b)  Perform angular integration.
(c) Generate initial estimates of radial orbitals.
(d) Perform SCF calculation on the weighted average of 15225 25, /2 1s%2p 2P10/2’ 3
(e) Save output to 2s_2p_DF.

3.  Improve even states

(a) Generate n = 3 complete active space (CAS) expansion for 15225 %5, /2

(b) Perform angular integration.

(c) Generate initial estimates of radial orbitals.

(d) Perform SCF calculation on 15225 %S /5.

(e) Save output to 2s_3.

(f) Perform RCI calculation in which the transverse photon interaction (Breit) and vacuum polarization and
self-energy (QED) corrections are added.

4.  Transform from jj- to LS]-coupling
5. Improve odd states
(a) Generate nn = 3 complete active space (CAS) expansion for 1s?2p 2P1"/2/ 3
(b) Perform angular integration.
(c) Generate initial estimates of radial orbitals.
(d)  Perform SCF calculation on the weighted average of 1s?2p 2Pf/2’ 3
(e) Save output to 2p_3.
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(f) Perform RCI calculation in which the transverse photon interaction (Breit) and vacuum polarization and
self-energy (QED) corrections are added.

6. Transform from jj- to LS]-coupling

7. Runrlevels to view energy separations.
8.  Calculate properties
(a) Calculate hyperfine structure using the rci wave functions.
(b)  Calculate isotope shift using the rci wave functions.
(c) Compute the transition rates from the rci wave functions. Calculation in two steps: biorthonormal transfor-

mation and evaluation of transition matrix elements using standard Racah algebra methods.

Program Input

In the test-runs, prompt marked by >> or >>3, for example, indicates that the user should input 3 and then strike the
return key. When >> is followed by blanks, just strike the return key.

st sk sk ok o ok ok ok sk sk sk sk sk sk ke o ok ok ok sk sk sk sk sk sk ok o ok ok sk sk sk sk sk sk sk sk ke sk sk sk sk sk sk sk sk sk sk ook ok sk sk sk sk sk sk sk sk sk ke sk ok sk ok sk sk sk sk sk sk ke k ok
* RUN RNUCLEUS TO GENERATE NUCLEAR DATA AND DEFINE RADIAL GRID *

* OUTPUT FILE: isodata *
stk s o ok ok sk sk sk sk sk sk ok ke ok sk ok sk sk sk sk sk sk sk sk ks ok sk sk sk sk sk sk sk sk sk ks sk sk sk sk sk sk sk sk sk sk sk koo sk sk sk sk sk sk sk sk sk sk ok ok sk ok sk sk sk sk sk sk ok ok k ok

>>rnucleus

Enter the atomic number:
>>3

Enter the mass number (0 if the nucleus is to be modelled as a point source:
>>7

The default root mean squared radius is 2.4440000057220459 fm; (Angeli)
the default nuclear skin thickness is 2.2999999999999998 fm;

Revise these values?

>>n

Enter the mass of the neutral atom (in amu) (O if the nucleus is to be static):
>>6.941

Enter the nuclear spin quantum number (I) (in units of h / 2 pi):

>>1.5

Enter the nuclear dipole moment (in nuclear magnetons):

>>3.2564268

Enter the nuclear quadrupole moment (in barns):

>>-0.040

3k >k >k >k >k 3k 3k 3k 5k ok 5k 5k 3k 5k 5k 5k %k >k >k 5k 5k 5k 5k 5k 5k 3k >k 5k >k %k >k >k >k 5k 5k 3k 3k 3k %k >k >k >k %k %k >k >k >k 5k 5k 5k %k %k %k >k >k >k %k K 3k >k >k >k 5k >k %k %k >k >k >k %k %k >k > >k > >k %k %k k

* RUN RCSFGENERATE TO GENERATE LIST OF CSFs FOR 2S *
* AND 2P WITH THREE CSFs: 1s(2)2s J=1/2, 1s(2)2p- J=1/2, *
. 1s(2)2p J=3/2 *
* OUTPUT FILES: rcsfgenerate.log, rcsf.out *

3k 3k 3k 5k 3k 5k >k 5k >k 3k 3k 5k 5k 5k 5k >k 3k >k 3k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 5k >k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 3k >k 5k 5k 5k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k %k >k %k 5k >k >k %k %k >k %k 5k %k >k k >k k k

>>rcsfgenerate

RCSFGENERATE

This program generates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

OUTPUT FILES: rcsf.out, rcsfgenerate.log
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Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([Hel + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne] + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d(10)5s(2)5p(6) = b4 electrons)
6: Rn ([Xe]l + 4f(14)5d(10)6s(2)6p(6) = 86 electrons)

>>0
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1
>>1s5(2,i)2s(1,1)

Give configuration 2
>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>2s

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>1,1
Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)

>>0
Generate more lists 7 (y/mn)

>>y

Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (*).

Give configuration 1
>>1s(2,1)2p(1,1)

Give configuration 2
>>

Give set of active orbitals in a comma delimited list ordered by l-symmetry, e.g., 5s,4p,3d
>>1s,2p

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>1,3
Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)

>>0
Generate more lists 7 (y/n)

>>n

3 blocks were created

block J/P NCSF
1 1/2+ 1
2 1/2- 1

3 3/2- 1
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3k >k >k >k >k 3K 3K 3k 3k 3k 5k 3k 3k 5k 5k 5k %k %k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k 5k %k %k >k >k 5k 3k 3k 3k 3k %k %k >k >k %k %k >k >k 5k 5k 5k 5k 3k 3k 5k >k >k %k %k K 3k >k 5k >k 5k >k %k %k >k >k >k %k %k % > > > %k %k %k k

* COPY FILES *
* IT IS ADVISABLE TO SAVE THE rcsfgenerate.log FILE TO HAVE A *
* RECORD ON HOW THE LIST OF CSFs WAS CREATED *

3k 3k >k >k >k 3K 3K 3K 3k 3k 5k 3k 3k 3k 5k 5k 5k 5k >k 3K 3K 3k 3k 3k 5k 5k 3k 5k 5k 5k %k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %K %K 3K 3K 3K 5K 3k 3k %k 5k 5k >k %k %k K 3K 3k 5k 5k 5k %k %k %k 5k >k >k %k % %k > 3 5 % % %k k

>>cp rcsfgenerate.log 2s_2p_DF.exc
>>cp rcsf.out rcsf.inp

3k >k >k >k >k 3k 3K 3k 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3k 3k 3k 3k 3k 3k 3k 5k >k >k %k >k >k 3k 3k 3k 3k 3k %k %k >k >k 5k %k K >k 5K 5k 5k 5k 3k %k 5k 5k >k %k %k 3K 3k 3k 3k 5k 5k 5k %k %k >k >k >k %k %k >k > > > %k %k %k k

* RUN RANGULAR TO GENERATE ENERGY EXPRESSION *
* INPUT FILE : rcsf.inp *
* OUTPUT FILES: rangular.log, mcp.30, mcp.31,.... *

stk sk o o o ok sk o o o ok sk sk ok e ok sk sk ok o sk sk ok s sk sk sk s ok ok sk sk sk e sk sk sk e sk sk o s sk sk s s ke ok sk sk sk e ok sk sk ok e sk sk sk ok o sk sk sk s ke ok sk sk ok ok
>>rangular

RANGULAR
This program performs angular integration
Input file: rcsf.inp
Outputfiles: mcp.30, mcp.31,
rangular.log

Full interaction? (y/n)
>>y

RANGULAR: Execution complete.

st sk sk ok o ok sk o ok o ok sk sk ok o sk sk ok o sk sk ok o sk sk sk s o ok sk sk sk o sk sk sk o ok sk sk sk s ok sk sk sk s o sk sk sk ok o sk sk sk sk o sk sk sk ok o sk sk sk o ok ok sk ok ok
RUN RWFNESTIMATE TO GENERATE INITIAL ESTIMATES FOR RADIAL ORBITALS *
WE CAN USE WILD CARDS * FOR SPECIFYING ORBITALS *
* MEANS ALL ORBITALS *
INPUT FILES: isodata, rcsf.inp, previous rwfn files *
OUTPUT FILE: rwfn.inp, rwfnestimate.log *
sk sk sk o o ok sk o o e ok sk sk ok o sk sk ok e sk sk ok s sk sk sk s ok ok sk sk sk e sk sk sk e ok sk sk o s ok sk s s ke ok sk sk sk e sk sk sk ok e sk sk sk ok s sk sk sk s ke ok sk sk ok ok

* X ¥ ¥ X

>>rwfnestimate

RWFNESTIMATE

This program estimates radial wave functions

for orbitals

Input files: isodata, rcsf.inp, optional rwfn file
Output file: rwfn.inp

Default settings 7

>>y
Loading CSF file ... Header only
There are/is 4 relativistic subshells;

The following subshell radial wavefunctions remain to be estimated:
1s 2s 2p- 2p
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Read subshell radial wavefunctions.

1--GRASP2K File
2--Thomas-Fermi

3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]

>>2
Enter the list of relativistic subshells:
>>%
A1l required subshell radial wavefunctions have bee
Shell e pO gamma <r>
1s  0.2476D+01 0.9246D+01 0.1000D+01 0.5691D+00
2s  0.2895D+00 0.2308D+01 0.1000D+01 0.3010D+01
2p- 0.2173D+00 0.1444D-03 0.1000D+01 0.3019D+01
2p 0.2173D+00 0.1204D+01 0.2000D+01 0.3020D+01

RWFNESTIMATE: Execution complete

Choose one below

n

estimated:

MTP

332
355
358
358

SRC

T-F
T-F
T-F
T-F

Comment: <r> is the mean orbital radius in a.u. (ag). MTP is the extension of the orbitals on the grid, for which the upper

limit in the default installation is 590 points. SRC is the source of the estimate, in this case T-F (Thomas-Fermi).

3k >k >k >k >k 3k 3k 5k ok ok 5k 5k 5k >k 5k 5k >k >k >k 5k 5k >k 5k 5k %k >k >k >k %k %k >k >k >k >k 5k 5k 5k >k %k >k >k %k %k >k >k >k >k >k 5k 5k %k %k >k >k >k %k >k >k >k >k >k >k >k >k %k >k >k >k >k %k >k >k >k >k >k >k %k >k k

EE R R R R R

>>rmcdhf_mem

RUN RMCDHF_MEM TO OBTAIN SELF CONSISTENT SOLUTIONS
INPUT FILES: isodata, rcsf.inp, rwfn.inp, mcp.30, mcp.31,...
OUTPUT FILES: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

NOTE: ORBITALS BUILDING REFERENCE STATES ARE REQUIRED TO HAVE

THE CORRECT NUMBER OF NODES. THEY ARE REFERRED TO AS SPECTROSCOPIC
ORBITALS. IN THIS RUN WE VARY 1s, 2s, 2p AND THEY ARE ALL
SPECTROSCOPIC. WE CAN USE WILD CARDS * FOR SPECIFYING ORBITALS

* MEANS ALL ORBITALS
stk ok ok ok ok ok sk ok s ok sk ok s ok ok sk ok s ok sk ok s ok sk ok ok ok ok sk ok s ok sk ok sk ook sk ok s ok sk ok s ok ok sk ok sk ok sk ok s ok sk ok ok ok ok sk ok s ok sk ok ok ok ok sk ok ook sk ok ok ok ok

RMCDHF

This program determines the radial orbitals
and the expansion coefficients of the CSFs

in a self-onsistent field proceedure

Input file:

isodata, rcsf.inp, rwfn.inp, mcp.30,

Outputfiles: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

Default settings?

>>y

Loading CSF file ...
There are/is

There are

(y/n)

Header only

4 relativistic subshells;
Loading CSF File for ALL blocks

3 relativistic CSFs...

Loading Radial WaveFunction File ...

There are
1 1/2+

1

3 Dblocks
2 1/2-

(block
1

J/Parity
3 3/2-

load complete;

NCF) :

1

¥ ¥ X X X X X ¥ *
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Enter ASF serial numbers for each block
Block 1 ncf = 1 id
>>1

Block 2 ncf
>>1

Block 3 ncf
>>1

level weights (1 equal; 5 standard; 9 user)
>>5

Radial functions

1s 2s 2p- 2p

Enter orbitals to be varied (Updating order)
>>%

1/2+

1 id

1/2-

1 id 3/2-

Which of these are spectroscopic orbitals?
>>%

Enter the maximum number of SCF cycles:
>>100

RMCDHF: Execution complete.

ok ok sk ok ok ok ok ok ok ok K ok ok sk ok ok ok sk s ok ok ok K ok ok sk sk sk ok ok K ok ok sk sk ok ok K ok ok sk sk sk ok sk ok s ok sk sk ok ok ok sk ok sk ok sk sk ok ok sk ok ok ok ok ok ok ok K
* RUN RSAVE TO SAVE OUTPUT FILES: name.c, name.w, name.m, name.sum *

* name.alog, name.log *
sk ok ok sk o ok sk ok ok o ok sk ok ok sk ok sk o ok sk sk ok s ok sk o ok sk ok ok s ok sk s ok sk sk ok s ok sk s ok sk sk sk ok sk sk ok sk ok sk ook sk sk ok ok sk ook sk ok ok ok sk ook ok ok ok ok

>>rsave 2s_2p_DF

Created 2s_2p_DF.w, 2s_2p_DF.c, 2s_2p_DF.m, 2s_2p_DF.sum, 2s_2p_DF.alog and 2s_2p_DF.log

3k 3k 3k 3k 3k 5K >k 3k >k 3k 3k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 3k 5k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 3k >k 5k 5k %k 5k >k 5k >k 3k 5k 5k 5k >k 3k >k %k 5k %k 5k >k >k >k %k >k %k 5k k >k k >k k k

* RUN RCSFGENERATE TO GENERATE n = 3 CAS LIST *
* OF CSFs FOR 28 *
* OUTPUT FILES: rcsfgenerate.log, rcsf.out *

3k >k >k >k >k 5k ok ok ok ok 5k 5k >k >k >k >k %k >k >k >k ok ok 5k 5k 5k >k >k %k %k >k >k >k >k >k 5k 5k 5k %k %k >k >k >k >k >k >k >k >k 5k 5k 5k %k %k >k >k >k %k >k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k k

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfile: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core
1: He ( 1s(2)
2: Ne ([He]l + 2s(2)2p(6)

2 electrons)
10 electrons)
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3: Ar ([Ne]l + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d4(10)5s(2)5p(6) = 54 electrons)
6: Rn ([Xe]l + 4f(14)5d(10)6s(2)6p(6) = 86 electrons)

>>0
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (*)

Give configuration 1
>>1s(2,%)2s(1,%*)

Give configuration 2
>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>3s,3p,3d

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>1,1

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)
>>3

Generate more lists 7 (y/n)
>>n

1 blocks were created

block J/P NCSF
1 1/2+ 79

3k >k >k >k >k 3k 5k 5k ok ok 5k 5k %k 5k 5k %k >k >k >k >k >k >k 5k 5k %k >k >k %k %k %k >k >k >k >k 5k 5k 5k %k %k >k >k >k %k >k >k >k >k >k 5k 5k %k %k >k >k >k %k >k >k >k >k >k >k 5k >k >k >k >k >k >k %k >k >k >k >k >k %k %k >k k

* COPY FILES *
* IT IS ADVISABLE TO SAVE THE rcsfgenerate.log FILE TO HAVE A *
* RECORD ON HOW THE LIST OF CSFs WAS CREATED *

3k >k >k >k >k 3K 3K 3k 3k 5k 5k 3k 3k 5k 5k >k %k %k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k 5k %k %k >k >k 3k 3k 3k 3k 3k %k 5k >k >k %k %k K >k 5k 3k 5k 5k 3k 3k %k 5k >k %k %k K 3K 3k 5k 5k 5k 5k 3k %k >k >k >k %k %k % > > > %k %k %k k

>>cp rcsfgenerate.log 2s_3.exc
>>cp rcsf.out rcsf.inp

3k >k >k >k >k 3k 3k 5k 5k 5k 5k 5k %k 5k 5k %k %k >k >k >k 5k >k 5k 5k 5k 3k >k >k %k %k %k >k >k >k 5k 5k 3k %k %k %k >k >k %k %k >k >k >k 5k >k 5k 5k %k >k >k >k %k %k >k >k >k >k >k 5k >k >k >k >k >k >k %k %k >k >k >k >k %k %k >k k

* RUN RANGULAR TO GENERATE ENERGY EXPRESSION *
* INPUT FILE : rcsf.inp *
* OUTPUT FILES: rangular.log, mcp.30, mcp.31,.... *

kst ok ook sk ok ok sk s ok stk o sk sk ok o sk sk ok o ok sk o o ok stk ok ok sk ok ook sk o ok sk ok s ok stk ok s ok sk sk ok o sk sk ok o ok sk ok o
>>rangular

RANGULAR
This program performs angular integration
Input file: rcsf.inp
Outputfiles: mcp.30, mcp.31,
rangular.log

Full interaction? (y/n)
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RANGULAR: Execution complete.

3k >k >k >k >k 3k 3k 5k ok ok 5k 3k 5k %k 5k %k >k >k >k 5k 5k >k 5k 5k 5k %k >k >k %k %k %k >k >k >k 5k 5k 5k %k %k %k >k >k %k >k >k >k >k >k 5k 5k %k %k >k >k >k %k >k >k >k >k >k >k 5k >k >k >k >k >k >k %k %k >k >k >k >k >k %k >k k

* RUN RWFNESTIMATE TO GENERATE INITIAL ESTIMATES FOR RADIAL ORBITALS
* INPUT FILES: isodata, rcsf.inp, previous rwfn files
* OUTPUT FILE: rwfn.inp

*
*
*

3k >k >k >k >k 3k 3K 3K 3k 5k 5k 3k 3k 3k 5k 5k >k %k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k >k %k %k >k >k 3k 3k 5k 3k 3k %k %k >k >k %k % K >k 5K 3k 5k 5k 3k %k %k >k >k %k %k K 3K 3k 3k 5k 5k 5k %k %k >k >k >k %k %k >k > > > % %k %k k

>>rwfnestimate

RWFNESTIMATE

This program estimates radial wave functions

for orbitals

Input files: isodata, rcsf.inp, optional rwfn file
Output file: rwfn.inp

Default settings 7

>>y
Loading CSF file ... Header only
There are/is 9 relativistic subshells;

The following subshell radial wavefunctions remain to be estimated:

1s 2s 2p- 2p 3s 3p- 3p 3d- 3d

Read subshell radial wavefunctions. Choose one below
1--GRASP2K File
2--Thomas-Fermi
3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]
>>1
Enter the file name (Null then "rwfn.out")
>>
Enter the list of relativistic subshells:
>>%

The following subshell radial wavefunctions remain to be estimated:

3s 3p- 3p 3d- 3d

Read subshell radial wavefunctions. Choose one below
1--GRASP2K File
2--Thomas-Fermi
3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]
>>2
Enter the list of relativistic subshells:
>>%
A1l required subshell radial wavefunctions have been estimated:
Shell e pO gamma <r> MTP SRC

1s  0.2518D+01 0.9280D+01 0.1000D+01 0.5732D+00 355 «rwf
2s  0.1963D+00 0.1452D+01 0.1000D+01 0.3873D+01 361 rwf
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2p- 0.1287D+00 0.5116D-04 0.1000D+01 0.4796D+01 366 rwf
2p 0.1287D+00 0.4265D+00 0.2000D+01 0.4796D+01 366 rwf
3s  0.9128D-01 0.9783D+00 0.1000D+01 0.8483D+01 369 T-F
3p- 0.7531D-01 0.6591D-04 0.1000D+01 0.9267D+01 371 T-F
3p 0.7531D-01 0.5494D+00 0.2000D+01 0.9267D+01 371 T-F
3d- 0.6228D-01 0.3234D-05 0.2000D+01 0.9127D+01 373 T-F
3d 0.6228D-01 0.3237D-01 0.3000D+01 0.9128D+01 373 T-F

RWFNESTIMATE: Execution complete.

Comment: please note how we used the wild card * twice. We start by reading the orbitals from a GRASP file (previous
run rwfn.out). Using the wild card * the program reads as many orbitals as possible, i.e., 1s, 2s, 2p-, 2p. The orbitals 3s,
3p-, 3p, 3d-, 3d then remain to be estimated, and we use Thomas-Fermi estimates. By again using the wild card * all the
remaining orbitals will be Thomas-Fermi estimates. Instead of Thomas-Fermi estimates, we could have used option 4,
screened hydrogenic with custom Z and adjusted the charge until the radii <r> of the estimated orbitals overlapped the
radii <r> of the 1s and 2s spectroscopic orbitals, see Section 6.8 for an example of the use of option 4.

st 3 ok ok sk ok ok ok K ok ok ok K 3 ok ok ok K ok ok ok ok s ok ok K K ok ok ok K sk ok sk K 3 ok ok sk ok ok sk ok 3 ok sk sk ok ok sk ok s ok sk ok ok ok sk sk ok sk sk ok ok ok ok sk ok ok ok ook ok
RUN RMCDHF_MEM TO OBTAIN SELF CONSISTENT SOLUTIONS

INPUT FILES: isodata, rcsf.inp, rwfn.inp, mcp.30, mcp.31,...
OUTPUT FILES: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

NOTE: FOR CORRELATION ORBITALS THERE ARE NO RESTRICTIONS ON THE
NUMBER OF NODES, I.E. THEY ARE NOT SPECTROSCOPIC. IN THIS RUN WE
VARY THE CORRELATION ORBITALS 3s,3p, 3d. NONE OF THESE ARE
SPECTROSCOPIC. WE CAN USE WILD CARDS * FOR SPECIFYING ORBITALS
3% MEANS 3s, 3p-, 3p, 3d-, 3d

3k 3k 3k 5k 3k 5k >k 3k >k 3k 3k k 5k k 5k >k 5k >k >k 5k >k 5k >k 5k 5k 3k 5k >k 5k >k Sk >k k 5k >k 5k >k 5k >k 5k >k 3k 5k 5k 5k %k Sk 5k k 5k >k 5k >k 5k >k 5k 5k >k 5k %k 5k >k 5k 5k k 5k >k 5k >k 5k >k >k >k >k sk k >k k k

* K X X X X X X ¥
* X X X X X X X *

>>rmcdhf_mem

RMCDHF

This program determines the radial orbitals

and the expansion coefficients of the CSFs

in a self-consistent field proceedure

Input file: isodata, rcsf.inp, rwfn.inp, mcp.30,
Outputfiles: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

Default settings? (y/n)

>>y

Loading CSF file ... Header only

There are/is 9 relativistic subshells;

Loading CSF File for ALL blocks

There are 79 relativistic CSFs... load complete;

Loading Radial WaveFunction File ...
There are 1 blocks (block J/Parity NCF):
1 1/2+ 79

Enter ASF serial numbers for each block

Block 1 ncf = 79 id = 1/2+
>>1

Radial functions

1s 2s 2p- 2p 3s 3p- 3p 3d- 3d

Enter orbitals to be varied (Updating order)

>>3%
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Which of these are spectroscopic orbitals?
>>

Enter the maximum number of SCF cycles:
>>100

RMCDHF: Execution complete.

ok sk K ok ok ok K ok ok ok K ok ok K K oK ok ok K 3 ok ok K K ok ok oK K 3k ok ok K ok ok K K 3k ok ok K 3 ok ok K K ok ok K K 3k ok ok 3k ok ok K K sk ok sk K ok ok Kk ok ok ok ok ok ok K
* RUN RSAVE TO SAVE OUTPUT FILES: name.c, name.w, name.m, name.sum *

* name.alog, name.log *
okokokok ok skokok ok skokok ok sk okok ok ok okokok ok skokok ok sk okok sk ok sk okok ok sk okokok ok skokok ok skokok sk ok sk okok ok sk skoko ok sk okok ok sk ko ok

>>rsave 2s_3
Created 2s_3.w, 2s_3.c, 2s_3.m, 2s_3.sum, 2s_3.alog and 2s_3.log

ook ok sk o ok ok sk ok o ok ok K ok ok sk o ok ok sk ok ok ok sk ok ok sk ok sk ok ok ok ok ok sk ok sk ok sk ok ok ok sk o ok ok ok ok sk ok ok sk ok ok sk ok sk ok sk sk ok ok sk ok ok ok ok ok ok ok K
RUN RCI TO INCLUDE TRANSVERSE PHOTON INTERACTION AND QED EFFECTS
INPUT FILES : isodata, 2s_3.c, 2s_3.w

OUTPUT FILES: 2s_3.cm, 2s_3.csum, 2s_3.clog, rci.res

THE TRANSVERSE PHOTON FREQUENCIES CAN BE SET TO THE LOW FREQUENCY
LIMIT. RECOMMENDED IN CASES WHERE YOU HAVE CORRELATION ORBITALS
THE SELF ENERGY CORRECTION MAY FAIL FOR CORRELATION ORBITALS WITH
HIGH N.

stk sk ok ok sk sk sk sk sk ok sk ok ko ok sk sk sk sk sk sk sk sk sk sk ko ok sk sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk ok sk k ok

* K X X X ¥ X *
¥ X X X X X X *

>>rci

RCI

This is the configuration interaction program

Input file: isodata, name.c, name.w

Outputfiles: name.cm, name.csum, name.clog, rci.res

Default settings?

>>y
Name of state:
>>2s_3
Block 1, ncf = 79
Loading CSF file ... Header only
There are/is 9 relativistic subshells;
Include contribution of H (Transverse)?
>>y
Modify all transverse photon frequencies?
>>y
Enter the scale factor:
>>1.d-6
Include H (Vacuum Polarisation)?
>>y
Include H (Normal Mass Shift)?
>>n

Include H (Specific Mass Shift)?
>>n
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Estimate self-energy?
>>y

Largest n quantum number for including self-energy for orbital
n should be less or equal 8
>>3

Loading Radial WaveFunction File
There are 1 blocks (block J/Parity NCF):
1 1/2+ 79

Enter ASF serial numbers for each block

Block 1 ncf = 79 id = 1/2+
>>1

RCI: Execution complete.

3k 3k 3k 5k 3k 5k >k 5k >k 3k 3k 3k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 3k >k %k 5k %k 5k >k >k %k %k >k %k 5k k >k k >k k k

* RUN JJ2LSJ TO TRANSFORM FROM JJ- TO LSJ-COUPLING
* INPUT FILES: 2s_3.c, 2s_3.cm
* OUTPUT FILE: 2s_3.1sj.1lbl, 2s_3.uni.lsj.1lbl

3k >k >k >k >k >k 5k 5k ok ok 5k 5k >k >k >k >k >k >k >k >k >k >k 5k 5k 5k >k >k >k >k >k >k >k >k >k 5k 5k 5k >k >k >k >k >k %k >k >k >k >k 5k 5k 5k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k >k >k k

>>3j21sj

jj21sj: Transformation of ASFs from a jj-coupled CSF basis
into an LSJ-coupled CSF basis (Fortran 95 version)
(C) Copyright by G. Gaigalas and Ch. F. Fischer,
(2021).

Input files: name.c, name.(c)m

Output files: name.lsj.lbl

(optional) mname.lsj.c, name.lsj.j,
name.uni.lsj.1lbl, name.uni.lsj.sum

Name of state
>>25 3
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 79 relativistic CSFs;
load complete;

Mixing coefficients from a CI calc.?

>>y
Do you need a unique labeling? (y/n)
>>y

nelec = 3

ncftot = 79

nw = 9

nblock = 1

block ncf nev 2j+1 parity

1 79 1 2 1
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Default settings? (y/n)
>>y

jj21sj: Execution Complete

3k >k >k >k >k 3K 3K 3K 3k 3k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3K 3k 3k 3k 3k 3k 3k 5k 5k 5k %k >k >k 3k 3K 3k 3k 3k %k 5k >k 5k 5k %k K 5K 3K 5K 5k 5k 3k %k 5k 5k >k %k %k %K 3K 3k 5k 5k 5k 5k %k %k >k >k >k %k %k %k > 3% 3% %k %k %k k

* RUN RCSFGENERATE TO GENERATE n = 3 CAS LIST *
* OF CSFs FOR 2P *
* OUTPUT FILES: rcsfgenerate.log, rcsf.out *

st sk sk o o ok sk ok ok o ok sk sk ok o ok sk sk ok o sk sk ok o sk sk sk s ok sk sk sk sk o sk sk sk o ok sk sk sk s sk sk sk s e sk sk sk ok e sk sk sk ok o sk sk sk ok s sk sk sk s ok ok sk ok ok ok
>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([Hel + 2s(2)2p(6) = 10 electrons)
3: Ar ([Nel + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d(10)5s(2)5p(6) = 54 electrons)
6: Rn ([Xe] + 4f(14)5d(10)6s(2)6p(6) = 86 electrons)

>>0
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (*)

Give configuration 1
>>1s5(2,*)2p(1,*)
Give configuration 2
>>
Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>3s,3p,3d
Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>1,3
Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)
>>3
Generate more lists 7 (y/n)
>>n
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2 Dblocks were created

block J/P NCSF
1 1/2- 76
2 3/2- 110

3k >k >k >k >k 3K 3K 3K 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3K 3k 3k 3k 3k 3k 3k 5k 5k 5k %k >k 5K 3k 3k 3k 3k 3k %k %k >k 5k 5k %k K 5K 3K 3K 5k 5k 3k %k 5k 5k >k %k %k K 3K 3k 3k 5k 5k 5k %k 5k >k >k >k %k %k %k > > > %k %k %k k
* COPY FILES *
3k >k >k >k >k 3k 5k 5k ok ok 5k 5k %k >k >k >k >k >k >k 5k 5k >k 5k 5k 5k >k >k >k 5k %k >k >k >k >k 5k 5k 5k %k >k >k >k >k %k >k >k >k >k >k 5k 5k %k %k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k %k >k k

>>cp rcsfgenerate.log 2p_3.exc
>>cp rcsf.out rcsf.inp

3k 3k >k >k K 3K 3K 3K 3K 5k 5k 3k 5k 5k 5k 5k 5k 5k >k 3K 3K 3k 3k 3k 5k 5k 3k 5k 5k 5k %k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k %k %K K 3K 3K 5K 5K 3k 3k %k 5k 5k >k %k %k K 3K 3K 3K >k 5k 5k %k %k 5k >k %k %k % %k 3k 3 5 % % %k k

* RUN RANGULAR TO GENERATE ENERGY EXPRESSION *
* INPUT FILE : rcsf.inp *
* OUTPUT FILES: rangular.log, mcp.30, mcp.31,.... *

st sk s o o o ok sk ok o o ok sk sk o o ok sk ok ok o sk sk ok o sk sk ok o o ok sk ok sk o ok sk ok sk o ok sk sk sk s o ok sk ok sk o sk sk sk ok o ok sk sk ok o ok sk sk ok o sk sk sk o o ok sk ok ok
>>rangular

RANGULAR
This program performs angular integration
Input file: rcsf.inp
Outputfiles: mcp.30, mcp.31,
rangular.log

Full interaction? (y/n)
>>y

RANGULAR: Execution complete.

sk sk ook sk ok ok stk sk ok skskok sk ok sk sk sk sk ok sk sk sk ok sk sk sk ok sksk sk sk ok sksk sk sk ook sk sk ok skskok ok skskok sk ok sk sk sk sk sk sk sk ok ok sk sk ok
RUN RWFNESTIMATE TO GENERATE INITIAL ESTIMATES FOR RADIAL ORBITALS
WE CAN USE WILD CARDS * TO SPECIFY ORBITALS

* MEANS ALL ORBITALS

WE TAKE THE SPECTROSCOPIC ORBITALS FROM OUR DF CALCULATION

INPUT FILES: isodata, rcsf.inp, previous rwfn files

OUTPUT FILE: rwfn.inp

sk skt sk ook sk ok ok sk o ok skskok o ok sk sk sk sk sk sk sk sk ok ok sksk sk ok ok sksk sk ok sk sk sk sk ook sk sk ok sk ok skskok ok ok sk sksk sk ke sk sk sk ok ok sk sk ok ok

E B R I R

*
*
*
*
*
*

>>rwfnestimate

RWFNESTIMATE

This program estimates radial wave functions

for orbitals

Input files: isodata, rcsf.inp, optional rwfn file
Output file: rwfn.inp

Default settings 7
>>y



Atoms 2023, 11, 68

48 of 369

Loading CSF file ...

There are/is

The following subshell radial wavefunctions remain to be estimated:
1s 2s 2p- 2p 3s 3p- 3p 3d- 3d

Read subshell radial wavefunctions.

>>1

Enter the file name (Null then "rwfn.out")

1--GRASP2K File
2--Thomas-Fermi

Header only

9 relativistic subshells;

3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]

>>2s_2p_DF.w

Enter the list of relativistic subshells:

>>%

The following subshell radial wavefunctions remain to be estimated:

3s 3p- 3p 3d- 3d

Read subshell radial wavefunctions.

>>2

Enter the list of relativistic subshells:

>>%

A1l required subshell radial wavefunctions

Shell

1s
2s
2p-
2p
3s
3p-
3p
3d-
3d

1--GRASP2K File
2--Thomas-Fermi
3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]

O O O O O O O o

o

e

.2518D+01
.1963D+00
.1287D+00
.1287D+00
.9128D-01
.7531D-01
.7531D-01
.6228D-01
.6228D-01

O O O O O O O o

pO

.9280D+01
.1452D+01
.5116D-04
.4265D+00
.9783D+00
.6591D-04
.5494D+00
.3234D-05
0.

3237D-01

O O O O O O O o

gamma

.1000D+01
.1000D+01
.1000D+01
.2000D+01
.1000D+01
.1000D+01
.2000D+01
.2000D+01
0.

3000D+01

RWFNESTIMATE: Execution complete.

O O O O O O O o o

Choose one below

Choose one below

have been
<r>

.5732D+00
.3873D+01
.4796D+01
.4796D+01
.8483D+01
.9267D+01
.9267D+01
.9127D+01
.9128D+01

estimated:

MTP

355
361
366
366
369
371
371
373
373

SRC

2s_
2s_
2s_
2s_
T-F
T-F
T-F
T-F
T-F

3k 3k 3k 5k 3k 5k >k 5k >k 3k 3k k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k >k >k 5k 5k 5k 5k >k 5k >k %k 5k %k 5k >k >k >k %k >k %k >k k >k k >k k k

* K X K X X X X *

RUN RMCDHF_MEM TO OBTAIN SELF CONSISTENT SOLUTIONS
INPUT FILES: isodata, rcsf.inp, rwfn.inp, mcp.30, mcp.31,...
OUTPUT FILES: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

NOTE: FOR CORRELATION ORBITALS THERE ARE NO RESTRICTIONS ON THE
NUMBER OF NODES, I.E. THEY ARE NOT SPECTROSCOPIC. IN THIS RUN WE
VARY THE CORRELATION ORBITALS 3s,3p, 3d. NONE OF THESE ARE
SPECTROSCOPIC. WE CAN USE WILD CARDS * FOR SPECIFYING ORBITALS

3% MEANS 3s, 3p-, 3p, 3d-, 3d
stk o ok ok ok ok ok sk sk K ok ke o ok ok ok ok sk sk sk sk o ok ok ok sk sk sk sk sk sk ko ok ok ok ok sk sk sk sk sk ke o ok ok ok ok sk sk sk sk sk ok ok ok ok ok sk ok sk k ko ok

>>rmcdhf _mem

¥ ¥ X X X X X x *
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RMCDHF

This program determines the radial orbitals

and the expansion coefficients of the CSFs

in a self-onsistent field proceedure

Input file: isodata, rcsf.inp, rwfn.inp, mcp.30,
Outputfiles: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.

Default settings? (y/n)

>>y
Loading CSF file ... Header only
There are/is 9 relativistic subshells;

Loading CSF File for ALL blocks

There are 186 relativistic CSFs... load complete;

Loading Radial WaveFunction File

There are 2 blocks (block J/Parity
1 1/2- 76 2 3/2- 110
Enter ASF serial numbers for each block
Block 1 ncf = 76 id = 1/2-
>>1
Block 2 ncf = 110 id = 3/2-
>>1

level weights (1 equal; 5 standard; 9 user)
>>5

Radial functions

1s 2s 2p- 2p 3s 3p- 3p 3d- 3d

Enter orbitals to be varied (Updating order)
>>3%

Which of these are spectroscopic orbitals?
>>

Enter the maximum number of SCF cycles:
>>100

RMCDHF: Execution complete.

log

NCF) :

3k 3k >k >k >k 3k 3K 3K 3k 5k 5k 3k 3k 3k 5k 5k 5k %k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k 5k 5k %k >k 3k 3K 3K 3k 3k 3k %k %k 5k 5k 5k %K K 3K 3K 3K 5k 3k 3k %k 5k 5k >k %k %k K 3K 3k 3k 5k 5k 5k %k 5k 5k >k >k %k %k %k > 3 5 % % %k k

* RUN RSAVE TO SAVE OUTPUT FILES

*

3k >k >k >k >k 3k 5k 5k ok ok 5k 5k %k %k 5k %k %k >k >k >k >k >k 5k 5k 5k >k >k >k %k %k >k >k >k >k 5k 5k 5k %k %k >k >k >k %k >k >k >k >k >k 5k 5k %k %k >k >k >k %k >k >k >k >k >k >k 5k 5k >k >k >k >k >k %k >k >k >k >k >k >k %k >k k

>>rsave 2p_3

Created 2p_3.w, 2p_3.c, 2p_3.m, 2p_3.sum, 2p_3.alog and 2p_3.log

3k 3k >k >k K 3K 3K 3K 3K 3k 5k 3k 5k 5k 5k 5k 5k %k >k 3K 3K 3k 3k 3k 5k 5k 3k 5k 5k 5k 5k K 3K 3K 3K 3k 3k 3k %k 5k 5k 5k %k %K 3K 3K 3K 5K 5K 3k 3k 5k 5k 5k 5k 5k %k K 3K 3k 3K 5k 5k 5k %k 5k 5k >k >k %k % >k 3k 5 5 % % %k k

INPUT FILES : isodata, 2p_3.c, 2p_3.w

* X X ¥ X *

RUN RCI TO INCLUDE TRANSVERSE PHOTON INTERACTION AND QED EFFECTS
OUTPUT FILES: 2p_3.cm, 2p_3.csum, 2p_3.clog, rci.res

THE TRANSVERSE PHOTON FREQUENCIES CAN BE SET TO THE LOW FREQUENCY
LIMIT. RECOMMENDED IN CASES WHERE YOU HAVE CORRELATION ORBITALS

* ¥ ¥ X X *
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* THE SELF ENERGY CORRECTION MAY FAIL FOR CORRELATION ORBITALS WITH  *
* HIGH N. *
stk ko ok sk sk ok sk ok ok ok sk ko ok ok sk sk sk sk sk ok sk ok sk ok ok sk sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk ok sk sk ok sk sk sk sk sk sk ok ok ok ok k ok

>>rci

RCI

This is the configuration interaction program

Input file: isodata, name.c, name.w

Outputfiles: name.cm, name.csum, name.clog, rci.res

Default settings?
>>y

Name of state:
>>2p_3

Block 1, ncf = 76
Block 2, ncf = 110
Loading CSF file ... Header only

There are/is 9 relativistic subshells;
Include contribution of H (Transverse)?
>>y

Modify all transverse photon frequencies?
>>y

Enter the scale factor:
>>1.d4-6

Include H (Vacuum Polarisation)?
>>y

Include H (Normal Mass Shift)?
>>n

Include H (Specific Mass Shift)?
>>n

Estimate self-energy?
>>y

Largest n quantum number for including self-energy for orbital
n should be less or equal 8
>>3

Loading Radial WaveFunction File
There are 2 blocks (block J/Parity  NCF):
1 1/2- 76 2 3/2- 110

Enter ASF serial numbers for each block

Block 1 ncf = 76 id = 1/2-
>>1

Block 2 ncf = 110 id = 3/2-
>>1

RCI: Execution complete.

stk ok ok ok sk sk sk sk sk ok sk ok ok ok ok sk sk sk sk sk sk sk sk sk sk ok ok ok sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk ok sk kot ok sk sk sk sk sk sk sk sk ok ok ok ok
* RUN JJ2LSJ TO TRANSFORM FROM JJ- TO LSJ-COUPLING *
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* INPUT FILES: 2p_3.c, 2p_3.cm *
* OUTPUT FILE: 2p_3.1sj.1lbl, 2p_3.uni.lsj.1lbl *
stk ko ok sk sk ok sk ok ok ok sk ko ok ok sk sk sk sk sk ok sk ok sk ok ok sk sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk ok sk sk ok sk sk sk sk sk sk ok ok ok ok k ok

>>jj2lsj

jj21sj: Transformation of ASFs from a jj-coupled CSF basis
into an LSJ-coupled CSF basis (Fortran 95 version)
(C) Copyright by G. Gaigalas and Ch. F. Fischer,
(2021).

Input files: name.c, name.(c)m

Output files: name.lsj.lbl

(optional) mname.lsj.c, name.lsj.j,
name.uni.lsj.1lbl, name.uni.lsj.sum

Name of state
>>2p_3
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 186 relativistic CSFs;
load complete;

Mixing coefficients from a CI calc.?

>>y
Do you need a unique labeling? (y/n)
>>y
nelec = 3
ncftot = 186
nw = 9
nblock = 2
block ncf nev 2j+1 parity
1 76 1 2 -1
2 110 1 4 -1
Default settings? (y/n)
>>y

jj21sj: Execution Complete

stk o ok ok ok ok ok sk sk ok ok ok ke ok ok ok ok ok sk sk sk sk o ok ok ok sk sk sk sk sk sk ko ok ok ok ok sk sk sk sk sk ke ok ok ok ok ok sk sk sk sk sk ok ok ok ok ok sk ok k ko ok
* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS. *

* IF DESIRED WE CAN INSTEAD RUN RLEVELSEV TO GET THE SEPARATION IN EV x*
stk ok ok ok ok ok sk sk sk sk sk ok ke ok ok ok ok sk sk sk sk sk sk o ok ok ok sk sk sk sk sk sk sk ko ok ok sk sk sk sk sk sk sk sk ke ok sk sk sk sk sk sk sk sk sk sk ok ook ok ok sk sk sk sk k sk ok ok ok

>> rlevels 2s_3.cm 2p_3.cm

]
|
©
]
w

79 nw = nelec
186 nw = 9 nelec

1 ncftot
2 ncftot

nblock
nblock

]
w

Energy levels for ...
Rydberg constant is  109737.31569
Splitting is the energy difference with the lower neighbour
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No Pos J Parity Energy Total Levels Splitting Configuration
(a.u.) (cm~-1) (cm~-1)
11 1/2+ -7.4719740 0.00 0.00 1s(2).2s_28
2 1 1/2 - -7.4042610 14861.28 14861.28 1s(2).2p_2P
3 1 3/2 - -7.4042597 14861.57 0.29 1s(2).2p_2P

3k >k >k >k >k 3k 3k 3k 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k 5k %k %k >k >k 3k 3k 3k 3k 3k %k %k >k >k %k %k K >k 5K 5k 5k 5k 3k %k %k 5k >k %k %k K 3k 3k 3k 5k 5k 5k %k %k >k >k >k %k %k %k > > > %k %k %k k

* RUN RHFS FOR 2s_3 *
* INPUT FILES: isodata, 2s_3.c, 2s_3.w, 2s_3.cm *
* OUTPUT FILE: 2s_3.ch, 2s_3.choffd *

ook ok sk o ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ko ok ok ok ok ok ok ok sk ok ok ok ok ok sk ok sk ok ok sk ok ok sk ok ok ok ok ok 3k ok ok sk ok ok ok sk ok ok ok ok ok o ok ok sk ok ok ok ok ok ok ok
>>rhfs

RHFS

This is the hyperfine structure program

Input files: isodata, name.c, name.(c)m, name.w

Output files: name.(c)h, name.(c)hoffd

Default settings?

>>y

Name of state
>>2s_3

Mixing coefficients from a CI calc.?
>>y

RHFS: Execution complete.

3k 3k 3k 5k 3k 3k 3k 5k >k 3k 3K 5k 3k 3k 5k 5k 5k 5k 5k 3k K 5k 5k 5k 5K 5k 3k >k 5k 5k 5k 5k 5k 5k kK 5k 5k 5k 5K 5k 3k 5k 5k 5k 5k 5k 5k 5k 3K 5k 5k 5k 5K 5k 3k 5k 5k 5k 5k >k 5k 5k 5k 5k 5k 5k 5K 5k 3k >k 5k >k 5k >k >k %k k k%
* VIEW DIAGONAL HFS CONSTANTS AND GJ FACTORS *
* OUTPUT SLIGHTLY EDITED TO DISPLAY ONLY THE TOTAL GJ *
3k 3k 3k 3k 3k 3k 3k 5k 3k 5k 3k 5k 3k 3k 5k Sk 5k 5k Sk sk 3k 5k k 5k 5K 5k 3k >k 5k 3k 5k 5k 5k 5k 3k 5k Sk 3k 3K 5k 3k 5k 5k 3k 5k 5k 5k sk 5k 5k Sk 3k 3K 5k 3k 5k 5k Sk 5k 5k 5k 5k 5k 5k Sk 5k 3k 5k 3k 5k 5k 5k 5k %k 5k 5k kK %k

>> more 2s_3.ch

Nuclear spin 1.500000000000000D+00 au
Nuclear magnetic dipole moment 3.256426800000000D+00 n.m.
Nuclear electric quadrupole moment -4.000000000000000D-02 barns
Interaction constants:
Levell J Parity A (MHz) B (MHz) total g_J

1 1/2 + 3.8844184122D+02 -0.0000000000D+00 2.0023047262D+00

stk ok o ok sk sk sk sk sk ok ok sk ok ok ok sk sk sk sk sk sk sk sk ok sk ok ok sk sk sk sk sk sk sk sk sk sk ko ok sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk ok ok ok ok
* RUN RHFS FOR 2p_3 *
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* INPUT FILES: isodata, 2p_3.c, 2p_3.w, 2p_3.cm *
* OUTPUT FILE: 2p_3.ch, 2p_3.choffd *
sk sk ook sk ok ok stk sk ok skskok sk ok sk sk sk sk ok sk sk sk ok sk sk sk ok stk sk sk ok sksk sk sk ook sk sk ok sksk sk ok sksksk sk ok sk sk sk sk ok sk sk ok ok sk sk ok ok

>>rhfs

RHFS

This is the hyperfine structure program

Input files: isodata, name.c, name.(c)m, name.w

Output files: name.(c)h, name.(c)hoffd

Default settings?

>>y

Name of state
>>2p_3

Mixing coefficients from a CI calc.?
>>y

RHFS: Execution complete.

stk ok o ok sk sk sk ok ok ok ok sk ok ok ok ok sk sk sk sk sk ok sk ok sk ko ok ok sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk ok sk koo sk sk sk sk sk sk ok sk ok sk ok sk
* VIEW DIAGONAL HFS CONSTANTS AND GJ FACTORS *

*, OUTPUT SLIGHTLY EDITED TO DISPLAY ONLY THE TOTAL GJ *
stk ko ok sk ok sk sk ok ok ok sk ko ok ok sk sk sk sk sk ok ok ok sk ok ok sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk ko ok sk sk sk sk sk sk ok sk ok sk sk ok sk sk sk sk sk sk ok sk ok ok k ok

>> more 2p_3.ch
Nuclear spin 1.500000000000000D+00 au

Nuclear magnetic dipole moment 3.256426800000000D+00 n.m.
Nuclear electric quadrupole moment -4.000000000000000D-02 barns

Interaction constants:

Levell J Parity A (MHz) B (MHz) total g_J
1 1/2 - 4.4821853986D+01  -0.0000000000D+00 6.6588395646D-01
1 3/2 - -3.5378452915D+00 -1.7729096327D-01 1.3340987050D+00

Please note that rhfs computes both diagonal and off-diagonal hyperfine interaction constants. The latter are available
in the name. choffd file. The off-diagonal parameters are sometimes available from experiment. For Li I, the A3/ 1,2
interaction constant is for example measured from level-crossing spectroscopy [38]. For systems with small fine-structure
separations, the off-diagonal hyperfine parameters are of crucial importance in order to model the observed hyperfine
line profiles [39]. For systems with large fine structure separations, the off-diagonal hyperfine constants may be neglected.

3k 3k 3k 5k 5k >k 3k 3k 3k 3k 5k ok 3k 3k 3k 5k 3k >k >k 3k Sk 3k ok %k 3k 3k 5k sk >k >k >k Sk Sk 5k >k >k >k 3k 3k 5k ok %k 3k 3k ok 3k >k %k >k Sk 5k 5k >k %k >k 3k 3k >k >k %k 3k 3k ok >k >k %k %k 3k ok 5k %k %k %k 3k sk >k k %k k

* RUN RIS4 FOR 2s_3 *
* INPUT FILES: isodata, 2s_3.c, 2s_3.w, 2s_3.cm *
* OUTPUT FILES: 2s_3.ci *
* 2s_3.I0B, 2s_3.ITB (angular files) *

3k >k >k >k >k 3k 3k 3k 5k 5k 5k 3k %k 5k 5k 5k %k >k >k 3k 3k 3k 5k 5k 5k 3k >k 5k %k %k %k >k >k >k 5k 3k 3k 3k %k >k >k >k %k %k >k >k >k 5k >k 5k 3k %k %k >k >k >k %k 3K >k >k >k >k 5k 5k %k >k >k >k >k %k %k >k >k >k > %k %k %k k

>>risd
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RIS: Execution begins

Default settings?
>>y

Name of state
>>25 3

Mixing coefficients from a CI calc.?
>>y

Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 79 relativistic CSFs;
load complete;
Loading Radial WaveFunction File

nelec = 3

ncftot = 79

nw = 9

nblock = 1

block ncf nev 2j+1 parity
1 79 1 2 1

NRNUC: 91
Compute higher order field shift electronic factors?
>>y

One-body angular file not available

Two-body angular file not available

Save ang. coefficients of one- and two-body op.?
>>y

RIS: Execution complete.

stk sk sk ok ok sk ok ok ok sk o ok sk sk ok ok ok sk sk sk sk sk sk sk sk ke sk sk sk sk ke ok sk sk sk ok ok sk sk s sk ok sk sk sk ok sk sk ok sksk sk o ok sk sk sk sk ok sk sk sk sk ke ok sk sk ok ok
* VIEW SPECIFIC MASS SHIFT AND FIELD SHIFT PARAMETERS *
* OUTPUT EDITED TO FIT THE PAGE *
sk skt sk ok ok sk ok ok sk ok sk skok ok sk sk sk sk sk sk sk sk ok ok sk sk sk ke ok sksk sk ok sksk sk sk ok sk sk ok stk ok skskok o ok sk sk sk sk ok sk sk sk sk ok sk sk ok ok
>> more 2s_3.ci

Number of eigenvalues: 1

Level J Parity Energy
1 1/2 + -0.7471973983D+01 (a.u.)

Level J Parity Normal mass shift parameter
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<K~1> <K~2+K~3> <K~1+K~2+K"3>
1 1/2 + 0.7475765524D+01 -0.6760181109D-02 0.7469005343D+01 (a.u.)
0.2698364414D+05 -0.2440075478D+02 0.2695924338D+05 (GHz u)

Level J Parity Specific mass shift parameter
<K~1> <K~2+K~3> <K~1+K"2+K"3>
1 1/2 + 0.3072684862D+00  -0.2114198685D-03 0.3070570663D+00 (a.u.)
0.1109080195D+04  -0.7631162959D+00 0.1108317079D+04 (GHz u)
Level J Parity Electron density in atomic units
Dens. (a.u.)

1 1/2 + 0.1388454525D+02

Level J Parity Field shift electronic factors and average point discrepancy in fit

FO (GHz/fm~2) F2 (GHz/fm~4) F4 (GHz/fm"~6)

1 1/2 + 0.2049813242D+00 -0.3342886617D-05 0.5289532830D-07
F6 (GHz/fm~8) Disc. (per mille)

1 1/2 + -0.7068539282D-09 0.0000

Level J Parity Field shift electronic factors (corrected for varying density inside nucleus)

FOVEDO (GHz/fm"2) FOVED1 (GHz/fm"~4)
1 1/2 + 0.2049364945D+00  -0.2839055991D-05

The normal and specific mass shift parameters are those of the three terms defined in TP Sections 3.3, Equations (73)

and (74). The field shift electronic factors Fy, F;, . . ., Fg are the ones defined in TP Section 3.3, Equation (79). F r(%/ °d and

(1)ved

Frjy = are the parameters defined in TP Section 3.3, Equation (83).

>k 3k 3k 5k ok ok ok 5k 5k >k >k >k >k >k >k >k >k ok ok 5k 5k 5k >k >k >k %k %k >k >k >k >k 5k 5k 5k 5k >k >k >k >k >k >k >k >k >k 5k 5k 5k 5k >k >k >k >k >k >k >k >k >k >k 5k >k >k >k >k >k >k >k %k >k >k >k >k >k >k >k %k %k >k >k %
* RUN RIS4 FOR 2p_3 *
* INPUT FILES: isodata, 2p_3.c, 2p_3.w, 2p_3.cm *
* OUTPUT FILES: 2p_3.ci *
* 2p_3.10B, 2p_3.ITB (angular files) *

stk sk ok sk sk sk ok sk s ok sk sk ok sk sk sk sk sk s sk sk s ok sk sk ok sk sk ksl sk sk s sk sk ok sk sk ok sk sk ok sk sk sk s sk sk sk sk ok sk ok
>>ris4d
RIS: Execution begins ...

Default settings?
>>y

Name of state
>>2p_3
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Mixing coefficients from a CI calc.?
>>y

Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 186 relativistic CSFs;
load complete;
Loading Radial WaveFunction File

nelec = 3

ncftot = 186

nw = 9

nblock = 2

block ncf nev 2j+1 parity
1 76 1 2 -1
2 110 1 4 -1

NRNUC: 91
Compute higher order field shift electronic factors?
>>y

One-body angular file not available

Two-body angular file not available

Save ang. coefficients of one- and two-body op.?
>>y

Column 100 complete;
Column 100 complete;

RIS: Execution complete.

3k 3k 3k 5k 3k 3k 3K 5k 5k 5k 3K 5k 3k 3k 5k 3k 5k 5k 5k 3k K 5k 5k 3k 5K 5k 3k >k 5k 5k 5k >k 5k 5k kK 5k 5k 5k 5K 5k 3k 5k 5k 3k 5k 5k 5k 5k 5K 5k 5k 5k 5K 5k 3k 5k 5k 5k 5k >k 5k 5k 5k 5k 5k 5k 5K 5k 5k %k 5k >k 5k >k >k %k kK %k
* VIEW SPECIFIC MASS SHIFT AND FIELD SHIFT PARAMETERS *
* OUTPUT EDITED TO FIT THE PAGE *
3k 3k 3k 3k 3k 3k 3k 3k 3k 5k 3K 5k 3k 3k 5k Sk 5k 5k 5k sk 3k 5k Sk 5k 3K 5k 3k >k 5k 3k 5k 5k 5k 5k 3k 5k Sk 5k 3K 5k 3k 5k 5k Sk 5k 5k 5k sk 5k 5k Sk 3k 3K 5k 3k 5k 5k Sk 5k 3k 5k 5k 5k 5k Sk 5k 3k 5k 3k 5k 5k 5k 5k %k 5k sk kK %k

>> more 2p_3.ci
Number of eigenvalues: 2
Level J Parity Energy
1 1/2 - -0.7404260995D+01 (a.u.)
1 3/2 - -0.7404259683D+01 (a.u.)
Level J Parity Normal mass shift parameter
<K~1> <K~2+K~3> <K~ 1+K"2+K~3>

1 1/2 - 0.7409611828D+01 -0.6671237484D-02 0.7402940590D+01 (a.u.)
0.2674486353D+05 -0.2407971433D+02 0.2672078382D+05 (GHz u)
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1 3/2 -

Level J Parity

1 1/2 -

1 3/2 -

Level J Parity

1 1/2 -
1 3/2 -

Level J Parity

1 1/2 -
1 3/2 -
1 1/2 -
1 3/2 -

Level J Parity

1 1/2 -
1 3/2 -

<K~1>
0.7409602908D+01
0.2674483134D+05

<K~2+K~3>
-0.6657064450D-02
-0.2402855701D+02

Specific mass shift parameter

<K~1>
0.2425644688D+00
0.8755321826D+03

<K~ 1>
0.2425741100D+00
0.8755669823D+03

<K~2+K~3>
-0.1746264308D-03
-0.6303110296D+00

<K~2+K~3>
-0.1915018511D-03
-0.6912225626D+00

Electron density in atomic units

Field

Field

Dens. (a.u.)
0.1372240739D+02
0.1372240990D+02

<K~1+K~2+K"3>
0.7402945843D+01
0.2672080278D+05

<K~1+K~2+K"3>
0.2423898424D+00
0.8749018716D+03

<K~1+K~2+K~3>
0.2423826081D+00
0.8748757597D+03

(a.u.)
(GHz u)

(a.u.)
(GHz u)

(a.u.)
(GHz u)

shift electronic factors and average point discrepancy in fit

FO (GHz/fm~2)
0.2025876387D+00
0.2025876757D+00

F6 (GHz/fm"8)
-0.6985943239D-09
-0.6985944586D-09

F2 (GHz/fm"~4)
-0.3303847114D-05
-0.3303847831D-05

Disc. (per mille)

0.0000
0.0000

F4 (GHz/fm"~6)
0.5227748000D-07
0.5227749057D-07

shift electronic factors (corrected for varying density inside nucleus)

FOVEDO (GHz/fm"~2)
0.2025433326D+00
0.2025433696D+00

FOVED1 (GHz/fm"~4)

-0.2805899138D-05
-0.2805899756D-05

Comment: Given the information in 2s_3.ci and 2p_3. ci together with isotopic data, the frequency isotope shift can be
computed using the fical program, see Section 12.2.

K 3K 3K 3K 3K 3K 3k 5k 3k 3k 3k 5k 5k 5k %k >k 3k 3k 3k 3k 3k 3k 3k 3k 5k 5k 5k %k %k 3k 3k 3k 3k 3k 3k %k 5k 5k >k %k %k % >k 3K 3K 5K 5k 3k 3k 5k 5k >k 5k %k %K K 3k 3k 5k 5k 3k 3k %k >k >k >k %k % %k 3k 3 >k 5 % % %k %k % %

* X ¥ ¥ X *

INPUT FILES:

isodata,

RUN RBIOTRANSFORM FOR 2s_3 AND 2p_3 TO TRANSFORM WAVE FUNCTIONS
2s_3.c, 2s_3.w, 2s_3.cm,

2p_3.c, 2p_3.w, 2p_3.cm

OUTPUT FILES: 2s_3.cbm, 2s_3.bw, 2p_3.cbm, 2p_3.bw

2s_3.TB, 2p_3.TB (angular files)

NOTE THAT THE ORDER OF INITIAL AND FINAL STATE DOES NOT MATTER

*
*
*
*
*
*

3k 3k >k >k K 3K 3K 3K 3k 3k 5k 3k 5k 5k 5k 5k 5k %k >k 3k 3K 5k 3k 3k 5k 5k 3k 5k 5k 5k %k %k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %k 3 3K 3K 3K 5K 3k 3k 5k 5k 5k 5k 5k %k K 3K 3K 3K 5k 5k 5k %k 5k 5k >k >k %k % >k >k 3 5 % % %k k

>>rbiotransform

RBIOTRANSFORM
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This program transforms the initial and final wave
functions so that standard tensor albegra can be
used in evaluation of the transition parameters
Input files: isodata, namel.c, namel.w, namel.(c)m
name2.c, name2.w, name2.(c)m
namel.TB, name2.TB (optional angular files)
Output files: namel.bw, namel. (c)bm,
name2.bw, name2.(c)bm
namel.TB, name2.TB (angular files)
Default settings?
>>y
Input from a CI calculation?
>>y
Name of the Initial state
>>25 3
Name of the Final state
>>2p_3
Transformation of all J symmetries?
>>y

BIOTRANSFORM: Execution complete.

3k 3k >k >k K 3K 3K 3K 5K 5k 5k 3k 3k 5k 5k 5k 5k %k >k 3k 3K 5k 3k 3k 5k 5k 3k 5k 5k 5k %k 3k 3K 3K 3K 3k 3k 3k 5k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k %k 5k 5k 5k 5k %k K 3K 3K 3K 5k 5k 5k %k 5k 5k >k %k %k % >k 3k 5 5 % % %k k

INPUT FILES: isodata, 2s_3.c, 2s_3.bw, 2s_3.cbm
2p_3.c, 2p_3.bw, 2p_3.cbm

OUTPUT FILES: 2s_3.2p_3.ct
2s_3.2p_3.-1T (angular file)

* ¥ X X X *

RUN RTRANSITION FOR 2s_3 and 2p_3 TO COMPUTE TRANSITION PARAMETERS

NOTE THAT THE ORDER OF INITIAL AND FINAL STATE DOES NOT MATTER

*
*
*
*
*
*

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 3k 5k 5k 5k >k 3k >k %k 5k %k 5k >k >k >k %k >k %k 5k k >k k >k k k

>>rtransition

RTRANSITION

This program computes transition parameters from

transformed wave functions

Input files: isodata, namel.c, namel.bw, namel.(c)bm
name2.c, name2.bw, name2. (c)bm
optional, namel.lsj.1lbl, name2.1lsj.1lbl
namel.name2.KT (optional angular files)

Output files: namel.name2.(c)t
optional, namel.name2.(c)t.lsj
namel.name2.KT (angular files)

Here K is parity and rank of transition: -1,+1 etc

Default settings?

>>y

Input from a CI calculation?
>>y

Name of the Initial state
>>2s_3

Name of the Final state
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>>2p_3

MRGCSL: Execution begins
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 79 relativistic CSFs;

load complete;
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 186 relativistic CSFs;

load complete;

1s

oW wWwwwwNNN
el
[

~
N ©

76 186

Loading Configuration Symmetry List File ...
there are 9 relativistic subshells;

there are 265 relativistic CSFs;

load complete;
Enter the list of transition specifications
e.g., E1,M2 or E1 M2 or E1;M2 :
>>E1

RTRANSITION: Execution complete.
sk sk sk s ok ok sk ok ok sk sk o o ok sk sk sk o ok sk sk sk s sk sk sk sk ok ok sk sk sk ke ok sk sk sk e ok sk sk s s ok sk sk ke ok sk sk ke ok sksk sk e ok sk sk sk s ok sk sk sk sk ke ok sk sk sk ok
* VIEW COMPUTED TRANSITION PARAMETERS *
sk sk sk sk sk sk sk sk sk sk sk sk ok sk ok o o o ok ok ok ok sk sk sk sk sk sk sk sk sk sk ok o o o ok ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk ok sk sk ok
>>more 2s_3.2p_3.ct

Transition between files:

f1 = 2s_3
f2 = 2p_3

Electric 2#x( 1)-pole transitions

Upper Lower
Lev JP Lev JP E (Kays) A (s-1) gf S
f2 1 1/2 - f1 1 1/2 + 14861.28 C 3.81311D+07 5.17671D-01 1.14676D+01

B 3.74756D+07 5.08773D-01 1.12705D+01
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f2 1 3/2 - f1 1 1/2 + 14861.57 C 3.81334D+07 1.03537D+00 2.29353D+01
B 3.74782D+07 1.01758D+00 2.25413D+01

stk sk ok ok sk sk sk sk sk ok sk ok sk ok ok sk sk sk sk sk sk sk sk sk sk ko ok sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk kot ok sk sk sk sk sk sk sk sk ok ok ok
* VIEW COMPUTED TRANSITION PARAMETERS IN LSJ COUPLING *

3K 3K 3K 3k 3k 3K 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k >k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 5k >k 3k 3k sk sk Sk Sk Sk sk sk Sk Sk Sk sk sk Sk Sk Sk Sk ok Sk Sk Sk ok ok Sk Sk 3k ok ok ok 3k 3k 3k ok 3k >k ok 3k k Kk sk k k k k
>>more 2s_3.2p_3.ct.ls]j
Transition between files:

2s_3
2p_3

1 -7.47197398 1s(2).2s_2S
1 -7.40426099 1s(2).2p_2P

14861.28 CM-1 6728.89 ANGS(VAC) 6728.20 ANGS(AIR)
El S = 1.12705D+01 GF = b5.08773D-01 AKI = 3.74756D+07 dT = 0.01719
1.14676D+01 5.17671D-01 3.81311D+07
1 -7.47197398 1s(2).2s_2S
3 -7.40425968 1s(2).2p_2P
14861.57 CM-1 6728.76 ANGS(VAC) 6728.06 ANGS(AIR)
El S = 2.25413D+01 GF = 1.01758D+00 AKI = 3.74782D+07 dT = 0.01718
2.29353D+01 1.03537D+00 3.81334D+07

Comment: the values in Babushkin gauge are now shown on the first line. In addition, the uncertainty parameter

|Ac — Ag|

AT = 1€~ 2B
max(Ac, Ag)

is given, see TP Section 3.5.

6.2. Second Example: 1s*2s2p 3P3, ,, 'P{ for B Il in Different Coupling Schemes — HF Initial Estimates

The second example is 1522s2p 3PS, ,, 1P? for B 1I in different coupling schemes and aims to illustrate the use of the
Coupling program. In this example, we also illustrate how we can use converted HF wave function as starting estimates
for the radial orbitals.

Overview

1.  Define nuclear data
2. Obtain common spectroscopic orbitals for the MR set

(a) Generate configuration list containing 4 CSFs belonging to 1s22s2p *P°

(b) Perform angular integration

(c) Perform HF calculation

(d) Convert HF orbitals to relativistic orbitals. We do not need to run rwfnestimate since all orbitals have been
estimated

(e) Perform SCF calculation on the weighted average on the state belonging to 1s22s2p 13P°

(f) Save output to 2s2p_DF

3.  Transform from jj- to LS]-coupling
Run rlevels to view energy separations.
5. Run jj21sj, Coupling, and rlevels to define energy spectra in different coupling scheme.

-
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Program Input

In the test-runs, prompt marked by >> or >>3, for example, indicates that the user should input 3 and then strike the
return key. When >> is followed by blanks, just strike the return key.

ok sk ok ok 3 ok sk ok ok o ok K sk ok sk ok ok o ok K sk ok ok ok s ok sk sk ok s ok ok 3 ok sk 3k ok ok sk 3 ok sk sk ok s ok K sk ok sk ok ok ok sk sk ok sk ok ok ok sk sk ok ok ok o ok ok sk ok ok K
* RUN RNUCLEUS TO GENERATE NUCLEAR DATA AND DEFINE RADIAL GRID *
* QUTPUT FILE: isodata *

ke ok s ok sk s ok sk ok ok o ok sk sk ok ok sk o ok sk sk ok sk ok sk s ok sk ok ok s ok sk s ok st sk ok s ok sk sk ok sk sk sk o ok sk sk ok sk ok sk ook sk sk ok st ok sk s ok sk ok ok ok sk ook ko ok ok k
>>rnucleus

RNUCLEUS
This program defines nuclear data and the radial grid
Outputfile: isodata

Enter the atomic number:

>>5

Enter the mass number (0 if the nucleus is to be modelled as a point source:
>>11

The default root mean squared radius is 2.4059998989105225 fm; (Angeli)
the default nuclear skin thickness is 2.2999999999999998 fm;
Revise these values?
>>n

Enter the mass of the neutral atom (in amu) (O if the nucleus is to be static):
>>10.81
Enter the nuclear spin quantum number (I) (in units of h / 2 pi):
>>1.5
Enter the nuclear dipole moment (in nuclear magnetons):
>>2.6886489
Enter the nuclear quadrupole moment (in barns):
>>1

3k >k >k >k >k 3K 3K 3K 3k 3k 5k 3k 3k 3k 5k 5k 5k %k >k 3k 3k 3k 5k 3k 3k 3k 3k 5k 5k %k %k >k >k 3k 3k 3k 3k 3k %k %k >k %k %k %k K 5k 3K 3K 5k 5k 3k %k 5k 5k >k %k %k K 3K 3k 3k 5k 5k >k 3k %k 5k >k >k %k %k %k >k > > %k %k %k k

* RUN RCSFGENERATE TO GENERATE LIST FOR *
* 1P_1 AND 3P_0,1,2 WITH FOUR CSFs: 2s2p- J=0, 2s2p- J=1, *
* 2s2p J=1, 2s2p J = 2 *
* OUTPUT FILES: rcsfgenerate.log, rcsf.out *

sk sk ook sk ok ok stk sk ok sksk ok sk ok sk sk sk sk sk sk sk sk ok sksk sk ok sksk sk sk ok sksk sk sk ook sk sk ok skesk sk ok skskok sk ok sk sk sk sk sk sk sk ok ok sk sk ok
>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core
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1: He ( 1s(2) = 2 electrons)
2: Ne ([He]l + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne] + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d4(10)5s(2)5p(6) = b4 electrons)
6: Rn ([Xe] + 4£(14)5d(10)6s(2)6p(6) = 86 electrons)

>>0

Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (*)

Give configuration 1
>>1s5(2,1)2s(1,1)2p(1,1)

Give configuration 2
>>

Give set of active orbitals, as defined by the highest principal quantum number

per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>2s,2p

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>0,4

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)
>>0

Generate more lists 7 (y/n)
>>n

3 blocks were created

block J/P NCSF
1 0- 1
2 1- 2
3 2- 1

3k >k >k >k >k 3K 3K 3k 3k 5k 5k 3k 3k 5k 5k >k %k %k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k 5k %k %k >k >k 3k 3k 3k 3k 3k %k 5k >k >k %k %k K >k 5k 3k 5k 5k 3k 3k %k 5k >k %k %k K 3K 3k 5k 5k 5k 5k 3k %k >k >k >k %k %k % > > > %k %k %k k

* COPY FILES *
* IT IS ADVISABLE TO SAVE THE rcsfgenerate.log FILE TO HAVE A *
* RECORD ON HOW THE LIST OF CSFs WAS CREATED *

3k 3k >k >k K 3K 3K 3K 3k 3k 5k 3k 5k 5k 5k 5k 5k %k >k 3k 3K 3k 3k 3k 5k 3k 3k 5k 5k 5k 5k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k %k %K K 3K 3K 5K 5K 3k 3k %k 5k 5k >k 5k %k K 3K 3K 5K 5k 5k 5k %k %k 5k >k %k %k % >k 3k 3 > % % %k k

>>cp rcsfgenerate.log 2s2p_DF.exc
>>cp rcsf.out rcsf.inp

3k >k >k >k >k 3k 5k 5k ok ok 5k 5k %k >k 5k 5k >k >k >k >k 5k >k 5k 5k 5k >k >k %k %k %k >k >k >k >k 5k 5k 5k %k %k >k >k %k >k >k >k >k >k >k 5k 5k %k %k >k >k >k %k >k >k >k >k >k 5k 5k 5k >k >k >k >k >k %k >k >k >k >k >k >k %k >k k

* RUN RANGULAR TO GENERATE ENERGY EXPRESSION *
* INPUT FILE : rcsf.inp *
* OUTPUT FILES: rangular.alog, mcp.30, mcp.31,.... *

3k >k >k >k >k 3k 3K 3k 3k 5k 5k 3k 3k 5k 5k 5k >k %k >k 5k 3k 3k 5k 5k 5k 3k 3k 5k >k %k %k >k >k 3k 3k 3k 3k 3k %k %k >k >k %k %k >k >k 5k 5k 5k 5k 3k %k %k >k >k >k %k K 3k 3k >k >k 5k 5k %k >k >k >k >k %k %k %k > > > %k %k %k k

>>rangular

RANGULAR

This program performs angular integration
Input file: rcsf.inp

Outputfiles: mcp.30, mcp.31,
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rangular.log

Full interaction? (y/m)
>>y

RANGULAR: Execution complete.

3k >k >k >k >k 3k 5k 5k ok ok 5k 5k %k >k >k >k >k >k >k >k 5k >k 5k 5k 5k >k >k >k %k %k >k >k >k >k 5k 5k 5k %k >k >k >k %k >k >k >k >k >k >k 5k 5k %k %k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k %k >k k

* RUN HF PROGRAM TO GENERATE NON-RELATIVISTIC RADIAL ORBITALS *
* THAT CAN BE CONVERTED TO RELATIVISTIC ORBITALS *
* OUTPUT FILE: wfn.out *

3k >k >k >k >k 3k 3k 3k 3k 5k 5k 3k 3k 5k 5k 5k %k >k >k 3k 3k 3k 3k 5k 5k 3k 3k 5k >k %k %k >k >k >k 3k 3k 3k 3k %k >k %k >k %k %k >k >k >k 5k 5k 5k 3k %k %k >k >k >k %k 3K >k >k 5k >k 5k >k %k >k >k >k >k %k %k >k >k >k > %k %k %k k

>>hf

HARTREE-FOCK . 96

THE DIMENSIONS FOR THE CURRENT VERSION ARE:
NWF= 20 NO=220

START OF CASE

Enter ATOM,TERM,Z
Examples: 0,3P,8. or Oxygen,AV,8.
>>B,AV,5.

List the CLOSED shells in the fields indicated (blank line if none)
B - 1 1 o
>> 1s (Please note that the closed shells should be entered right-justified with
respect to the dots on the line above!!!)

Enter electrons outside CLOSED shells (blank line if none)

Example: 2s(1)2p(3)
>>2s(1)2p(1)

There are 3 orbitals as follows:
1s 2s 2p

Orbitals to be varied: ALL/NONE/=i (last i)/comma delimited list/H
>>all

Default electron parameters 7 (Y/N/H)
>>y

Default values for remaining parameters? (Y/N/H)
>>y
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WEAK ORTHOGONALIZATION DURING THE SCF CYCLE= T

SCF CONVERGENCE TOLERANCE (FUNCTIONS) = 1.00D-08
NUMBER OF POINTS IN THE MAXIMUM RANGE = 220
ITERATION NUMBER 1
ITERATION NUMBER 6
SCF CONVERGENCE CRITERIA (SCFTOL*SQRT(Z*NWF)) = 1.2D-06
C( 1s 2s8) = 0.00000 V( 1s 28) = -7.06535 EPS = 0.000000
E( 2s 1s) = 0.02654 E( 1s 2s8) = 0.01327
EL ED AZ NORM DPM
1s 16.3418222 20.8332819 1.0000000 1.93D-08
2s 1.8579695 4.7336947 1.0000000 1.38D-08
2p 1.4015370 4.0799511 1.0000000 1.74D-08
< 1s| 2s>= 8.0D-09
TOTAL ENERGY (a.u.)
Non-Relativistic -24.06678870 Kinetic 24.06678852
Relativistic Shift -0.00587815 Potential -48.13357722
Relativistic -24.07266685 Ratio -2.000000008

Additional parameters 7
>>n

Do you wish to continue along the sequence 7

>>n

END OF CASE

3k 3k 3k >k K 3K 3K 3K 3K 5k 3k 5k k 5k 5k 5k 5k %k >k 3k 3K 5k 3k 3k 5k 5k 5k 5k 5k 5k %k K 3K 3K 5K 3k 3k 3k 5k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k 5k 5k 5k 5k %k %k K 5K 3K 5K 5K 5k 5k %k %k 5k 5k >k %k % >k >k 5k >k % %k %k k

* COPY FILES

3k >k >k >k >k 3k 3K 3k 3k 5k 5k 3k 3k 5k 5k 5k %k >k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k >k %k %k >k >k >k 3k 3k 3k 3k %k %k >k >k %k %k >k >k >k 5k 5k 5k 3k %k %k 5k >k %k %k K 3k >k 5k >k 5k 5k %k %k >k >k >k %k %k % >k > > %k %k %k k

>>cp wfn.out wfn.inp

3k 3k >k >k >k 3K 3K 3K 3k 5k 5k 3k 3k 5k 5k 5k 5k %k >k 3K 3K 3k 3k 3k 5k 5k 3k 5k 5k 5k %k >k 3K 3K 3K 3k 3k 3k %k %k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k %k 5k 5k >k %k %k K 3K 3K 5K >k 5k 5k %k %k 5k >k >k %k %k %k > 3 5 % % %k k

(Y/N/H)

* RUN RWFNMCHFMCDF TO CONVERT NON-RELATIVISTIC RADIAL ORBITALS TO
* RELATIVISTIC ONES
* INPUT FILE: wfn.inp
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* OUTPUT FILE: rwfn.out *
sk sk o ok sk o ok sk ok sk o ok sk sk ok sk ok sk o ok sk sk ok ok sk ook sk ok sk st ok sk ok sk sk sk ok ok sk sk ok sk sk sk o ok sk sk ok sk ok sk ook sk ok ok ok sk ook ok ok ok sk ook ok ok ok k

>>rwifnmchmcdf

RWFNMCHFMCDF

This program converts non-relativistic radial
orbitals to relativistic ones in GRASP format
Input file: wfn.inp

Output file: rwfn.out

3k 3k >k >k K 3K 3K 3K 3K 3k 5k 3k 5k 5k 5k 5k 5k 5k >k 3K 3K 5k 3k 3k 5k 5k 3k 5k 5k 5k 5k K 3K 3K 5K 3k 3k 3k 5k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k %k 5k 5k 5k %k %k K 3K 3k 5K 5k 5k 5k %k %k 5k >k %k %k % >k 3k 5 > % %k %k k

* COPY FILES *
* WE DONT NEED TO INVOKE RWFNESTIMATE SINCE ALL ORBITALS HAVE *
* BEEN ESTIMATED THROUGH THE MCHF MCDF CONVERSION *

sk ok ok sk sk ok ok s ok ok sk ok ok sk 3 ok ok s ok ok sk ok ok sk 3 ok ok sk ok ok sk ok ok s ok ok sk ok ok sk s ok ok sk ok ok sk ok ok sk ok ok sk ok ok sk ok ok sk 3 ok ok sk ok ok sk ok ok ok s ok ok sk ok ok K

>>cp rwfn.out rwfn.inp

ke sk K ok sk 3 ok K 3 ok 3 ok K 3 ok K ok ok 3 ok K 3 ok 3 ok sk 3 ok K 3k ok K ok sk 3 ok 3 3k ok 3 ok sk 3 ok 3k 3k ok ok K 3 ok 3 ok sk 3 ok 3k 3 ok 3 ok ok 3 ok 3k 3k ok 3 ok ok ok 3k 3k ok 3 ok oK
RUN RMCDHF_MEM TO OBTAIN SELF CONSISTENT SOLUTIONS.

INPUT FILES: isodata, rcsf.inp, rwfn.inp, mcp.30, mcp.31,...
OUTPUT FILES: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

NOTE: ORBITALS BUILDING REFERENCE STATES ARE REQUIRED TO HAVE

THE CORRECT NUMBER OF NODES. THEY ARE REFERRED TO AS SPECTROSCOPIC
ORBITALS. IN THIS RUN WE VARY 1s, 2s, 2p AND THEY ARE ALL
SPECTROSCOPIC. WE CAN USE WILD CARDS FOR SPECIFYING ORBITALS

3k 3k 3k 5k 3k 5k >k 5k >k 3k 3k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k %k 3k 5k 3k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k %k 5k %k 5k >k >k %k %k >k >k >k k >k k >k k k

* K X X X X ¥ ¥
* ¥ X X X X * ¥

>>rmcdhf _mem

RMCDHF

This program determines the radial orbitals

and the expansion coefficients of the CSFs

in a self-onsistent field proceedure

Input file: 1isodata, rcsf.inp, rwfn.inp, mcp.30,
Outputfiles: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

Default settings? (y/n)

>>y
Loading CSF file ... Header only
There are/is 4 relativistic subshells;
Loading CSF File for ALL blocks
There are 4 relativistic CSFs... load complete;

Loading Radial WaveFunction File
There are 3 Dblocks (block J/Parity NCF):
1 o- 1 2 1- 2 3 2 1

Enter ASF serial numbers for each block

Block 1 ncf = 1 id = 0-
>>1
Block 2 ncf = 2 id = 1-
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>>1,2

Block 3 ncf = 1 id = 2-
>>1

level weights (1 equal; 5 standard; 9 user)
>>5

Radial functions

1s 2s 2p- 2p

Enter orbitals to be varied (Updating order)
>>%

Which of these are spectroscopic orbitals?
>>%

Enter the maximum number of SCF cycles:
>>100

RMCDHF: Execution complete.
3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k k 5k %k 5k >k 3k >k 5k 5k >k 5k %k 3k 5k 3k 5k 3k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k 3k >k 5k 5k %k 5k >k 5k >k 5k 5k 5k 5k >k 3k >k %k 5k %k 5k >k >k >k %k >k %k 5k k >k k >k k k

* RUN RSAVE TO SAVE OUTPUT FILES *
stk sk ok ok sk sk sk sk sk ok sk sk sk ke ok sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk ok sk k ok

>>rsave 2s2p_DF

Created 2s2p_DF.w, 2s2p_DF.c, 2s2p_DF.m, 2s2p_DF.sum, 2s2p_DF.alog and 2s2p_DF.log

3k 3k 3k >k >k >k 5k 5k >k >k >k 5k 3k 5k 3k >k >k 3k 5k 5k 3k >k >k 5k 5k 3k >k >k 5k %k 5k >k >k >k >k >k >k >k >k >k >k 5k 5k >k >k >k 5k >k 5k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k > >k %k %k >k % %k

* RUN JJ2LSJ TO GET THE LSJ-COMPOSITION *
* INPUT FILE: 2s2p_DF.c, 2s2p_DF.m *
* OUTPUT FILE: 2s2p_DF.lsj.1lbl, 2s2p_DF.uni.lsj.1lbl *

3k 3k 3k 5k 3k 5k >k 5k >k k 5k 3k 5k 5k 5k >k 5k >k >k 5k >k 5k >k 5k 5k k 5k >k 5k %k 5k >k 3k 5k >k 5k >k 5k >k 5k 5k 3k 5k >k 5k >k 5k 5k k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 5k >k >k 5k k >k >k 5k %k sk >k >k >k >k sk k >k k k
>>3j21sj

jj21sj: Transformation of ASFs from a jj-coupled CSF basis
into an LSJ-coupled CSF basis (Fortran 95 version)
(C) Copyright by G. Gaigalas and Ch. F. Fischer,
(2021).

Input files: name.c, name.(c)m

Output files: name.lsj.lbl

(optional) name.lsj.c, name.lsj.j,
name.uni.lsj.1lbl, name.uni.lsj.sum

Name of state
>>2s2p_DF
Loading Configuration Symmetry List File ...
There are 4 relativistic subshells;
There are 4 relativistic CSFs;
load complete;

Mixing coefficients from a CI calc.?
>>n
Do you need a unique labeling? (y/n)
>>y
nelec = 4
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ncftot = 4
nw = 4
nblock = 3

block ncf nev 2j+1 parity

1 1 1 1 -1

2 2 2 3 -1

3 1 1 5 -1
Default settings? (y/n)

>>y

jj21sj: Execution complete.

sk s ok ok sk sk ok ok s ok ok sk ok ok sk s ok ok s ok ok sk K ok sk s ok ok sk ok ok sk sk ok ok s ok ok sk ok ok sk ok ok s ok ok sk ok ok sk ok ok sk ok ok sk ok ok sk 3 ok ok sk ok ok sk ok ok ok s ok ok ok ok ok 3k

* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
* NOTE: SINCE LSJ-INFORMATION NOW IS AVAILABLE OUTPUT LABELS *
* WILL BE IN LSJ-COUPLING *
* IF DESIRED WE CAN INSTEAD RUN RLEVELSEV TO GET THE SEPARATION IN EV *

sk sk sk o s ok ok sk o o ok sk sk ok e ok sk sk sk e sk sk sk s sk sk sk sk ok ok sk sk sk ke ok sk sk sk e ok sk sk s s ok sk sk s ok sk sk ok ke ok sk sk sk e sk sk sk sk s ok sk sk sk s ke k sk sk ok ok
>> rlevels 2s2p_DF.m
nblock = 3 ncftot = 4 nw = 4 nelec = 4
Energy levels for ...

Rydberg constant is 109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total Levels Splitting Configuration
(a.u.) (cm~-1) (em~-1)

11 0 - -24.1270878 0.00 0.00 1s(2).2s_25.2p_3P

2 1 1 - -24.1270404 10.39 10.39 1s(2).2s_25.2p_3P

31 2 - -24.1269457 31.17 20.79 1s(2).2s_2S.2p_3P

4 2 1 - -23.9154061 46458.75 46427.58 1s(2).2s_2S.2p_1P

For interpretation of LS J-coupling notation produced by jj21sj see Section 8.2, where we discuss in detail the transfor-
mation from jj- to LS]-coupling for the 1s22s22p3 and 1s22p> configurations in Si VIIL.

K 3K 3K 3K 3K 3K 3k 5k 3k 3k 5k 5k 5k 5k %k >k 3k 3k 3k 3k 3k 3k 5k 3k 5k 5k 5k %k K 3k 3K 3k 3k 3k 3k 5k 5k 3k 5k 5k %k K 3K 3K 3K 5K 3k 3k 3k 5k 5k 5k 5k %k %K K 3K 3K 5k 5k 3k %k 5k 5k >k >k %k X >k 3k > 5 > % % %k %k k%

* RUN JJ2LSJ TO GET THE INPUT FOR COUPLING PROGRAM *
* INPUT FILES: 2s2p_DF.c, 2s2p_DF.m *
* OUPUT FILES: 2s2p_DF.lsj.c, 2s2p_DF.lsj.j, 2s2p_DF.lsj.1bl *

3k 3k >k K K 3K 3K 3K 3k 3k 3k 3k 3k k 5k 5k 5k 5k >k 3k 3K 5k 3k 3k 5k 5k 5k 5k 5k 5k 5k 3K 3K 5K 5K 3K 3k 3k 5k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k 5k 5k 5k 5k 5k %K K 3K 5K 5K 5k 5k 5k %k %k 5k >k >k %k % >k >k 5k > % %k %k k
>>jj2lsj

jj21sj: Transformation of ASFs from a jj-coupled CSF basis
into an LS-coupled CSF basis (Fortran 95 version)
(C) Copyright by G. Gaigalas and Ch. F. Fischer,
(2021) .
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Name of
>>2s2p_DF

Input files: name.c, name.(c)m

Ouput files: name.lsj.
(optional) name.lsj.

1bl,
c, name.lsj.j,

name.uni.lsj.1lbl, name.uni.lsj.sum

state

Loading Configuration Symmetry List File

There are 4 relativistic subshells;

There are 4 relativistic CSFs;

load complete;

Mixing coefficients from a CI calc.?

>>n

Do you need a unique labeling? (y/n)

>>n
nelec
ncfto
nw
nbloc

block

1

2

3

Default
>>n

= 4
t = 4
= 4
k = 3
ncf nev 2j+1 parity
1 1 1 -1
2 2 3 -1
1 1 5 -1

settings? (y/n)

A1l levels (Y/N)

>>y

Maximum % of omitted composition

>>0

What is the value below which an eigenvector composition
is to be neglected for printing?

>>0.01

jj2lsj:

Execution complete.

stk sk ok ok ok ok sk sk sk sk ok sk ok sk ok ok ok sk sk sk sk sk ok sk sk ok ok sk ok ok sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk ok sk ok ko ok ok
RUN COUPLING TO GET THE IDENTIFICATION STATES IN DIFFERENT

* K X ¥ X X ¥

COUPLING SCHEMES

INPUT FILES: 2s2p_DF.

OUPUT FILES: 2s2p_DF.
2s2p_DF.
2s2p_DF.
2s2p_DF.

1sj.c, 2s2p_DF.1sj.j

coup3.LK3.1bl, 2s2p_DF.
coup3.LS.1bl, 2s2p_DF.
coup3.LSJ3.1bl, 2s2p_DF.
coup3.cLSJ3.1bl, 2s2p_DF.

coup3.JK3.1bl
coup3.LS3.1bl
coup3.jj.1bl
coup3.sum

* X X ¥ X X *x

3k >k >k >k >k 3K 3K 3K 3k 3k 5k 3k 3k 5k 5k 5k 5k %k >k 3k 3K 3k 3k 3k 5k 5k 3k 5k 5k 5k %k >k 3k 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %k K 3K 3K 5K 5K 3k 3k %k 5k 5k >k %k %k %k 3K 3k 3K 5k 5k >k %k %k >k >k >k %k %k %k >k 3 5 % %k %k k

>>Couplin,

g

Coupling: Transformation of ASFs from a LS-coupled CSF basis

into differete coupled CSF bases

(C) (2022)

(Fortran 95)

G. Gaigalas, A. Kramida.

Input files: *.1lsj.c, *.1lsj.j (ATSP (CPC) or GRASP2K types)
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Output files: *.coup*.*.1lbl, *.coup*.sum

Name of state
>>2s2p_DF

Default settings 7 (Y/N)
>>y

Specify the number of coupled shells for evaluation (1,2 or 3):
>>3

3

What is the value below which an eigenvector composition
is to be neglected for printing?
>>0

0.0000000000000000

Specify shells for recoupling (no more than 12)
>>1s,2s,2p

All transformations completed

There is one-to-one classification for LS coupling
There is one-to-one classification for LS3 coupling
There is one-to-one classification for LSJ3 coupling
There is one-to-one classification for LK3 coupling
There is one-to-one classification for JK3 coupling
There is one-to-one classification for cLSJ3 coupling
There is one-to-one classification for jj3 coupling
end subroutine generate_classification_data

Coupling: Execution complete.

K 3K 3K 3K 3K 3k 3k 5k 3k 5k 5k 5k 5k 5k %k 3k 3k 3K 5k 3k 3k 5k 5k 5k 5k 5k 5k 5k K 3K 3K 5K 5k 3k 3k 5k 5k 5k 5k 5k %K K 3K 3K 3K 5K 3k 3k %k 5k 5k 5k 5k %k %K 3K 3K 5K 5K 5k 3k %k 5k 5k >k >k %k % >k 3k 5k > 5 % % %k %k %k %

* COPY 2s2p_DF.coup3.LK3.1bl TO 2s2p_DF.1lsj.1bl. *
* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
* IN LK3-COUPLING. COMMENT: RLEVELS TAKES <name.lsj.lbl> *
* FOR THIS REASON WE COPY <name.coup3.LK3.1lbl> TO <name.lsj.lbl> *

3k >k >k >k >k 3k 3k 5k 5k ok 5k 3k %k >k 5k 5k %k >k >k >k 5k >k 5k 5k 5k %k >k >k %k %k >k >k >k >k 5k 5k 3k %k %k >k >k >k %k %k >k >k >k 5k 5k 5k %k %k >k >k >k %k >k >k >k >k >k >k 5k >k %k >k >k >k >k %k >k >k >k >k >k >k %k >k k

>>cp 2s2p_DF.coup3.LK3.1bl 2s2p_DF.1lsj.1lbl

>>rlevels 2s2p_DF.m

nblock = 3 ncftot = 4 nw = 4 nelec = 4
Energy levels for ...
Rydberg constant is  109737.31569

Splitting is the energy difference with the lower neighbor
No Pos J Parity Energy Total Levels Splitting Configuration

(a.u.) (cm~-1) (cm~-1)

11 0 - -24.1270878 0.00 0.00 1s2_ 2s_2p_(3P) P_3[1]<0>

21 1 - -24.1270404 10.39 10.39 1s2_ 2s_2p_(3P) P_3[1]<1>

3 1 2 - -24.1269457 31.17 20.79 1s2_ 2s_2p_(3P) P_3[1]<2>

4 2 1 - -23.9154061 46458.75 46427.58 1s2_ 2s_2p_(1P) P_1[1]<1>
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>k >k 3K 3k 3k 3k 3k 5k 3k 3k 5k 5k %k %k >k >k 3k 3k 3k 3k 3k 3k 3k 5k 5k >k %k %k >k >k 5k 3k 3k 3k 3k 5k %k >k >k %k %k K >k 5k 5k 5k 5k 3k %k %k >k >k >k %k %k K 3k >k 5k 5k 5k %k %k >k >k >k %k % %k 3k > >k >k %k %k %k %k k %

* COPY 2s2p_DF.coup3.JK3.1bl TO 2s2p_DF.1sj.1lbl. *
* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
* IN JK3-COUPLING *

3k 3k >k >k >k 3K 3K 3K 3k 3k 5k 3k 3k 3k 5k 5k 5k 5k >k 3K 3K 3k 3k 3k 5k 5k 3k 5k 5k 5k %k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %K %K 3K 3K 3K 5K 3k 3k %k 5k 5k >k %k %k K 3K 3k 5k 5k 5k %k %k %k 5k >k >k %k % %k > 3 5 % % %k k

>>cp 2s2p_DF.coup3.JK3.1bl 2s2p_DF.1lsj.1bl

>>rlevels 2s2p_DF.m
nblock = 3 ncftot = 4 nw = 4 nelec = 4
Energy levels for ...

Rydberg constant is 109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total Levels Splitting Configuration
(a.u.) (cm~-1) (cm~-1)
11 0 - -24.1270877 0.00 0.00 1s2_<0>2s_2p_(3P) 3[1]<0>
2 1 1 - -24.1270404 10.39 10.39 1s2_<0>2s_2p_(3P) 3[1]<1>
31 2 - -24.1269457 31.17 20.79 1s2_<0>2s_2p_(3P) 3[1]<2>
4 2 1 - -23.9154061 46458.75 46427.58 1s2_<0>2s_2p_(1P) 1[1]1<1>

>k >k 3k 3k 5k ok ok 5k 5k %k %k 5k %k %k >k >k >k 5k >k 5k 5k 5k >k >k >k %k %k >k >k >k >k 5k 5k 3k 5k %k %k >k %k %k %k >k >k >k >k 5k 5k 5k %k >k >k >k %k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k %k %k %k >k k %

* COPY 2s2p_DF.coup3.LS3.1bl TO 2s2p_DF.1sj.1bl. *
* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
* IN LS3-COUPLING *

steofeof ok ok sk sk sk sksk sk sk o o o o s koo ok sk sk sk sk sk sk sk sk sk sk sk sk ok ok koo ok ok sk sk sk sk sk sk sk sk sk sk sk s ok ok ok ok ok sk sk sk sk sk sk sk sk sk sk sk sk ok ok ok ok ok ok ok ok
>>cp 2s2p_DF.coup3.LS3.1bl 2s2p_DF.1lsj.1lbl
>>rlevels 2s2p_DF.m
nblock = 3 ncftot = 4 nw = 4 nelec = 4
Energy levels for ...

Rydberg constant is  109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total Levels Splitting Configuration
(a.u.) (cm™-1) (cm™-1)
11 0 - -24.1270877 0.00 0.00 1s2_ 2s_2p_(3P) 3P<0>
2 1 1 - -24.1270404 10.39 10.39 1s2_ 2s_2p_(3P) 3P<1>
3 1 2 - -24.1269457 31.17 20.79 1s2_ 2s_2p_(3P) 3P<2>
4 2 1 - -23.9154061 46458.75 46427.58 1s2_ 2s_2p_(1P) 1P<1>

>k 3k 3k 3k 5k >k >k 3k 5k 3k >k >k >k 3k 5k 5k >k >k >k 3k 5k 5k >k >k >k 5k >k 3k >k >k 5k >k >k >k >k >k >k >k 5k >k >k >k >k 5k 5k >k >k >k 5k 5k 5k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k > >k >k >k >k 5% % %k >k >k

* COPY 2s2p_DF.coup3.LSJ3.1bl TO 2s2p_DF.1lsj.1bl. *
* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
* IN LSJ3-COUPLING *

3k >k >k >k >k 3k 3k 5k ok ok 5k 3k %k 5k %k 5k %k >k >k 5k 5k >k 5k 5k 5k >k >k >k %k %k >k >k >k >k 5k 5k 3k %k %k %k >k >k %k >k >k >k >k >k 5k 5k %k %k %k >k >k %k %k >k >k >k >k >k 5k >k %k %k >k >k >k %k >k >k >k >k >k %k %k %k k
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>>cp 2s2p_DF.coup3.L8J3.1bl: 2s2p_DF.lsj.1lbl

>>rlevels 2s2p_DF.m
nblock = 3 ncftot = 4 nw = 4 nelec =
Energy levels for ...

Rydberg constant is  109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total Levels Splitting Configuration
(a.u.) (cm™-1) (cm~-1)
11 0 - -24.1270877 0.00 0.00 1s2_ 2s_2p_(3P) (0,0)<0>
2 1 1 - -24.1270404 10.39 10.39 1s2_ 2s_2p_(3P) (0,1)<1>
3 1 2 - -24.1269457 31.17 20.79 1s2_ 2s_2p_(3P) (0,2)<2>
4 2 1 - -23.9154061 46458.75 46427.58 1s2_ 2s_2p_(1P) (0,1)<1>

K 3K 3K 3K 3K 3K 3k 5k 5k 3k 5k 5k 5k 5k %k 3k 3k 3k 3k 3k 3k 3k 5k 5k 5k 5k 5k 5k % 3K 3K 5K 3k 3k 3k %k 5k 5k 5k 5k %k K 3K 3K 5K 5K 5k 3k %k 5k 5k 5k 5k %k % 3K 3K 5K 5K 5k 3k %k %k 5k 5k >k %k % K 3k 3 5 > % % % %k >k %

* COPY 2s2p_DF.coup3.jj.1bl TO 2s2p_DF.1sj.1bl. *
* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
* IN jj-COUPLING *

3k 5k 3k 5k 3k 5k >k 5k >k 3k 3k 5k 5k 5k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 5k 5k 5k 5k >k 5k >k 5k 5k >k 5k %k 5k >k 3k >k 5k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k %k 5k >k %k 5k %k >k >k >k >k %k >k %k >k k >k k >k k k

>>cp 2s2p_DF.coup3d.jj.1bl 2s2p_DF.1lsj.1lbl

>>rlevels 2s2p_DF.m
nblock = 3 ncftot = 4 nw = 4 nelec =

Energy levels for ...
Rydberg constant is 109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total Levels Splitting Configuration
(a.u.) (cm~-1) (cm~-1)
11 0 - -24.1270877 0.00 0.00 1s+2_2s+_<1/2>.2p-_(1/2)
2 1 1 - -24.1270404 10.39 10.39 1s+2_2s+_<1/2>.2p-_(1/2)
31 2 - -24.1269457 31.17 20.79 1s+2_2s+_<1/2>.2p+_ <2>
4 2 1 - -23.9154061 46458.75 46427.58 1s+2_2s+_<1/2>.2p+_(3/2)

>k >k 3k 5k 5k ok ok 5k 5k %k %k %k %k >k >k >k >k 5k >k 5k 5k 5k %k >k >k %k %k >k >k >k >k 5k 5k 5k 5k %k %k >k 5k %k >k >k >k >k 5k 5k 5k 5k >k >k >k >k %k %k >k >k >k >k >k >k 5k %k %k >k >k >k %k >k >k >k >k >k >k %k %k %k >k k %

* COPY 2s2p_DF.coup3.cLSJ3.1bl TO 2s2p_DF.1lsj.1bl. *
* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
* IN cLSJ3-COUPLING *

sk sk sk o s ok ok sk oo ok sk sk ok e ok sk sk sk o sk sk sk s sk sk sk sk ke ok sk sk sk ke ok sk sk sk e ok sk sk s s ok sk sk sk ke ok sk ok e ok sksk sk e ok sk sk sk s ok sk sk sk sk ke ok sk sk sk ok
>>cp 2s2p_DF.coup3.cLSJ3.1bl 2s2p_DF.1lsj.1lbl
>>rlevels 2s2p_DF.m

nblock = 3 ncftot = 4 nw = 4 nelec =
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Energy levels for ...
Rydberg constant is  109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total Levels

Splitting

(cm~-1)

Configuration

(a.u.) (cm~-1)
1 0 - -24.1270877 0.00
1 1 - -24.1270404 10.39
1 2 - -24.1269457 31.17
2 1 - -23.9154061 46458.75

1s+2_ (0,0)<0>
1s+2_ (0,0)<0>
1s+2_ (0,0)<0>
1s+2_ (0,0)<0>

2s_2p_(3P)<0>
2s_2p_(3P)<1>
2s_2p_(3P)<2>
2s_2p_(1P)<1>

(0,0)<0>
(0,1)<1>
(0,2)<2>
(0,1)<1>

For definition of different coupling schemes see in [14] and for interpretation of different coupling schemes notation
produced by Coupling see Section 8.2.

6.3. Third Example: 2s*2p3 and 2p° for Si VIII in Different Coupling Schemes—Condensing the CSF List

The third example is 25>2p> and 2p° in Si VIII, where we compute M1 transition rates and give the transition data in
different coupling schemes. This example also illustrates the use of the rcsfinteract program to reduce the expansion
sizes by retaining only the CSFs that interact with the CSFs in the MR.

(d)  Perform SCF calculation on the weighted average of all states belonging to 2s?2p® and 2p° (there are two
states with | = 1/2, four states with | = 3/2 and one state with | = 5/2, see NIST Tables)

(a) Generate CSF list from SD-excitations from 2s22p® and 2p°® to n = 3
(b)  Run rcsfinteract to extract CSFs that interact with CSFs belonging to 2s*2p> or 2p°

(e) Perform SCF calculation on the weighted average of all states belonging to 2s*2p3 and 2p°

(8) Perform rci calculation in which Breit and QED effects are added.

Run jj21sj, Coupling, and rlevels to define energy spectra in different coupling schemes for those levels which

Overview
1.  Define nuclear data
2. Obtain common spectroscopic orbitals for the MR set
(@) Generate configuration list belonging to 2s*2p3 and 2p°
(b)  Perform angular integration
(c) Generate initial estimates of radial orbitals
(e) Save output to 2s22p3_2p5_DF
3.  Improve states
(0) Perform angular integration
(d) Generate initial estimates of radial orbitals
H) Save output to 2s22p3_2p5_3
4.  Transform from jj- to LSJ-coupling
5. Runrlevels to view energy separations.
6.
have 1s, 2s, 2p shells in identification.
7. Calculate properties

(a) Compute the M1 transition rates from the rci wave functions. Biorthonormal transformation not needed
in this case since the states are described using the same orthonormal orbital set. Copy files and run the

transition program.

(b) Compute the M1 transition rates in different coupling schemes for those levels which have 1s, 2s, 2p shells in

identification. Display the transition file.

Program Input
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stk s ok ok ok ok sk sk sk sk sk ok ke ok ok ok sk sk sk sk sk sk sk s ook sk ok sk sk sk sk sk sk sk ke s ok sk sk sk sk sk sk sk sk sk ke ok sk sk sk sk sk sk sk sk sk sk ok koo sk sk sk sk sk sk k sk ok ok ok
* RUN RNUCLEUS TO GENERATE NUCLEAR DATA AND DEFINE RADIAL GRID *

* QUTPUT FILE: isodata *
stk s o ok ok sk sk sk sk sk sk sk ok ke ok sk sk sk sk sk sk sk sk sk sk ook sk sk sk sk sk sk sk sk sk ke sk ok sk sk sk sk sk sk sk sk sk koo sk sk sk sk sk sk sk sk sk sk sk ok k sk sk sk sk sk sk sk sk ok sk ke ok

>>rnucleus

RNUCLEUS
This program defines nuclear data and the radial grid
Outputfile: isodata

Enter the atomic number:
>>14

Enter the mass number (0 if the nucleus is to be modelled as a point source:
>>28

The default root mean squared radius is 3.1224000453948975 fm; (Angeli)
the default nuclear skin thickness is 2.2999999999999998 fm;
Revise these values?
>>n

Enter the mass of the neutral atom (in amu) (O if the nucleus is to be static):
>>27.9769271
Enter the nuclear spin quantum number (I) (in units of h / 2 pi):
>>1
Enter the nuclear dipole moment (in nuclear magnetons):
>>1
Enter the nuclear quadrupole moment (in barns):
>>1

Comment: if we are not interested in the hyperfine structure constants we may just set nuclear spin and electromagnetic
moments (magnetic dipole and electric quadrupole) to 1.

3k 5k >k 5k >k 3k 3k 3k 5k >k 5k >k 3k >k 3k 5k 5k 5k >k 3k >k 3k 5k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 5k 5k >k 5k >k 5k 5k 5k 5k %k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k >k >k %k 5k %k 5k %k >k *k %k k k k%

* RUN RCSFGENERATE TO GENERATE LIST FOR ALL *
* STATES OF 2s(2)2p(3) + 2p(5) *
* OUTPUT FILES: rcsfgenerate.log, rcsf.out *

>k >k >k >k >k 3k 5k ok ok ok 5k 5k >k >k >k >k >k >k >k >k ok ok 5k 5k 5k 5k >k %k %k %k >k >k >k >k 5k 5k 5k %k >k >k >k >k >k >k >k >k >k 5k 5k 5k %k >k >k >k >k %k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k k

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core
1: He ( 1s(2) = 2 electrons)
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2: Ne ([Hel + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne] + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d(10)5s(2)5p(6) = b4 electrons)
6: Rn ([Xe] + 4f(14)5d4(10)6s(2)6p(6) = 86 electrons)

>>0

Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (*)

Give configuration 1
>>1s(2,1)2s(2,1)2p(3,1)

Give configuration 2
>>1s(2,1)2p(5,1)

Give configuration 3
>>

Give set of active orbitals, as defined by the highest principal quantum number

per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>2s,2p

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>1,5

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)
>>0

Generate more lists 7 (y/n)
>>n

3 Dblocks were created

block J/P NCSF
1 1/2- 2
2 3/2- 4
3 5/2- 1

3k 3k >k >k K 3K 3K 3K 3K 3k 3k 3k 5k 5k 5k 5k 5k 5k >k 3k 3K 5k 3k 3k 5k 5k 5k 5k 5k 5k 5k K 3K 3K 5K 3k 3k 3k 5k 5k 5k 5k 5k %K %K 3K 3K 5K 5K 3k 3k %k 5k 5k 5k 5k %k K 3K 3K 5K >k 5k 5k %k %k 5k >k >k %k % >k >k 5 5 % % %k k

* COPY FILES *
* NOTE THAT WE COPY THE FILE TO RCSFMR.INP FOR FUTURE USE *
* TOGETHER WITH RCSFINTERACT *

3k 3k 3k 5k 3k 5K >k 5k >k 5k 3k 3k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 3k 5k 3k 5k 5k 5k >k 5k >k 5k 5k 5k 5k %k 3k >k 3k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k %k 5k %k >k >k >k >k %k >k %k >k %k >k k >k k k

>>cp rcsfgenerate.log 2s22p3_2p5_DF.exc
>>cp rcsf.out rcsf.inp
>>cp rcsf.out rcsfmr.inp

3k 3k 3k >k K 3K 3K 3K 3K 3k 5k 5k k 5k 5k 5k 5k %k >k 3k 3k 5k 3k 3k 5k 5k 5k 5k 5k 5k 5k 3 3K 3K 5K 5K 3k 3k 5k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k 5k 5k 5k 5k 5k %k K 3K 3K 5K 5k 5k 5k %k %k 5k >k >k %k % >k 5k 3 5 % %k %k k

* RUN RANGULAR TO GENERATE ENERGY EXPRESSION *
* INPUT FILE : rcsf.inp *
* OUTPUT FILES: rangular.alog, mcp.30, mcp.31,.... *

3k 3k 3k >k >k >k 3k 5k >k >k >k 5k 5k 5k 5k >k >k 3k 5k 5k >k >k >k 5k 5k 3k >k >k 5k %k 5k >k >k >k 5k >k >k >k >k >k >k 5k >k >k >k >k 5k 5k 5k >k >k >k >k >k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k %k >k >k 5% >k >k %k >k > *k

>>rangular

RANGULAR
This program performs angular integration
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Input file: rcsf.inp
Outputfiles: mcp.30, mcp.31,
rangular.log

Full interaction? (y/n)
>>y

RANGULAR: Execution complete.

3k 3k >k >k K 3K 3K 3K 3K 5k 5k 3k 5k 5k 5k 5k 5k %k >k 3K 3K 5k 3k 3k 5k 5k 5k 5k 5k 5k %k 3K 3K 3K 5K 3k 3k 3k 5k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k %k 5k 5k 5k 5k %k K 3K 3K 5K 5k 5k 5k %k 5k 5k >k >k %k X >k >k > 5 % %k %k k

* RUN RWEFNESTIMATE TO GENERATE INITIAL ESTIMATES FOR RADIAL ORBITALS
* INPUT FILES: isodata, rcsf.inp, previous rwfn files
* OUTPUT FILE: rwfn.inp, rwfnestimate.log

sk s ok ok sk sk ok ok s ok ok sk ok ok sk s ok ok s ok ok sk K ok sk s ok ok sk ok ok sk sk ok ok s ok ok sk ok ok sk ok ok s ok ok sk ok ok sk ok ok sk ok ok sk ok ok sk 3 ok ok sk ok ok sk ok ok ok s ok ok ok ok ok 3k

>>rwfnestimate

RWFNESTIMATE

This program estimates radial wave functions

for orbitals

Input files: isodata, rcsf.inp, optional rwfn file
Output file: rwfn.inp

Default settings 7
>>y

Loading CSF file ...
There are/is

Header only
4 relativistic subshells;

The following subshell radial wavefunctions remain to be estimated:

1s 2s 2p- 2p

Read subshell radial wavefunctions. Choose one below
1--GRASP2K File
2--Thomas-Fermi
3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]
>>3
Enter the list of relativistic subshells:
>>%
Orbital Z_eff for hydrogenic orbitals

1s 14.00
2s 14.00
2p- 14.00
2p 14.00

A1l required subshell radial wavefunctions have been

Shell e pO gamma <r>
1s  0.9826D+02 0.1033D+03 0.1000D+01 0.1068D+00
2s  0.2458D+02 0.3670D+02 0.1000D+01 0.4269D+00
2p- 0.2458D+02 0.8338D-01 0.1000D+01 0.3555D+00
2p  0.2452D+02 0.1492D+03 0.2000D+01 0.3568D+00

estimated:
MTP SRC
328 Hyd
344 Hyd
343 Hyd
343 Hyd



Atoms 2023, 11, 68

76 of 369

RWFNESTIMATE: Execution complete.

3k 3k 3k >k >k >k 5k 5k 3k >k >k 5k 5k 5k 5k >k >k 3k 3k 5k >k >k >k 5k >k 3k >k >k 5k >k 5k >k >k >k 5k >k >k >k >k >k >k 5k 5k >k >k >k >k 5k 5k >k >k >k 5k >k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k 5% >k %k %k >k % *k

* O X K K X X X X X *

RUN RMCDHF_MEM TO OBTAIN SELF CONSISTENT SOLUTIONS
INPUT FILES: isodata, rcsf.inp, rwfn.inp, mcp.30, mcp.31,...
OUTPUT FILES: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

NOTE: ORBITALS BUILDING REFERENCE STATES ARE REQUIRED TO HAVE
THE CORRECT NUMBER OF NODES. THEY ARE REFERRED TO AS SPECTROSCOPIC

ORBITALS. IN THIS RUN WE VARY 1s, 2s, 2p AND THEY ARE ALL

SPECTROSCOPIC. WE CAN USE WILD CARDS * FOR SPECIFYING ORBITALS

NOTE: INSTEAD OF SAYING THAT WE WILL OPTIMIZE ON, FOR EXAMPLE,

STATES 1,2,3,4 WE CAN WRITE 1-4 MEANING THE SAME THING

* X X X X X X X X x *

3k 3k >k >k >k 3K 3K 3K 3k 3k 5k 3k 3k 5k 5k 5k 5k %k >k 3k 3K 5k 3k 3k 5k 5k 3k 5k 5k 5k %k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k %k %k K 3K 3K 3K 5K 3k 3k %k 5k 5k >k %k %k K 3K 3K 3K 5k 5k 5k %k 5k >k >k %k %k % >k 3 3 5 % % %k k

>>rmcdhf _mem

RMCDHF

This program determines the radial orbitals
and the expansion coefficients of the CSFs

in a self-onsistent field proceedure

Input file: isodata, rcsf.inp, rwfn.inp, mcp.30,
Outputfiles: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

Default settings? (y/n)

>>y
Loading CSF file ... Header only
There are/is 4 relativistic subshells;
Loading CSF File for ALL blocks
There are 7 relativistic CSFs... load complete;

Loading Radial WaveFunction File

There are 3 blocks (block J/Parity NCF):

1 1/2-

2 2 3/2- 4 3 5/2- 1

Enter ASF serial numbers for each block

Block
>>1-2

Block
>>1-4

Block
>>1

1 ncf = 2 id = 1/2-
2 ncf = 4 id = 3/2-
3 ncf = 1 id = 5/2-

level weights (1 equal; 5 standard; 9 user)

>>5

Radial functions
1s 2s 2p- 2p
Enter orbitals to be varied (Updating order)

>>%

Which of these are spectroscopic orbitals?

>>%

Enter the maximum number of SCF cycles:

>>100
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RMCDHF: Execution complete.

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 5k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 3k 5k 3k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k >k 5k %k 5k >k >k >k %k >k %k >k k >k k >k k k

* RUN RSAVE TO SAVE OUTPUT FILES *
stk s ok ok sk sk sk sk sk ok sk sk sk ke ok sk sk sk sk sk sk sk sk sk sk sk ook sk sk sk sk sk sk sk sk sk sk ko ok sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk sk sk ko k sk sk sk sk sk sk sk sk sk sk ok ok

>>rsave 2s22p3_2p5_DF
Created 2s22p3_2p5_DF.w, 2s22p3_2p5_DF.c, 2s22p3_2p5_DF.m, 2s2p3_2p5_DF.sum,
2s2p3_2p5_DF.alog and 2s22p3_2p5_DF.log

3k >k >k >k >k 3k 3k 3k 3k 5k 5k 3k 3k 5k 5k 5k %k >k >k 5k 3k 3k 5k 5k 5k 3k %k 5k >k %k %k >k >k 5k 5k 3k 3k 3k %k %k >k >k %k %k >k >k >k 5k 5k 5k 5k %k %k >k >k >k %k K >k >k >k >k 5k 5k %k %k >k >k >k %k %k >k > > >k %k %k %k k

* RUN RCSFGENERATE TO GENERATE LIST OBTAINED BY *
* SD-EXCITATIONS FROM 1s(2)2s(2)2p(3) + 1s(2)2p(5) TO n = 3 *
* OUTPUT FILES: rcsfgenerate.log, rcsf.out *

sk sk sk o s o ok sk s o ok sk sk ok e ok sk sk ok e sk sk sk s sk sk sk sk e ok sk sk sk ke ok sk sk sk e ok sk sk o s ok sk sk sk ke ok sk sk o e ok sk sk ok e sk sk sk sk s sk sk sk s ke k sk sk ok ok
>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([He]l + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne]l + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d4(10)5s(2)5p(6) = 54 electrons)
6: Rn ([Xe]l + 4f(14)5d(10)6s(2)6p(6) = 86 electrons)

>>0
Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (%)

Give configuration 1

>>15(2,%)2s(2,*)2p(3,%)

Give configuration 2

>>1s5(2,%*)2p(5,*)

Give configuration 3

>>

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>3s,3p,3d

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>1,5
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Number of excitations (if negative number e.g., -2, correlation
orbitals will always be doubly occupied)
>>2

Generate more lists 7 (y/n)
>>n

3 blocks were created

block J/P NCSF
1 1/2- 595
2 3/2- 914
3 5/2- 847

sk s ok ok sk sk ok ok s ok ok sk ok ok sk 3 ok ok sk ok ok sk ok ok sk s ok ok sk ok ok sk sk ok ok s ok ok sk ok ok sk ok sk s ok ok sk ok ok sk ok ok sk ok ok sk ok ok sk ok ok s ok ok sk ok ok ok s ok ok ok ok ok K

* COPY FILES *
stk s o ok sk sk sk sk sk ok sk sk ok ok ok sk sk sk sk sk sk sk sk sk sk sk ook sk sk sk sk sk sk sk sk sk sk ks sk sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk sk sk ok ko sk sk sk sk sk sk sk sk ok sk ok ok

>>cp rcsfgenerate.log 2s22p3_2p5_3.exc
>>cp rcsf.out rcsf.inp

sk skt sk ook sk ok ok stk ok skskok ok sk sk sk sk sk sk sk sk ok sk sk sk ok stk sk sk ok sksk sk sk ook sk sk ok stk ok skskok sk ok sk sksk sk sk sk sk ok ok sk sk ok
RUN RCSFINTERACT PROGRAM TO DETERMINE WHICH OF THE CSFs IN THE *
rcsf.inp LIST INTERACTS WITH THE CSFs IN rcsfmr.inp *
THE INTERACTING CSFs ARE WRITTEN TO rcsf.out *
INPUT FILES: rcsfmr.inp, rcsf.inp *
OUTPUT FILE: rcsf.out *
sk sk sk ok o o ok sk ok o o ok sk ok o o ok sk sk ok o sk ok ok o sk ok ok o f koK ok sk o sk ok sk o sk sk sk o ok ok sk ok sk o sk sk sk ok o sk sk sk ok o sk sk ok o sk sk ok o o koK ok ok

* ¥ ¥ ¥ ¥

>>rcsfinteract

RCSFinteract: Determines all the CSFs (rcsf.inp) that interact
with the CSFs in the multireference (rcsfmr.inp)
(C) Copyright by G. Gaigalas and Ch. F. Fischer
(Fortran 95 version) NIST (2017).
Input files: rcsfmr.inp, rcsf.inp
Output file: rcsf.out

Reduction based on Dirac-Coulomb (1) or
Dirac-Coulomb-Breit (2) Hamiltonian?
>>1

There are 9 relativistic subshells;
Block MR NCSF Before NCSF After NCSF

1 2 595 274
2 4 914 591
3 1 847 300

RCSFINTERACT: Execution complete
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Please note that the orbital orders in rcsfmr. inp and rcsf. inp are required to be the same. In the case above, this
requirement was fulfilled. In more complex cases, to meet the above requirement, one needs to prescribe the orbital order
in the clist.ref file that is used when generating the rcsf . inp list, see Section 6.6.

3k >k >k >k >k 3k 5k 5k ok ok 5k 5k %k >k >k >k >k >k >k 5k 5k >k 5k 5k >k >k >k %k %k %k >k >k >k >k 5k 5k 5k %k %k >k >k >k >k >k >k >k >k >k 5k 5k %k >k >k >k >k >k >k >k >k >k >k >k 5k >k >k >k >k >k >k %k >k >k >k >k >k >k %k >k k

* COPY FILES *
stk s ok ok ok ok sk sk sk sk sk sk ke ok ok ok sk sk sk sk sk sk sk o ok ok ok sk sk sk sk sk sk ok ke sk ok sk sk sk sk sk sk sk sk sk ke ok sk sk sk sk sk sk sk sk sk sk ok koo sk ok sk sk sk sk k sk ok ok ok

>>cp rcsf.out rcsf.inp

3k 3k 3k 5k 3k 5K >k 5k >k 5k 3k k 5k 5k 5k >k 5k >k 5k 5k >k 5k %k 5k 5k 5k 5k 5k 5k >k 5k >k 5k 5k 5k 5k %k 3k >k 3k 5k 5k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k >k >k %k >k >k >k %k %k >k %k >k k >k k >k k k

* RUN RANGULAR TO GENERATE ENERGY EXPRESSION *
* INPUT FILE : rcsf.inp *
* OUTPUT FILES: rangular.alog, mcp.30, mcp.31,.... *

sk sk 5k K ok 3 oK 3 oK 3 oK 3k K ok K ok 3 ok 3 oK 3k ok 3k oK 3k ok 3k 3 ok 3 ok 3 ok 3k oK 3k ok 3k ok ok 3 ok 3 ok 3 ok 3k oK 3k oK 3k oK ok K ok 3k ok 3 ok 3k oK 3k oK sk oK ok K ok K ok 3k oK 3k ok 3k oK ok ok K
>>rangular

RANGULAR
This program performs angular integration
Input file: rcsf.inp
Outputfiles: mcp.30, mcp.31,
rangular.log

Full interaction? (y/n)
>>y

RANGULAR: Execution complete.

3k >k >k >k >k 3k 3k 3k 5k 5k 5k 3k 3k 5k 5k 5k %k >k >k 5k 3k 5k 5k 5k 5k 3k >k 5k %k %k %k >k >k 5k 5k 3k 3k 3k %k %k >k >k %k %k >k >k 5k 5k 5k 5k 5k %k %k >k >k >k %k 3K 3k >k >k >k 5k 5k %k %k >k >k >k %k %k > >k > > %k %k %k k

* RUN RWFNESTIMATE TO GENERATE INITIAL ESTIMATES FOR RADIAL ORBITALS =
* INPUT FILES: isodata, rcsf.inp, previous rwfn files *
* OUTPUT FILE: rwfn.inp, rwfnestimate.log *

sk sk sk ok sk o ok sk ok ok ok ok sk ok ok sk ok sk ok ok sk sk ok ok sk ok sk ok ok ook sk o ok sk sk sk ook sk ok ok ok sk ok ok sk sk ok ok sk ook sk ok ok ok sk ook ok ok ok sk ook ok ok ok k
>>rwfnestimate

RWFNESTIMATE

This program estimates radial wave functions

for orbitals

Input files: isodata, rcsf.inp, optional rwfn file
Output file: rwfn.inp

Default settings 7

>>y
Loading CSF file ... Header only
There are/is 9 relativistic subshells;

The following subshell radial wavefunctions remain to be estimated:
1s 2s 2p- 2p 3s 3p- 3p 3d- 3d

Read subshell radial wavefunctions. Choose one below
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>>1

Enter the file name (Null then "rwfn.out")

>>

Enter the list of relativistic subshells:

>>%

The following subshell radial wavefunctions remain to be estimated:
3s 3p- 3p 3d- 3d

Read subshell radial wavefunctions.

>>3

Enter the list of relativistic subshells:

>>%

1--GRASP2K File
2--Thomas-Fermi

3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]

1--GRASP2K File
2--Thomas-Fermi

3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]

Orbital Z_eff for hydrogenic orbitals

3s
3p-
3p
3d-
3d

A1l required subshell radial

Shell

1s
2s
2p-
2p
3s
3p-
3p
3d-
3d

O O O O O O O o

0

14.00
14.00
14.00
14.00
14.00

e

.7698D+02
.1236D+02
.1089D+02
.1086D+02
.1092D+02
.1092D+02
.1090D+02
.1090D+02
.1089D+02

O O O O O O O O

pO

.1056D+03
.3088D+02
.56761D-01
.1007D+03
.1998D+02
.4942D-01
.8855D+02
.4311D-01
0.

9250D+02

wavefunctions

O O O O O O O o

gamma

.1000D+01
.1000D+01
.1000D+01
.2000D+01
.1000D+01
.1000D+01
.2000D+01
.2000D+01
0.

3000D+01

RWFNESTIMATE: Execution complete.

O O O O O O O o o

Choose one below

have been estimated:

<r>

.1109D+00
.5172D+00
.4660D+00
.4675D+00
.9615D+00
.8901D+00
.8918D+00
.7490D+00
. 7496D+00

MTP

347
351
352
352
354
354
354
353
353

SRC

rwf
rwf
rwf
rwf
Hyd
Hyd
Hyd
Hyd
Hyd

3k 5k 3k 5k 3k 5k >k 5k >k 3k 3k 3k 5k >k 5K >k 3k >k 5k 5k >k 5k >k 3k 3k 3k 5k 3k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 3k >k %k 5k %k 5k >k >k >k %k >k %k >k k >k k >k k k

* O X X X X X X X X *

RUN RMCDHF_MEM TO OBTAIN SELF CONSISTENT SOLUTIONS
INPUT FILES: isodata, rcsf.inp, rwfn.inp, mcp.30, mcp.31,...
OUTPUT FILES: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

NOTE: FOR CORRELATION ORBITALS THERE ARE NO RESTRICTIONS ON THE
NUMBER OF NODES, I.E. THEY ARE NOT SPECTROSCOPIC. IN THIS RUN WE
VARY THE CORRELATION ORBITALS 3s,3p, 3d. NONE OF THESE ARE
SPECTROSCOPIC. WE CAN USE WILD CARDS * FOR SPECIFYING ORBITALS

NOTE: INSTEAD OF SAYING THAT WE WILL OPTIMIZE ON, FOR EXAMPLE,
STATES 1,2,3,4 WE CAN WRITE 1-4 MEANING THE SAME THING

* X X X X X X X X x *

3k >k >k >k >k 3K 3K 3K 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3K 3k 3k 3k 3k 3k 3k 5k 5k %k %k >k >k 3k 3k 3k 3k 3k %k %k 5k 5k %k %k K 5K 3K 5K 5k 5k 3k %k 5k 5k >k %k %k %k 3k 3k 3k >k 5k 5k %k >k >k >k >k %k %k %k > > 3 %k %k %k k
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>>rmcdhf_mem

RMCDHF

This program determines the radial orbitals

and the expansion coefficients of the CSFs

in a self-onsistent field proceedure

Input file: 1isodata, rcsf.inp, rwfn.inp, mcp.30,
Outputfiles: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

Default settings? (y/n)

>>y

Loading CSF file ... Header only

There are/is 9 relativistic subshells;

Loading CSF File for ALL blocks

There are 1164 relativistic CSFs... load complete;

Loading Radial WaveFunction File
There are 3 blocks (block J/Parity NCF):
1 1/2- 274 2 3/2- 590 3 5/2- 300

Enter ASF serial numbers for each block

Block 1 ncf = 274 id = 1/2-
>>1-2

Block 2 ncf = 590 id = 3/2-
>>1-4

Block 3 ncf = 300 id = 5/2-
>>1

level weights (1 equal; 5 standard; 9 user)
>>5

Radial functions

1s 2s 2p- 2p 3s 3p- 3p 3d- 3d

Enter orbitals to be varied (Updating order)
>>3%

Which of these are spectroscopic orbitals?
>>

Enter the maximum number of SCF cycles:
>>100

RMCDHF: Execution complete.

3k >k >k >k >k 3K 3K 3k 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3k 3k 5k 3k 3k 3k 3k 5k >k %k %k >k >k 3k 3k 3k 3k 3k %k 5k 5k 5k %k %k K >k 3K 3K 5k 5k 3k 3k 5k >k >k %k %k K 3K 3k 3k >k 5k 5k %k %k >k >k >k %k %k % > > > %k %k %k k

* RUN RSAVE TO SAVE OUTPUT FILES *
stk ok ok ok sk sk sk sk ok ok sk ok ok ok ok ok sk sk sk sk sk ok sk ok sk ko ok sk sk sk sk sk sk sk sk ok sk ok sk ok sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk ok sk sk ko sk sk sk sk sk sk ok sk ok sk ok sk

>>rsave 2s22p3_2p5_3
Created 2s22p3_2p5_3.w, 2s22p3_2p5_3.c, 2s22p3_2p5_3.m, 2s22p3_2p5_3.sum,
2s22p3_2p5_3.alog and 2s22p3_2p5_3.log

sk sk sk o o o ok sk ok o o ok sk sk o o ok sk ok ok o sk sk ok o sk sk ok o o ok sk ok sk o sk ok sk o sk sk sk o o ok sk sk ok o sk sk sk ok o ok sk sk ok o sk sk ok o sk sk sk o ok koK ok ok
* RUN RCI TO INCLUDE TRANSVERSE PHOTON INTERACTION AND QED EFFECTS *
* INPUT FILES: isodata, 2s22p3_2p5_3.c, 2s22p3_2p5_3.w *
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rci.res

HIGH N.

* O X K X X X X ¥ ¥

OUTPUT FILES: 2s22p3_2p5_3.cm, 2s22p3_2p5_3.csum, 2s22p3_2p5_3.clog

THE TRANSVERSE PHOTON FREQUENCIES CAN BE SET TO THE LOW FREQUENCY
LIMIT. RECOMMENDED IN CASES WHERE YOU HAVE CORRELATION ORBITALS
THE SELF ENERGY CORRECTION MAY FAIL FOR CORRELATION ORBITALS WITH

NOTE: INSTEAD OF SAYING THAT WE WILL COMPUTE EIGENVALUES FOR
STATES 1,2,3,4 WE CAN WRITE 1-4 MEANING THE SAME THING

*
*
*
*
*
*
*
*
*
*

3k >k >k >k >k 3k 3k 3k 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k >k %k %k >k >k 3k 3k 3k 3k 3k %k %k >k >k %k % >k >k 5K 5k 5k 5k 3k %k %k 5k >k %k %k K 3k 3k 3k 5k 5k 5k %k %k >k >k >k %k %k % > > > %k %k %k k

>>rci

RCI
This is the configuration interaction program
Input file: isodata, name.c, name.w

Outputfiles: name.cm, name.csum, name.clog. rci.res

Default settings?
>>y

Name of state:
>>2822p3_2p5_3

Block 1, ncf = 274

Block 2 , ncf = 590

Block 3, ncf = 300

Loading CSF file ... Header only

There are/is 9 relativistic subshells;

Include contribution of H (Transverse)?
>>y

Modify all transverse photon frequencies?
>>y

Enter the scale factor:
>>1.4-6

Include H (Vacuum Polarisation)?
>>y

Include H (Normal Mass Shift)?
>>n

Include H (Specific Mass Shift)?
>>n

Estimate self-energy?
>>y

Largest n quantum number for including self-energy for orbital

n should be less or equal 8

>>3
Loading Radial WaveFunction File ...
There are 3 blocks (block J/Parity
1 1/2- 274 2 3/2- 590 3 5/2-

Enter ASF serial numbers for each block

Block 1 ncf = 274 id =
>>1-2
Block 2 ncf = 590 id =

>>1-4

1/2-

3/2-
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Block 3 ncf = 300 id = 5/2-
>>1

RCI: Execution complete.

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 3k 5k %k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 5k 5k 5k 5k 5k >k 3k 5k 3k 5k 5k 5k >k 3k >k 5k 5k 5k 5k >k 5k >k 3k 5k 5k 5k >k 3k >k %k 5k %k 5k >k >k >k %k >k %k 5k k >k k >k k k

* RUN JJ2LSJ TO GET THE LSJ-COMPOSITION *
* INPUT FILE: 2s22p3_2p5_3.c, 2s22p3_2p5_3.cm *
* OUTPUT FILE: 2s22p3_2p5_3.1sj.1bl, 2s22p3_2p5_3.uni.lsj.1lbl *

3k 3k 3k 3k 3k >k 3k 5k 3k %k 3k 5k 3k 3k 5k 3k %k 5k 5k 5k >k 5k 3k %k 3k 5k 3k >k 5k 3k 5k 5k 5k >k >k 5k 5k %k 3k 5k 3k >k 5k 3k 5k 5k 5k 5k >k 3k 5k %k 5k 5k 3k >k 5k >k %k >k 5k >k >k 3k 5k %k 5k 5k %k %k 5k >k >k >k >k >k k >k k
>>jj21sj

jj21sj: Transformation of ASFs from a jj-coupled CSF basis
into an LSJ-coupled CSF basis (Fortran 95 version)
(C) Copyright by G. Gaigalas and Ch. F. Fischer,
(2017) .

Input files: name.c, name.(c)m

Output files: name.lsj.lbl

(optional) name.lsj.c, name.lsj.j,
name.uni.lsj.1lbl, name.uni.lsj.sum

Name of state
>>2s822p3_2p5_3
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;
load complete;

Mixing coefficients from a CI calc.?

>>y
Do you need a unique labeling? (y/n)
>>y
nelec = 7
ncftot = 1164
nw = 9
nblock = 3
block ncf nev 2j+1 parity
1 274 2 2 -1
2 591 4 4 -1
3 300 1 6 -1
Default settings? (y/n)
>>y

jj21sj: Execution complete.

stk ok ok sk sk sk sk sk ok sk ok ok ok ok ok sk sk sk sk sk ok sk sk sk ok ok ok sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk ok ok ok ok
* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
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* NOTE: SINCE LSJ-INFORMATION NOW IS AVAILABLE OUTPUT LABELS *
* WILL BE IN LSJ-COUPLING *
* IF DESIRED WE CAN INSTEAD RUN RLEVELSEV TO GET THE SEPARATION IN EV =*

sk sk sk ook sk ok ok sk ok o ok sk sk ok o ok sk sk sk s sk sk sk sk ok sk sk sk ke ok sk sk sk ke ok sk sk s sk ok ok sk s sk ok sk sk ke ok sksk sk o ok sk sk sk s ok sk sk sk sk ke ok sk sk sk ok
>>rlevels 2s22p3_2p5_3.cm
nblock = 3 ncftot = 1165 nw = 9 nelec = 7
Energy levels for ...

Rydberg constant is  109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total Levels Splitting Configuration
(a.u.) (cm~-1) (cm~-1)
1 1 3/2 - -263.2797841 0.00 0.00 1s(2).2s(2).2p(3)433_43
2 2 3/2 - -262.9550555 71269.67 71269.67 1s(2).2s(2).2p(3)2D3_2D
3 1 5/2 - -262.9538206 71540.71 271.04 1s(2).2s(2).2p(3)2D3_2D
4 1 1/2 - -262.7906339  107356.06 356815.34 1s(2).2s(2).2p(3)2P1_2P
5 3 3/2 - -262.7882742  107873.94 517.88 1s(2).2s(2).2p(3)2P1_2P
6 4 3/2 - -259.5241179  824273.45 716399.51 1s(2).2p(5)_2P
7 2 1/2 - -259.4979399  830018.86 5745.41 1s(2).2p(5)_2P

To interpret the LSJ-coupling notation produced by jj21sj, see Section 8.2.

st st sk ke s ok ok ok sk sk sk sk sk sk ok ok ok ok sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk e sk ok sk sk sk sk sk sk sk sk ke ok ok sk sk sk sk sk sk sk sk sk ok sk ok sk sk sk sk sk sk sk ok ok ok
THE ABOVE JJ2LJS RUN TRANSFORMED ALL LEVELS TO LSJ COUPLING.
BELOW WE WILL TRANSFORM A SUBSET OF THE LEVELS TO OTHER COUPLING
SCHEMES. FOR TECHNICAL REASONS WE HAVE TO ADD INFORMATION ALSO
FOR THE UNTRANSFORMED LEVELS IN ORDER FOR THE PROGRAMS TO WORK
THE LABELS FOR THE UNTRANSFORMED LEVELS WILL BE THOSE FROM THE
ABOVE RUN. FOR THIS REASON WE HAVE TO SAVE A COPY OF THE
2s22p3_2p5_3.1sj.1bl LABEL FILE

stk ok o ok sk sk sk sk ok ok ok ok ok ok ok sk sk sk sk sk ok sk ok sk ok ok ok sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk sk sk sk ok ok ok sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk ok sk ok ok ok k

EE R R R
¥ ¥ X X ¥ X

>>cp 2s822p3_2p5_3.1sj.1bl 2s22p3_2p5_3.1lsj.1bl_SAVE

sk sk sk s ok ok sk oo ok sk sk ok o ok sk sk ok o ok sk sk sk s sk sk sk sk ok sk sk sk ke ok sk sk sk e ok sk sk s s ok sk sk sk ok sk sk ok sksk sk e ok sk sk sk s ok sk sk sk sk ok sk sk sk ok

RUN JJ2LSJ TO GET THE INPUT FOR COUPLING PROGRAM FOR THOSE

LEVELS WHICH HAVE 1s, 2s, AND 2p SHELLS IN IDENTIFICATION

INPUT FILES: 2s22p3_2p5_3.c, 2s22p3_2p5_3.cm

OUPUT FILES: 2s22p3_2p5_3.1lsj.c, 2s22p3_2p5_3.1sj.j,
2s22p3_2p5_3.1sj.1bl

THE LEVELS WE ARE INTERESTED IN ARE
BLOCK 1, J = 1/2, LEVEL 1

BLOCK 2, J = 3/2, LEVEL 1, 2, 3 (1-3)
BLOCK 3, J = 5/2, LEVEL 1

3k 3k 3k 5k 3k 3k 3k 5k >k 5k 3K 5k 3k 3k 5k Sk 5k 5k 5k 5k 3k 5k >k 5k 5K 5k 3k >k 5k 5k 5k 5k 5k 5k 5k 5k 5k 3k 5K 5k 3k >k 5k 3k 5k >k 5k 5k 5k 5k 5k 3k 5K 5k 3k 5k 5k 5k 5k >k 5k 5k 5k 5k 5k 5k 5k 5k 3k 5k 5k 5k 5k >k >k >k kK >k %k

L R S R K R RN
* X X X X X X X x ¥

>>jj2lsj

jj21sj: Transformation of ASFs from a jj-coupled CSF basis
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into an LS-coupled CSF basis (Fortran 95 version)
(C) Copyright by G. Gaigalas and Ch. F. Fischer,
(2017) .
Input files: name.c, name.(c)m
Ouput files: name.lsj.1lbl,
(optional) name.lsj.c, name.lsj.j,
name.uni.lsj.lbl, name.uni.lsj.sum

Name of state
>>2s822p3_2p5_3
Loading Configuration Symmetry List File
There are 4 relativistic subshells;
There are 4 relativistic CSFs;
load complete;

Mixing coefficients from a CI calc.?

>>y
Do you need a unique labeling? (y/mn)
>>n
nelec = 4
ncftot = 4
nw = 4
nblock = 3
block ncf nev 2j+1 parity
1 1 1 1 -1
2 2 2 3 -1
3 1 1 5 -1
Default settings? (y/n)
>>n
A11 levels (Y/N)
>>n
Maximum number of ASFs is: 7

Enter the level numbers of the ASF which are to be transformed,
Enter the block number

>>1

The block number is: 1

e.g., 134 7--20 48 69--85 :
>>1

Do you need to include more levels? (y/n)

>>y

Enter the block number
>>2

The block number is: 2

e.g., 134 7--20 48 69--85 :
>>1-3

Do you need to include more levels? (y/n)
>>y

Enter the block number
>>3

The block number is: 3

e.g., 134 7--20 48 69--85 :
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>>1

Do you need to include more levels? (y/n)
>>n

Maximum % of omitted composition
>>0

What is the value below which an eigenvector composition
is to be neglected for printing?
>>0.01

jj21sj: Execution complete.

sk sk o ok sk sk sk ok ok sk sk sk ok ok sk sk o ok sk sk s sk ok sk sk sk ok sk sk ok sk o ok sksk sk sk ok sk sk sk ok sk sk sk ke ok sk sk sk ok ok sk sk sk ok sk sk sk sk ok ok sk sk sk ok

RUN COUPLING TO GET THE IDENTIFICATION STATES IN DIFFERENT

COUPLING SCHEMES FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p

SHELLS IN IDENTIFICATION

INPUT FILES: 2s22p3_2p5_3.1lsj.c, 2s22p3_2p5_3.1sj.]

OUPUT FILES: 2s22p3_2p5_3.coup3.LK3.1bl, 2s22p3_2p5_3.coup3.JK3.1bl
2s22p3_2p5_3.LS.1bl, 2822p3_2p5_3.coup3.LS3.1bl
2s22p3_2p5_3.coup3.LSJ3.1bl, 2s22p3_2p5_3.coup3.jj.1bl
2522p3_2p5_3.coup3.cL8J3.1bl, 2s22p3_2p5_3.coup3.sum

sk sk ook sk ok ok stk sk ok stk sk sk sk sk sk sk ok sk sk sk ok sk sk sk ok stk sk sk ok sk sk sk sk ook sk sk sk ok sk sk ok skskok sk ok sk sk sk sk ok sk sk ok ok sk sk ok

* ¥ X X X X ¥ ¥
¥ ¥ X X X X *x ¥

>>Coupling

Coupling: Transformation of ASFs from a LS-coupled CSF basis
into differete coupled CSF bases (Fortran 95)
() (2022) G. Gaigalas, A. Kramida.

Input files: *.1lsj.c, *.1lsj.j (ATSP (CPC) or GRASP2K types)
Output files: *.coup*.*.lbl, *.coup*.sum

Name of state
>>2s22p3_2p5_3

Default settings 7 (Y/N)
>>y

Specify the number of coupled shells for evaluation (1,2 or 3):
>>3

3

What is the value below which an eigenvector composition
is to be neglected for printing?
>>0

0.0000000000000000

Specify shells for recoupling (no more than 12)
>>1s,2s,2p,3s,3p,3d

A1l transformations completed

There is one-to-one classification for LS coupling
There is one-to-one classification for LS3 coupling
There is one-to-one classification for LSJ3 coupling
There is one-to-one classification for LK3 coupling
There is one-to-one classification for JK3 coupling
There is one-to-one classification for cLSJ3 coupling
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There is one-to-one classification for jj3 coupling
end subroutine generate_classification_data

Coupling: Execution complete.

>k >k 3k 5k 5k ok ok 5k 5k %k >k >k >k %k >k >k >k 5k 5k 5k 5k 5k >k >k >k %k %k >k >k >k >k 5k 5k 5k 5k %k >k >k %k %k >k >k >k >k 5k 5k 5k 5k >k >k >k >k >k >k >k >k >k >k >k >k 5k >k >k >k >k >k %k >k >k >k >k >k >k %k %k %k >k *k %

OBSERVE!

¥ X K K K K K K K K K XK X X X X X X X ¥ ¥

RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS
IN LK3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p
SHELLS IN IDENTIFICATION AND FOR THE REST LS-COUPLING

ABOVE WE TRANSFORMED ONLY A SUBSET OF THE LEVELS

WE NEED, HOWEVER, TO HAVE LABELS FOR ALL LEVELS. WE WILL USE

THE LSJ LABELS IN THE FILE 2s22p3_2p5_3.1lsj.1bl_SAVE FOR THE
UNTRANSFORMED LEVELS. WE CAN BY HAND EDIT THE
2s22p3_2p5_3.coup3.LK3.1bl FILE AND PASTE THE INFORMATION FOR
THE UNTRANSFORMED LEVELS FROM THE 2s22p3_2p5_3.1sj.1bl_SAVE

FILE AT THE APPROPRIATE PLACE IN 2s22p3_2p5_3.coup3.LK3.1bl
ALTERNATIVELY, AND THIS IS WHAT WE WILL DO BELOW, WE CAN USE THE
sed COMMAND TO COPY THE APPROPRIATE INFORMATION FOR THE TWO
UNTRANSFORMED LEVELS FROM 2s22p3_2p5_3.1sj.1bl_SAVE AND PUT

THE INFORMATION IN PATCH1 and PATCH2.
WE NOW USE sed TO PASTE THE INFORMATION IN PATCH1 AND PATCH2

AT THE APPROPRIATE PLACE IN 2s22p3_2p5_3.coup3.LK3.1bl

THE USER IS ADVICED TO OPEN AND INSPECT BOTH THE
2s22p3_2p5_3.1sj.1bl_SAVE FILE AND THE 2s22p3_2p5_3.coup3.LK3.1bl
FILE TO UNDERSTAND WHAT IS GOING ON

¥ X X X X X X X X X X X X X X X X X X ¥ *

3k 3k 3k >k >k 3k 3k sk 5k >k >k 3k 3k 5k sk >k 3k 3k Sk ok ok %k >k 3k Sk sk >k %k 3k 3k Sk ok >k >k >k 3k 3k 5k ok %k 3k Sk ok sk >k >k 3k 3k 5k 5k %k 5k Sk 5k 5k >k >k >k 3k 3k >k >k %k >k 3k ok >k >k %k %k 3k ok >k %k %k %k >k >k k

>>sed -n 25,28p 2s22p3_2p5_3.1sj.1bl_SAVE >patchl
>>sed -i 327rpatchl 2s22p3_2p5_3.coup3.LK3.1bl
>>sed -n 6,10p 2s22p3_2p5_3.1sj.1bl_SAVE >patch2
>>sed -i 57rpatch2 2s22p3_2p5_3.coup3.LK3.1bl
>>cp 2s22p3_2p5_3.coup3.LK3.1bl 2s22p3_2p5_3.1sj.1bl

>>rlevels 2s22p3_2p5_3.cm
nblock = 3 ncftot

Energy levels for ...

Rydberg constant is 109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total

(a.u.)
1 1 3/2 - -263.2797841
2 2 3/2 - -262.9550555
3 1 5/2 - -262.9538206
4 1 1/2 - -262.7906339
5 3 3/2 - -262.7882742
6 4 3/2 - -259.5241179
7 2 1/2 - -259.4979399

Levels
(cm~-1)

71269.
71540.
107356.
107873.
824273.
830018.

1165

Splitting
(ecm~-

271.
35815.
517.
716399.
5745.

nw

1)

9 nelec =

Configuration

1s2_ 2s2_.2p3(4S) (48)
1s2_ 2s2_.2p3(2D) (2D)
1s2_ 2s2_.2p3(2D) (2D)
1s2_ 2s2_.2p3(2P) (2P)
1s2_ 2s2_.2p3(2P) (2P)
1s(2).2p(5) _2P

1s(2).2p(5) _2P

S_4[0]1<3/2>
D_2[2]<3/2>
D_2[2]<5/2>
P_2[1]<1/2>
P_2[1]<3/2>

Please note that the labels for No 1-5 are in LK3 coupling and the rest (No 6 and 7) in LS] coupling.
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>k >k 3K 3k 3k 3k 3k 5k 3k 3k 5k 5k %k %k >k >k 3k 3k 3k 3k 3k 3k 3k 5k 5k >k %k %k >k >k 5k 3k 3k 3k 3k 5k %k >k >k %k %k K >k 5k 5k 5k 5k 3k %k %k >k >k >k %k %k K 3k >k 5k 5k 5k %k %k >k >k >k %k % %k 3k > >k >k %k %k %k %k k %

*
*
*
*

RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
IN JK3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p *
SHELLS IN IDENTIFICATION AND FOR THE REST LSJ-COUPLING *
INFORMATION FROM 2s22p3_2p5_3.1sj.1bl_SAV ADDED *

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 5k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 3k 5k 5k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k >k 5k %k 5k >k >k %k %k >k %k >k k >k k >k k k

>>sed -i 327rpatchl 2s22p3_2p5_3.coup3.JK3.1bl
>>sed -i 57rpatch2 2s22p3_2p5_3.coup3.JK3.1bl
>>cp 2s822p3_2p5_3.coup3.JK3.1bl 2s22p3_2p5_3.1sj.1bl

>>rlevels 2s22p3_2p5_3.cm
nblock =

No Pos

3 ncftot

Energy levels for ...

Rydberg constant is

109737.31569

1165 nw

9 nelec =

Splitting is the energy difference with the lower neighbor

J Parity Energy Total

(a.u.)

-263.2797841
-262.9550555
-262.9538206
-262.7906339
-262.7882742
-259.5241179
-259.4979399

Levels
(cm~-1)

71269.67
71540.71
107356.06
107873.94
824273.45
830018.86

Splitting
(cm™-1)

271.04
35815.34
517.88
716399.51
5745.41

Configuration

1s2_<0>2s2_.2p3(48) (48)
182_<0>2s2_.2p3(2D) (2D)
1s2_<0>2s2_.2p3(2D) (2D)
1s2_<0>2s2_.2p3(2P) (2P)
182_<0>2s2_.2p3(2P) (2P)
1s(2) .2p(5) _2P

1s(2) .2p(5) _2P

K 3K 3K 3K 3K 3K 3k 5k 3k 5k 5k 5k 5k 5k %k 3k 3k 3k 5k 3k 3k 3k 5k 5k 5k 5k 5k 5k K 3K 3K 5K 5k 3k 3k 5k 5k 3k 5k 5k %k K 3K 3K 5K 5K 3k 3k %k 5k 5k 5k 5k %k %K 3K 3K 5K 5K 5k 3k %k 5k 5k >k >k %k X >k >k 3 5 > % % %k %k >k %

*
*
*
*

RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
IN LS3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p *
SHELLS IN IDENTIFICATION AND FOR THE REST LSJ-COUPLING *
INFORMATION FROM 2s22p3_2p5_3.1sj.1bl_SAV ADDED *

3k 3k >k >k >k 3k 3k 5k 5k ok 5k 3k %k 5k 5k 5k %k >k >k 5k 5k >k 5k 5k 5k %k >k >k %k %k >k >k >k >k 5k 5k 3k %k %k >k >k >k %k %k >k >k >k >k >k 5k %k %k >k >k >k %k >k >k >k >k >k >k 5k 5k >k >k >k >k >k %k >k >k >k >k >k %k %k %k k

>>sed -i 320rpatchl 2s22p3_2p5_3.coup3.LS3.1bl
>>sed -i 56rpatch2 2s22p3_2p5_3.coup3.LS3.1bl
>>cp 2s22p3_2p5_3.coup3.LS3.1bl 2s22p3_2p5_3.1sj.1bl

>>rlevels 2s22p3_2p5_3.cm
nblock =

3 ncftot

Energy levels for ...

Rydberg constant is

109737.31569

1165 nw =

9 nelec =

Splitting is the energy difference with the lower neighbor

J Parity Energy Total

(a.u.)

-263.2797858
-262.9550573
-262.9538223
-262.7906356

0.00
71269.67
71540.71

107356.06

Splitting
(cm~-1)

0.00
71269.67
271.04
35815.35

Configuration

1s2_ 2s2_.2p3(4S) (43) 4S
1s2_ 2s2_.2p3(2D) (2D) 2D
1s2_ 2s2_.2p3(2D) (2D) 2D
1s2_ 2s2_.2p3(2P) (2P) 2P

4[0]<3/2>
2[2]<3/2>
2[2]<5/2>
2[1]1<1/2>
2[1]<3/2>

<3/2>
<3/2>
<5/2>
<1/2>
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5 3 3/2 - -262.7882760
6 4 3/2 - -259.5241195
7 2 1/2 - -259.4979415

107873.94
824273.48
830018.89

517.88
716399.54
5745.41

1s2_ 2s2_.2p3(2P) (2P) 2P<3/2>

15(2) .2p(5)_2P
15(2) .2p(5)_2P

>k >k 3k 5k 5k ok ok 5k 5k 5k >k >k >k >k >k >k >k 5k ok 5k 5k 5k >k >k >k >k %k >k >k >k >k 5k 5k 5k 5k %k >k >k >k %k >k >k >k >k 5k 5k 5k %k >k >k >k >k %k %k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k >k %k >k >k *k %

* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS

* IN LSJ3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p
* SHELLS IN IDENTIFICATION AND FOR THE REST LSJ-COUPLING

* INFORMATION FROM 2s22p3_2p5_3.1sj.1bl_SAV ADDED

*
*
*
*

3k 3k >k >k K 3K 3K 3K 5k 3k 5k 3k 5k 5k 5k 5k 5k %k >k 3k 3K 5k 3k 3k 5k 5k 3k 5k 5k %k 5k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %k K 3K 3K 3K 5K 3k 3k 3k 5k 5k 5k 5k %k K 3K 3K 3K >k 5k 5k %k %k 5k >k >k %k % >k >k 5 5 % % %k k

>>sed -i 327rpatchl 2s22p3_2p5_3.coup3.LSJ3.1bl
>>sed -i 57rpatch2 2s22p3_2p5_3.coup3.LSJ3.1bl
>>cp 2s22p3_2p5_3.coup3.LSJ3.1bl 2s22p3_2p5_3.1sj.1bl

>>rlevels 2s22p3_2p5_3.cm

nblock = 3 ncftot

Energy levels for ...

Rydberg constant is  109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total

(a.u.)
1 1 3/2 - -263.2797841
2 2 3/2 - -262.9550555
3 1 5/2 - -262.9538206
4 1 1/2 - -262.7906339
5 3 3/2 - -262.7882742
6 4 3/2 - -259.5241179
7 2 1/2 - -259.4979399

71269.67
71540.71
107356.06
107873.94
824273.45
830018.86

1165 nw =

Splitting
(cm~-1)

35815.34
517.88
716399.51
5745.41

9 nelec =

Configuration

1s2_ 2s2_.2p3(4S) (48)
1s2_ 2s2_.2p3(2D) (2D)
1s2_ 2s2_.2p3(2D) (2D)
1s2_ 2s2_.2p3(2P) (2P)
1s2_ 2s2_.2p3(2P) (2P)
1s(2) .2p(5) _2P

1s(2).2p(5)_2P

(0,3/2)<3/2>
(0,3/2)<3/2>
(0,5/2)<5/2>
(0,1/2)<1/2>
(0,3/2)<3/2>

>k 3K 3K 3K 3K 3k 5k 5k 3k 3k 5k 5k 5k %k >k >k 3k 3k 3k 3k 5k 3k 3k 3k 5k 5k %k %k >k >k 3k 3k 3k 3k 3k 3k %k >k >k %k %k K >k 3k 3k 5k 5k 3k 3k 5k 5k >k >k %k %k K 3k 3k 5k 5k 5k %k %k >k >k >k %k %k % 3k >k > 5k %k %k %k %k k %

* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS

* IN jj-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p
* SHELLS IN IDENTIFICATION AND FOR THE REST LSJ-COUPLING

* INFORMATION FROM 2s22p3_2p5_3.1sj.1bl_SAV ADDED

*
*
*
*

3k 3k 3k >k >k >k 5k 5k 3k >k >k 5k 5k 5k >k >k >k 3k 3k 5k >k >k >k 5k >k 3k >k >k 5k %k 5k >k >k >k >k >k >k >k >k >k >k 5k >k >k >k >k >k 5k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k > >k %k >k >k > *k

>>sed -i 329rpatchl 2s22p3_2p5_3.coup3.jj.1lbl

>>sed -i 59rpatch2 2s22p3_2p5_3.coup3.jj.1lbl

>>cp 2s22p3_2p5_3.coup3.jj.1bl 2s22p3_2p5_3.1sj.1bl

>>rlevels 2s22p3_2p5_3.cm

nblock = 3 ncftot

Energy levels for ...

Rydberg constant is  109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total
(a.u.)

Levels
(cm~-1)

1165 nw =

Splitting
(cm~-1)

9 nelec =

Configuration
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1 1 3/2 - -263.2797841 0.00 0.00 1s+2_2s+2_<0>.2p-_<1/2>.2p+2(2) <3/2>
2 2 3/2 - -262.9550555 71269.67 71269.67 1s+2_2s+2_<0>.2p-_<1/2>.2p+2(2) <3/2>
3 1 5/2 - -262.9538206 71540.71 271.04 1s+2_2s+2_<0>.2p-_<1/2>.2p+2(2) <5/2>
4 1 1/2 - -262.7906339 107356.06 35815.34 1s+2_2s+2_<0>.2p-_<1/2>.2p+2(0) <1/2>
5 3 3/2 - -262.7882742 107873.94 517.88 1s+2_2s+2_<0>.2p+3(3/2) <3/2>

6 4 3/2 - -259.5241179  824273.45 716399.51 1s(2).2p(5)_2P

7T 2 1/2 - -259.4979399  830018.86 5745.41 1s(2).2p(5)_2P

3k 3k >k 3k 3k 3k 3k 3k %k %k 3k 3K 3k 3k 5k %k 3k 3k 3k 3k 3k %k K 3K 3k 3k 5k 5k %k 3K 3k 3k 5k 5k %k 3k 3K 3k 3k 5k 5k % 3K 3k 3k 5k 5k % >k 3K 3k 3k 5k %k 3k >k 3k 3k 5k %k %k 3k 3K 3k 3k %k % >k 3k 3k %k %k %k %k >k 3k %k % Xk

* RUN RLEVELS TO VIEW ENERGIES AND ENERGY SEPARATIONS *
* IN cLSJ3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p *
* SHELLS IN IDENTIFICATION AND FOR THE REST LSJ-COUPLING *
* INFORMATION FROM 2s22p3_2p5_3.1sj.1bl_SAV ADDED *

3k 2k >k 3k 3k 3k 3k 5k ok >k 3k 3k 5k 3k 5k >k 3k 3k 3k 5k 5k >k >k 3k 5k 3k 5k %k >k 3k 3k 3k 5k %k >k >k 3k 5k 3k 5k %k >k 3k >k 5k >k >k %k >k >k 5k %k %k %k >k >k >k 5k >k %k %k >k 3k 3k %k %k %k >k >k >k %k >k %k %k > >k %k %k k

>>sed -i 327rpatchl 2s22p3_2p5_3.coup3.cLSJ3.1bl
>>sed -i 57rpatch2 2s22p3_2p5_3.coup3.cLSJ3.1bl
>>cp 2s22p3_2p5_3.coup3.cLSJ3.1bl 2s22p3_2p5_3.1sj.1bl

>>rlevels 2s22p3_2p5_3.cm
nblock = 3 ncftot = 1165 nw = 9 nelec = 7

Energy levels for ...
Rydberg constant is 109737.31569
Splitting is the energy difference with the lower neighbor

No Pos J Parity Energy Total Levels Splitting Configuration
(a.u.) (cm~-1) (cm~-1)
1 1 3/2 - -263.2797841 0.00 0.00 1s+2_ (0,0)<0> 2s2_.2p3(4S) (48)<3/2> (0,3/2)<3/2>
2 2 3/2 - -262.9550555 71269.67 71269.67 1s+2_ (0,0)<0> 2s2_.2p3(2D) (2D)<3/2> (0,3/2)<3/2>
3 1 5/2- -262.9538206 71540.71 271.04 1s+2_ (0,0)<0> 2s2_.2p3(2D) (2D)<5/2> (0,5/2)<5/2>
4 1 1/2 - -262.7906339  107356.06 35815.34 1s+2_ (0,0)<0> 2s2_.2p3(2P) (2P)<1/2> (0,1/2)<1/2>
5 3 3/2 - -262.7882742  107873.94 517.88 1s+2_ (0,0)<0> 2s2_.2p3(2P) (2P)<3/2> (0,3/2)<3/2>
6 4 3/2 - -259.5241179  824273.45  716399.51 1s(2).2p(5)_2P
7 2 1/2 - -259.4979399  830018.86 5745.41 1s(2).2p(5)_2P

For definition of different coupling schemes see in [14] and for interpretation of different coupling schemes notation
produced by Coupling see Section 8.2, where we discuss in detail the transformation in different coupling schemes for
152252p 9Pg 1 ,, 'P{ in BIL

>k >k 3K 3K 3k 3k 5k 5k 3k 3k 5k 5k 5k %k >k >k 3k 3k 3k 3k 3k 3k 3k 5k 5k 5k %k %k >k >k 5k 3k 3k 3k 3k 5k %k >k >k %k %k K >k 5k 5k 5k 5k 3k 3k 5k 5k >k >k %k % 3K 3k >k 5k 5k 5k 3k %k >k >k >k %k %k >k > > > >k %k %k %k %k k %
WE WILL NOW COMPUTE THE M1 TRANSITION RATES

IN THIS CASE THE INITIAL AND FINAL STATE FILES ARE THE SAME

AND WE DO NOT NEED TO PERFORM A biorthonormal TRANSFORMATION
USING RBIOTRANSFORM. JUST COPY FILES TO name.bw AND name.cbm
THE 2s22p3_2p5_3.1sj.1bl FILE GIVES THE LABELS THAT WILL BE
USED BY THE TRANSITION PROGRAM. WE START BY USING THE LSJ LABELS
AND COPY 2s22p3_2p5_3.1sj.1bl_SAVE TO 2s22p3_2p5_3.1sj.1bl

3k 5k 5k >k >k >k 3k 5k >k >k >k >k 3k 5k >k >k >k 3k 3k 5k >k >k >k 5k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k > >k >k >k >k >k *k

* K X ¥ X X ¥
* ¥ X ¥ X X *

>>cp 2s22p3_2p5_3.w 2s22p3_2p5_3.bw
>>cp 2s22p3_2p5_3.cm 2s22p3_2p5_3.cbm
>>cp 2s822p3_2p5_3.1sj.1bl1_SAVE 2s22p3_2p5_3.1sj.1bl
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3k >k >k >k >k 3K 3K 3k 3k 3k 5k 3k 3k 5k 5k 5k %k %k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k 5k %k %k >k >k 5k 3k 3k 3k 3k %k %k >k >k %k %k >k >k 5k 5k 5k 5k 3k 3k 5k >k >k %k %k K 3k >k 5k >k 5k >k %k %k >k >k >k %k %k % > > > %k %k %k k

2s22p3_2p5_3.cbm,
OUTPUT FILE: 2s22p3_2p5_3.2s22p3_2p5_3.ct,

COUPLING WHICH IS VERY CONVENIENT

¥ K K X K K K K K K X X X X X X X ¥

2522p3_2p5_3.2522p3_2p5_3.ct.1sj
2s822p3_2p5_3.2s22p3_2p5_3.+1T (angular file)

NOTE THAT THE LATTER OUTPUT FILE HAS ALL THE LABELS IN LSJ-

PLEASE OBSERVE!! IF WE ARE GOING TO RUN RTRANSITION FOR AN RCI WAVE
FUNCTIONS THEN THE LSJ-INFORMATION SHOULD BE AVAILABLE FOR THE SAME
WAVE FUNCTION. IF FOR EXAMPLE THE LSJ-INFORMATION FROM JJ2LSJ IS

IS AVAILABLE FROM AN RMCDHF RUN AND WE RUN RTRANSITION ON THE RCI
WAVE FUNCTION THEN RTRANSITION WILL STOP. IN THIS CASE JUST RERUN
JJ2LSJ FOR THE RCI WAVE FUNCTION AND START RTRANSITION AGAIN FOR
THE SAME WAVE FUNCTION. IN OUR EXAMPLE JJ2LJS AND RTRANSITION ARE
RUN FOR RCI WAVE FUNCTIONS AND EVERYTHING IS OK.

RUN RTRANSITION FOR 2s22p3_2p5_3 TO COMPUTE M1 TRANSITION PARAMETERS*
INPUT FILES: isodata, 2s22p3_2p5_3.c, 2s22p3_2p5_3.bw,

¥ X X X X X X X X X X X X X X X *

3k >k >k >k >k 3k 5k 5k ok ok 5k 5k %k >k 5k >k >k >k >k 5k 5k >k 5k 5k %k >k >k >k %k %k >k >k >k >k 5k 5k 5k %k %k >k >k >k %k >k >k >k >k >k 5k 5k %k %k >k >k >k %k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k %k %k >k k

>>rtransition

RTRANSITION

This program computes transition parameters from

transformed wave functions

Input files: isodata, namel.c, namel.bw, namel.(c)bm
name2.c, name2.bw, name2.(c)bm
optional, namel.lsj.1lbl, name2.1lsj.1lbl
namel.name2.KT (optional angular files)

Output files: namel.name2.(c)t
optional, namel.name2.(c)t.lsj
namel.name2.KT (angular files)

Here K is parity and rank of tramsition: -1,+1 etc

Default settings?
>>y

Input from a CI calculation?
>>y

Name of the Initial state
>>2s822p3_2p5_3

Name of the Final state
>>2s522p3_2p5_3

MRGCSL: Execution begins ...
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;
. load complete;
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;
. load complete;
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1s
2 s
2 p-
2p
3 s
3 p-
3p
3 d-
3d
3
274 864 1164
3
274 864 1164
Loading Configuration Symmetry List File ...
there are 9 relativistic subshells;
1
2
there are 2328 relativistic CSFs;
. load complete;
Enter the list of transition specifications
e.g., E1,M2 or E1 M2 or E1;M2 :

>>M1

M1 transitions only between levels with different J7?

>>n

RTRANSITION: Execution complete.

3k >k >k >k >k 3k 3k 5k 5k ok 5k 5k >k 5k 5k %k >k >k >k 5k >k >k 5k 5k 5k >k >k >k %k %k >k >k >k >k 5k 5k 3k %k %k >k >k >k %k >k >k >k >k 5k 5k 5k 5k %k >k >k >k %k %k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k %k %k k

* VIEW THE TRANSITION FILE WHERE THE LABELS ARE IN LSJ COUPLING

*

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 3k 5k 5k 5k >k 3k >k 3k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k 3k >k 5k 5k 5k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k %k 5k %k 5k >k >k %k %k >k %k >k k >k k >k k k

>>more 2s22p3_2p5_3.2s22p3_2p5_3.ct.1lsj

Transition between files:
2s22p3_2p5_3
2s22p3_2p5_3

1 -262.79063388 1s(2).2s(2).2p(3)2P1_2P
1 -259.49793990 1s(2).2p(5)_2P

722662.80 CM-1 138.38 ANGS(VAC) 138.38 ANGS(AIR)
MI S = 1.18001D-11 GF = 3.44839D-16 AKI = 6.00621D-05

1 -262.79063388 1s(2).2s(2).2p(3)2P1_2P
3 -262.78827423 1s(2).2s(2).2p(3)2P1_2P

517.88 CM-1 193094.26 ANGS(VAC) 193074.30 ANGS(AIR)
M1 S = 1.31018D+00 GF = 2.74383D-08 AKI = 1.22716D-03

1 -262.79063388 1s(2).2s(2).2p(3)2P1_2P
3 -259.52411791 1s(2).2p(5)_2P
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716917.39 CM-1

M1 S = 1.73052D-06

3 -263.27978407
1 -262.79063388
107356.06 CM-1

M1 S = 1.86549D-03

3 -263.27978407
1 -259.49793990
830018.86 CM-1

M1 S = 5.92158D-07

5 -262.95382060
3 -262.78827423
36333.23 CM-1

M1 S = 3.63575D-02

5 -262.95382060
3 -259.52411791
752732.73 CM-1

M1 S = 1.88251D-06

139.49 ANGS(VAC)
GF = 5.01695D-11

15(2) .25(2) .2p(3)4S3_4S
1s(2).2s(2) .2p(3)2P1_2P

931.48 ANGS(VAC)
GF = 8.09867D-09

1s(2) .2s(2) .2p(3)483_483
1s(2) .2p(5) _2P

120.48 ANGS(VAC)
GF = 1.98756D-11

1s(2) .2s(2) .2p(3)2D3_2D
15(2) .25(2) .2p(3)2P1_2P

2752.30 ANGS(VAC)
GF = 5.34186D-08

15(2).2s(2).2p(3)2D3_2D
1s(2) .2p(5) _2P

132.85 ANGS(VAC)
GF = 5.73023D-11

139.49

AKI =

4

931.48

AKI =

3.

120.48

AKI =

4.

2752.01

AKI =

1.

132.85

AKI =

5.

ANGS (AIR)

.29992D+00

ANGS (AIR)
11300D+01

ANGS (AIR)
56677D+00

ANGS (AIR)
17593D+01

ANGS (AIR)
41422D+00

3k >k >k >k >k 3K 3K 3K 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3k 3k 3k 3k 3k 3k 3k 5k 5k %k %k >k >k 3k 3K 3k 3k 3k %k %k %k 5k 5k %k K >k 3K 3K 5k 5k 3k %k 5k 5k >k %k %k K 3K 3k 3k 5k 5k 5k %k 5k >k >k >k %k % %k > 3 5 %k %k %k k

* GIVE THE TRANSITION FILE A NEW APPROPRIATE NAME FOR LATER USE

E3

3k >k >k >k >k 3k 5k 5k ok ok 5k 5k %k >k >k >k >k >k >k 5k 5k >k 5k 5k 5k >k >k %k %k %k >k >k >k >k 5k 5k 5k %k >k >k >k >k %k >k >k >k >k >k 5k 5k %k %k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k %k >k k

>>mv 2s22p3_2p5_3.2s522p3_2p5_3.ct.1lsj 2s22p3_2p5_3.2s522p3_2p5_3.ct.1lsj_SAVE

K 3K 3K 3K 3K 3K 3k 5k 5k 3k 3k 5k 5k 5k >k >k 3k 3k 3k 3k 3k 3k 3k 3k 5k 5k 5k %k %k 3k 3k 3k 3k 3k 3k 3k %k 5k 5k 5k %k % 3K 3K 3K 5K 5k 3k 3k 5k 5k 5k %k %k %K K 3K 3k 5k 5k 5k %k 5k 5k >k >k %k % >k 3 > 3k > % %k %k %k % %

* O X K X X X X X X X X*

PROGRAM

2s22p3_2p5_3.cbm,

OUTPUT FILE: 2s22p3_2p5_3.2s22p3_2p5_3.ct,

2522p3_2p5_3.2s22p3_2p5_3.ct.1sj

2s22p3_2p5_3.2s22p3_2p5_3.+1T (angular file)

COPY THE 2s22p3_2p5_3.coup3.LK3.1bl TO 2s22p3_2p5_3.1sj.1bl
IT IS THE LATTER FILE THAT IS READ AND USED BY THE TRANSITION

RUN RTRANSITION FOR 2s22p3_2p5_3 TO COMPUTE M1 TRANSITION PARAMETERS*
IN LK3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p
SHELLS IN IDENTIFICATION AND FOR THE REST LS-COUPLING
INPUT FILES: isodata, 2s22p3_2p5_3.c, 2s22p3_2p5_3.bw,

* X X X X X X X X X *

3k >k >k >k >k 3k 3K 3k 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3k 3k 3k 3k 3k 3k 3k 5k >k %k %k >k >k 3k 3K 3k 3k 3k %k %k >k 5k 5k %k K >k 3K 3K 5k 5k 3k %k 5k 5k >k %k %k K 3k 3k 5k 5k 5k >k %k %k >k >k >k %k %k %k > 3 > %k %k %k k

>>cp 2s22p3_2p5_3.coup3.LK3.1bl 2s22p3_2p5_3.1sj.1bl

>>rtransition

RTRANSITION
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This program computes transition parameters from

transformed wave functions

Input files: isodata, namel.c, namel.bw, namel.(c)bm
name2.c, name2.bw, name2. (c)bm
optional, namel.lsj.1lbl, name2.1lsj.1lbl
namel.name2.KT (optional angular files)

Output files: namel.name2.(c)t
optional, namel.name2.(c)t.lsj
namel.name2.KT (angular files)

Here K is parity and rank of tramsition: -1,+1 etc

Default settings?
>>y

Input from a CI calculation?
>>y

Name of the Initial state
>>2s522p3_2p5_3

Name of the Final state
>>2s822p3_2p5_3

MRGCSL: Execution begins
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

load complete;
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

load complete;

1s

W W wwwwNdNdN
e}
|

p
d-
d
274 864 1164
3
274 864 1164

Loading Configuration Symmetry List File ...
there are 9 relativistic subshells;
1
2
there are 2328 relativistic CSFs;
load complete;

Enter the list of transition specifications

e.g., E1,M2 or E1 M2 or E1;M2 :
>>M1

M1 transitions only between levels with different J?
>>n
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RTRANSITION: Execution complete.

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 5k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 3k 5k 3k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k >k 5k %k 5k >k >k >k %k >k %k >k k >k k >k k k

* VIEW THE TRANSITION FILE WHERE THE LABELS ARE IN LK3 COUPLING *
* THE DATA IS THE SAME AS ABOVE, ONLY THE LABELS OF THE STATES *
* DIFFER *

stk s sk ok sk o sk ok sk sk ke ok sk ke ok sk s ok sk ok sk s sk sk sk sk o sk sk e ok sk s ok sk sk sk sk sk sk sk sk ke sk sk e ok sk e ok sk s ok sk sk sk sk sk ok sk sk ok ok
>>more 2s22p3_2p5_3.2s822p3_2p5_3.ct.1lsj

Transition between files:
2s22p3_2p5_3
2s22p3_2p5_3

1 -262.79063388 1s2_ 2s2_.2p3(2P) (2P) P_2[1]<1/2>
1 -259.49793990 1s(2).2p(5)_2P
722662.80 CM-1 138.38 ANGS(VAC) 138.38 ANGS(AIR)
M1 S = 1.18001D-11 GF = 3.44839D-16 AKI = 6.00621D-05

1 -262.79063388 1s2_ 2s2_.2p3(2P)(2P) P_2[1]<1/2>

3 -262.78827423 1s2_ 2s2_.2p3(2P) (2P) P_2[1]<3/2>
517.88 CM-1 193094.26 ANGS(VAC) 193074.30 ANGS(AIR)
MI S = 1.31018D+00 GF = 2.74383D-08 AKI = 1.22716D-03

1 -262.79063388 1s2_ 2s2_.2p3(2P)(2P) P_2[1]<1/2>
3 -259.52411791 1s(2).2p(5)_2P
716917.39 CM-1 139.49 ANGS(VAC) 139.49 ANGS(AIR)
MI S = 1.73052D-06 GF = 5.01695D-11  AKI = 4.29992D+00

3 -263.27978407 1s2_ 2s2_.2p3(4S)(4S) S_4[0]1<3/2>

1 -262.79063388 1s2_ 2s2_.2p3(2P)(2P) P_2[1]<1/2>

107356.06 CM-1 931.48 ANGS(VAC) 931.48 ANGS(AIR)
M1 S = 1.86549D-03 GF = 8.09867D-09 AKI = 3.11300D+01

3 -263.27978407 1s2_ 2s2_.2p3(4S) (4S) S_4[0]1<3/2>
1 -259.49793990 1s(2).2p(5)_2P
830018.86 CM-1 120.48 ANGS(VAC) 120.48 ANGS(AIR)
M1 S = 5.921568D-07 GF = 1.98756D-11 AKI = 4.56677D+00

5 -262.95382060 1s2_ 2s2_.2p3(2D) (2D) D_2[2]<5/2>

3 -262.78827423 1s2_ 2s2_.2p3(2P) (2P) P_2[1]1<3/2>

36333.23 CM-1 2752.30 ANGS(VAC) 2752.01 ANGS(AIR)
M1 S = 3.63575D-02 GF = 5.34186D-08 AKI = 1.17593D+01
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5 -262.95382060 1s2_ 2s2_.2p3(2D) (2D) D_2[2]<5/2>
3 -259.52411791 1s(2).2p(5)_2P

752732.73 CM-1 132.85 ANGS(VAC) 132.85 ANGS(AIR)
M1 S = 1.88251D-06 GF = 5.73023D-11  AKI = ©5.41422D+00

3k 3k 3k 5k 3k 5K >k 3k >k 3k 3k 5k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k %k 5k %k 5k >k >k >k %k >k %k 5k k >k k >k k k

* GIVE THE TRANSITION FILE A NEW APPROPRIATE NAME FOR LATER USE

*

3k >k >k >k >k 3k 3K 3k 3k 5k 5k 3k 3k 3k 5k 5k %k %k >k 3k 3k 3k 3k 3k 3k 3k 3k 5k >k >k %k >k >k 3k 3k 3k 3k 3k %k %k >k >k 5k %k K >k 5K 5k 5k 5k 3k %k 5k 5k >k %k %k 3K 3k 3k 3k 5k 5k 5k %k %k >k >k >k %k %k >k > > > %k %k %k k

>>mv 2s822p3_2p5_3.2s822p3_2p5_3.ct.1lsj 2s22p3_2p5_3.2s22p3_2p5_3.ct.1lsj_LK3

3k 5k >k 5k >k 3k 3k 3k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 3k >k 5k 5k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k >k 3k 5k 5k 5k >k 5k >k 5k 5k 5k 5k %k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k >k >k %k 5k %k 5k %k >k %k %k >k k k%

2s22p3_2p5_3.cbm,
OUTPUT FILE: 2s22p3_2p5_3.2s22p3_2p5_3.ct,
2522p3_2p5_3.2s22p3_2p5_3.ct.1sj

¥ X X K K X X X X X X ¥

PROGRAM

2s22p3_2p5_3.2s22p3_2p5_3.+1T (angular file)

COPY THE 2s22p3_2p5_3.coup3.JK3.1bl TO 2s22p3_2p5_3.1sj.1bl
IT IS THE LATTER FILE THAT IS READ AND USED BY THE TRANSITION

RUN RTRANSITION FOR 2s22p3_2p5_3 TO COMPUTE M1 TRANSITION PARAMETERS*
IN JK3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p
SHELLS IN IDENTIFICATION AND FOR THE REST LS-COUPLING
INPUT FILES: isodata, 2s22p3_2p5_3.c, 2s22p3_2p5_3.bw,

* X X X X X X X X * *

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k %k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 3k 5k >k 5k >k 5k >k %k 5k %k 5k >k >k %k %k >k %k 5k k >k k >k k k

>>cp 2s22p3_2p5_3.coup3.JK3.1bl 2s22p3_2p5_3.1sj.1bl
>>rtransition

RTRANSITION

This program computes transition parameters from

transformed wave functions

Input files: isodata, namel.c, namel.bw, namel.(c)bm
name2.c, name2.bw, name2.(c)bm
optional, namel.lsj.1lbl, name2.1lsj.1lbl
namel.name2.KT (optional angular files)

Output files: namel.name2.(c)t
optional, namel.name2.(c)t.lsj
namel.name2.KT (angular files)

Here K is parity and rank of tramsition: -1,+1 etc

Default settings?
>>y

Input from a CI calculation?
>>y

Name of the Initial state
>>2s822p3_2p5_3

Name of the Final state
>>2s522p3_2p5_3

MRGCSL: Execution begins ...
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Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

. load complete;
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

. load complete;

1s

W W wwwwNdNdN
e
I

p
d-
d
274 864 1164
3
274 864 1164

Loading Configuration Symmetry List File ...
there are 9 relativistic subshells;
1
2
there are 2328 relativistic CSFs;
. load complete;

Enter the list of transition specifications

e.g., E1,M2 or E1 M2 or E1;M2 :
>>M1

M1 transitions only between levels with different J?
>>n

RTRANSITION: Execution complete.

>>mv 2s22p3_2p5_3.2s22p3_2p5_3.ct.1lsj 2s22p3_2p5_3.2s22p3_2p5_3.ct.1lsj_JK3

sk sk ok o ok sk ok sk ke ok sk sk sk e ok sk sk o e sk sk o s ok sk s s ok sk sk sk e ok sk sk sk e ok sk sk sk s sk sk sk s sk sk sk sk ke ok sk sk sk ke ok sk sk sk e ok sk sk ok s ok ok sk ok sk ok

RUN RTRANSITION FOR 2s22p3_2p5_3 TO COMPUTE M1 TRANSITION PARAMETERS*

IN LS3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p

SHELLS IN IDENTIFICATION AND FOR THE REST LS-COUPLING

INPUT FILES: isodata, 2s22p3_2p5_3.c, 2s22p3_2p5_3.bw,

2s22p3_2p5_3.cbm,

OUTPUT FILE: 2s22p3_2p5_3.2s22p3_2p5_3.ct,
2s22p3_2p5_3.2s22p3_2p5_3.ct.1ls]j
2s22p3_2p5_3.2s22p3_2p5_3.+1T (angular file)

COPY THE 2s22p3_2p5_3.coup3.LS3.1bl TO 2s22p3_2p5_3.1sj.1bl
IT IS THE LATTER FILE THAT IS READ AND USED BY THE TRANSITION
PROGRAM

3k 3k 3k 5k 3k 5k >k Sk >k 3k 5k 3k 5k k 5k >k Sk >k >k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k Sk >k 3k 5k >k 5k 5k 3k >k 3k 5k k 5k 3k 5k >k 3k 5k 5k 5k >k 5k >k 5k >k k 5k 5k 5k >k 3k >k 5k 5k >k 5k >k 5k >k sk >k >k >k >k sk k >k k k

* O X K X X X X X X X ¥
* X X X X X X X X X *

>>cp 2s22p3_2p5_3.coup3.LS3.1bl 2s22p3_2p5_3.1sj.1bl
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>>rtransition

RTRANSITION

This program computes transition parameters from

transformed wave functions

Input files: isodata, namel.c, namel.bw, namel.(c)bm
name2.c, name2.bw, name2. (c)bm
optional, namel.lsj.1lbl, name2.1lsj.1lbl
namel.name2.KT (optional angular files)

Output files: namel.name2.(c)t
optional, namel.name2.(c)t.lsj
namel.name2.KT (angular files)

Here K is parity and rank of transition: -1,+1 etc

Default settings?
>>y

Input from a CI calculation?
>>y

Name of the Initial state
>>2s522p3_2p5_3

Name of the Final state
>>2822p3_2p5_3

MRGCSL: Execution begins
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

load complete;
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

load complete;

1s

W W wwwwNnNdN
el
|

p
d-
d
274 864 1164
3
274 864 1164

Loading Configuration Symmetry List File ...
there are 9 relativistic subshells;
1
2
there are 2328 relativistic CSFs;
load complete;

Enter the list of transition specifications
e.g., E1,M2 or E1 M2 or E1;M2 :
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>>M1
M1 transitions only between levels with different J7
>>n

RTRANSITION: Execution complete.

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 5k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k 3k >k 5k 5k 5k 5k >k >k >k 3k 5k >k 5k >k 3k >k >k 5k %k 5k >k >k %k %k >k %k 5k k >k k >k k k

* GIVE THE TRANSITION FILE A NEW APPROPRIATE NAME FOR LATER USE *
stk sk ok ok sk sk sk sk sk ok sk sk ok sk ok sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk ok sk k ok

>>mv 2s22p3_2p5_3.2s822p3_2p5_3.ct.1lsj 2s22p3_2p5_3.2s522p3_2p5_3.ct.1sj_LS3

3k 5k >k 5k >k 3k 3k 3k 5k >k 5k >k 3k >k 3k 5k >k 5k %k 3k >k 5k 5k 3k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k 3k >k 3k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 3k >k 5k 5k >k 5k %k 3k 5k 3k 5k >k 5k >k >k >k %k 5k %k 5k %k >k %k %k >k k >k %k

RUN RTRANSITION FOR 2s22p3_2p5_3 TO COMPUTE M1 TRANSITION PARAMETERS*

IN LSJ3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p

SHELLS IN IDENTIFICATION AND FOR THE REST LS-COUPLING

INPUT FILES: isodata, 2s22p3_2p5_3.c, 2s22p3_2p5_3.bw,

2s22p3_2p5_3.cbm,

OUTPUT FILE: 2s22p3_2p5_3.2s22p3_2p5_3.ct,
2s22p3_2p5_3.2s22p3_2p5_3.ct.1lsj
2s22p3_2p5_3.2s22p3_2p5_3.+1T (angular file)

COPY THE 2s22p3_2p5_3.coup3.LSJ3.1bl TO 2s22p3_2p5_3.1sj.1bl
IT IS THE LATTER FILE THAT IS READ AND USED BY THE TRANSITION
PROGRAM

kK KKK KoK oK oK oK oK oK oK oK o o o K K KK KoK oK oK oK oK oK ok oK ok o o o K K K K K oK oK oK oK oK ok ok ok ok ok o o o K K K K K K oK oK oK oK oK oK ok ok ok ok o K K K KoK

¥ K K K K X K K X X X X
* X X X X X X X X ¥ *

>>cp 2s22p3_2p5_3.coup3.LSJ3.1bl 2s22p3_2p5_3.1sj.1bl
>>rtransition

RTRANSITION

This program computes transition parameters from

transformed wave functions

Input files: isodata, namel.c, namel.bw, namel.(c)bm
name2.c, name2.bw, name2.(c)bm
optional, namel.lsj.1lbl, name2.1lsj.1lbl
namel.name2.KT (optional angular files)

Output files: namel.name2.(c)t
optional, namel.name2.(c)t.lsj
namel.name2.KT (angular files)

Here K is parity and rank of tramsition: -1,+1 etc

Default settings?
>>y

Input from a CI calculation?
>>y

Name of the Initial state
>>2s822p3_2p5_3

Name of the Final state
>>2s522p3_2p5_3

MRGCSL: Execution begins ...
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Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

. load complete;
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

. load complete;

1s

W W wwwwNdNdN
e
I

p
d-
d
274 864 1164
3
274 864 1164

Loading Configuration Symmetry List File ...
there are 9 relativistic subshells;
1
2
there are 2328 relativistic CSFs;
. load complete;

Enter the list of transition specifications

e.g., E1,M2 or E1 M2 or E1;M2 :
>>M1

M1 transitions only between levels with different J?
>>n

RTRANSITION: Execution complete.

>>mv 2s22p3_2p5_3.2s22p3_2p5_3.ct.1lsj 2s22p3_2p5_3.2s22p3_2p5_3.ct.1lsj_LSJI3

sk sk ok o ok sk ok sk ke ok sk sk sk e ok sk sk o e sk sk o s ok sk s s ok sk sk sk e ok sk sk sk e ok sk sk sk s sk sk sk s sk sk sk sk ke ok sk sk sk ke ok sk sk sk e ok sk sk ok s ok ok sk ok sk ok

RUN RTRANSITION FOR 2s22p3_2p5_3 TO COMPUTE M1 TRANSITION PARAMETERS*

IN jj-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p

SHELLS IN IDENTIFICATION AND FOR THE REST LS-COUPLING

INPUT FILES: isodata, 2s22p3_2p5_3.c, 2s22p3_2p5_3.bw,

2s22p3_2p5_3.cbm,

OUTPUT FILE: 2s22p3_2p5_3.2s22p3_2p5_3.ct,
2s22p3_2p5_3.2s22p3_2p5_3.ct.1ls]j
2s22p3_2p5_3.2s22p3_2p5_3.+1T (angular file)

COPY THE 2s22p3_2p5_3.coup3.jj.1bl TO 2s22p3_2p5_3.1sj.1bl
IT IS THE LATTER FILE THAT IS READ AND USED BY THE TRANSITION
PROGRAM

3k 3k 3k 5k 3k 5k >k Sk >k 3k 5k 3k 5k k 5k >k Sk >k >k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k Sk >k 3k 5k >k 5k 5k 3k >k 3k 5k k 5k 3k 5k >k 3k 5k 5k 5k >k 5k >k 5k >k k 5k 5k 5k >k 3k >k 5k 5k >k 5k >k 5k >k sk >k >k >k >k sk k >k k k

* O X K X X X X X X X ¥
* X X X X X X X X X *

>>cp 2s822p3_2p5_3.coup3.jj.1lbl 2s22p3_2p5_3.1sj.1bl
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>>rtransition

RTRANSITION

This program computes transition parameters from

transformed wave functions

Input files: isodata, namel.c, namel.bw, namel.(c)bm
name2.c, name2.bw, name2. (c)bm
optional, namel.lsj.1lbl, name2.1lsj.1lbl
namel.name2.KT (optional angular files)

Output files: namel.name2.(c)t
optional, namel.name2.(c)t.lsj
namel.name2.KT (angular files)

Here K is parity and rank of transition: -1,+1 etc

Default settings?
>>y

Input from a CI calculation?
>>y

Name of the Initial state
>>2s522p3_2p5_3

Name of the Final state
>>2822p3_2p5_3

MRGCSL: Execution begins
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

load complete;
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

load complete;

1s

W W wwwwNnNdN
el
|

p
d-
d
274 864 1164
3
274 864 1164

Loading Configuration Symmetry List File ...
there are 9 relativistic subshells;
1
2
there are 2328 relativistic CSFs;
load complete;

Enter the list of transition specifications
e.g., E1,M2 or E1 M2 or E1;M2 :
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>>M1
M1 transitions only between levels with different J7
>>n

RTRANSITION: Execution complete.

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 5k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k 5k 3k 5k 3k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k 3k >k 5k 5k 5k 5k >k >k >k 3k 5k >k 5k >k 3k >k >k 5k %k 5k >k >k %k %k >k %k 5k k >k k >k k k

* GIVE THE TRANSITION FILE A NEW APPROPRIATE NAME FOR LATER USE *
stk sk ok ok sk sk sk sk sk ok sk sk ok sk ok sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk ok sk k ok

>>mv 2s22p3_2p5_3.2s822p3_2p5_3.ct.1lsj 2s22p3_2p5_3.2s22p3_2p5_3.ct.1sj_jj

3k 5k >k 5k >k 3k 3k 3k 5k >k 5k >k 3k >k 3k 5k >k 5k %k 3k >k 5k 5k 3k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k 3k >k 3k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 3k >k 5k 5k >k 5k %k 3k 5k 3k 5k >k 5k >k >k >k %k 5k %k 5k %k >k %k %k >k k >k %k

RUN RTRANSITION FOR 2s22p3_2p5_3 TO COMPUTE M1 TRANSITION PARAMETERS*

IN cLSJ3-COUPLING FOR THOSE LEVELS WHICH HAVE 1s, 2s, AND 2p

SHELLS IN IDENTIFICATION AND FOR THE REST LS-COUPLING

INPUT FILES: isodata, 2s22p3_2p5_3.c, 2s22p3_2p5_3.bw,

2s22p3_2p5_3.cbm,

OUTPUT FILE: 2s22p3_2p5_3.2s22p3_2p5_3.ct,
2s22p3_2p5_3.2s22p3_2p5_3.ct.1lsj
2s22p3_2p5_3.2s22p3_2p5_3.+1T (angular file)

COPY THE 2s22p3_2p5_3.coup3.cLSJ3.1bl TO 2s22p3_2p5_3.1sj.1bl
IT IS THE LATTER FILE THAT IS READ AND USED BY THE TRANSITION
PROGRAM

3k 3k 3k 5k 3k 5K >k 5k >k 3k 3k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 3k >k 3k 5k 3k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 3k >k 5k 5k >k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k %k 5k %k 5k >k >k >k %k >k %k 5k k >k k >k k k

¥ O X K K X X X X X X ¥
* X X X X X X X X ¥ *

>>cp 2s22p3_2p5_3.coup3.cLSJ3.1bl 2s22p3_2p5_3.1sj.1bl
>>rtransition

RTRANSITION

This program computes transition parameters from

transformed wave functions

Input files: isodata, namel.c, namel.bw, namel.(c)bm
name2.c, name2.bw, name2.(c)bm
optional, namel.lsj.1lbl, name2.1lsj.1lbl
namel.name2.KT (optional angular files)

Output files: namel.name2.(c)t
optional, namel.name2.(c)t.lsj
namel.name2.KT (angular files)

Here K is parity and rank of tramsition: -1,+1 etc

Default settings?
>>y

Input from a CI calculation?
>>y

Name of the Initial state
>>2s822p3_2p5_3

Name of the Final state
>>2s522p3_2p5_3

MRGCSL: Execution begins ...
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Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

. load complete;
Loading Configuration Symmetry List File ...
There are 9 relativistic subshells;
There are 1164 relativistic CSFs;

. load complete;

1s

W W wwwwNdNdN
e
I

p
d-
d
274 864 1164
3
274 864 1164

Loading Configuration Symmetry List File ...
there are 9 relativistic subshells;
1
2
there are 2328 relativistic CSFs;
. load complete;

Enter the list of transition specifications

e.g., E1,M2 or E1 M2 or E1;M2 :
>>M1

M1 transitions only between levels with different J?
>>n

RTRANSITION: Execution complete.

3k 3k >k >k % 3K 3K 3K 3k 3k 5k 3k 5k 3k 5k 5k 5k 5k >k 3k 3K 5k 3k 3k 5k 5k 3k 5k 5k 5k %k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %k K 3K 3K 3K 5K 3k 3k %k 5k 5k >k %k %k K 3K 3K 3K >k 5k 5k %k %k 5k >k >k %k % >k 3k 3 5 %k % %k k

* GIVE THE TRANSITION FILE A NEW APPROPRIATE NAME FOR LATER USE *
stk sk ok ok sk sk sk ok sk ok sk ok ok ok ok sk sk sk sk sk sk sk ok sk ko ok ok sk sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk ko ok sk sk sk sk sk sk sk sk ok ok ok ok

>>mv 2s22p3_2p5_3.2s522p3_2p5_3.ct.1lsj 2s22p3_2p5_3.2s522p3_2p5_3.ct.1lsj_cLSJ3

6.4. Fourth Example: 3131' States in Fe XV Using MPI

The fourth example is to determine the energies for the 10 states belonging to the three even configurations 3s2, 3p?, 3s3d
and the 16 states belonging to the two odd configurations 3s3p, 3p3d. In addition, the E1, M2 and M1 transition data
should be computed. The NIST table for these states is shown below.

2p6.3s2

3s.3p
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I 1] 239660 |
I 2 253820 I
I I I I
3s.3p | 1P [ 1] 351911 |
I I I I
3p2 | 3p | 0| 554524 |
I I I |
3p2 | 1D 2 559600 |
I I I I
3p2 | 3P 1] 564602 |
I [ 2 581803 |
I I I I
3p2 | 18 | 0ol 659627 I
I I | |
3s.3d | 3D 1] 678772 I
I 2| 679785 I
I | 31 681416 |
I I I |
3s.3d | 1D 2 762093 I
I I I |
3p.3d | 3Fx* 2 928241 |
I | 3 938126 |
I I I I
3p.3d | 1D [ 2 948513 |
I I I I
3p.3d | 3Fx* | 4 949658 I
I I | |
3p.3d | 3D [ 1] 982868 I
I I I I
3p.3d | 3P 2 983514 |
I I I |
3p.3d | 3Dx* 31 994852 I
I I I |
3p.3d | 3P [ 0| 995889 |
I 1 996243 I
I I I I
3p.3d | 3D 2 996623 |
I I I I
3p.3d | 1F* | 3 1062515 I
I I I |
3p.3d | 1Px [ 1] 1074887 |

The starting point is two separate rmcdhf calculations for the even and odd reference states, respectively. Then one layer
of correlation orbitals is included describing valence—valence and core-valence correlation.

Overview

1.  Define nuclear data.
2. Obtain common spectroscopic orbitals for the even parity MR set

(a) Generate list of CSFs describing the even states belonging to 3s%,3p?, 3s3d
(b) Perform angular integration.

(c) Generate initial estimates of radial orbitals.

(d)  Perform SCF calculation on the weighted average of the even states.

(e) Save output to evenmr.
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3.  Improve even states

(a) Generate n = 4 valence—valence and core-valence CSF expansions
(b)  Perform angular integration using MPL
(c) Generate initial estimates of radial orbitals.

(d)  Perform SCF MPI calculation on the weighted average of the even states.
(e) Save output to even4.
(f) Perform rci MPI calculation in which Breit and QED effects are added.

4. Run jj2lsj to transform to LS]-coupling.
5. Obtain common spectroscopic orbitals for the odd parity MR set

(@) Generate list of CSFs describing the even states belonging to 3s3p, 3p3d
(b) Perform angular integration.

(c) Generate initial estimates of radial orbitals.

(d)  Perform SCF calculation on the weighted average of the odd states.

(e) Save output to oddmr.

6. Improve odd states.

(a) Generate n = 4 valence-valence and core-valence CSF expansions.
(b)  Perform angular integration using MPL
(c) Generate initial estimates of radial orbitals.

(d)  Perform SCF MPI calculation on the weighted average of the odd states.
(e)  Save output to odd4.
(f) Perform rci MPI calculation in which Breit and QED effects are added.

7. Run jj21sj to transform to LSJ-coupling.

Run rlevels, rlevelseV to view energy separations in LS [-coupling scheme.
9.  Compute properties.

*

(a) Compute transition rates from the rci wave functions. Computation in two steps: biorthonormal transfor-
mation and then evaluation of transition matrix elements using standard Racah algebra methods. Both steps
use MPI code.

Preparation for the MPI Run

We intend to run rangular_mpi, rmcdhf_mpi, and rci_mpi using four processors and a disks file defining the location of
the directory (on the disk) in which temporary data should be stored. On our computer, we will run the MPI jobs on four
processors from a directory called

/home/tspejo/GRASP2018/grasptest/example4/script
and store the temporary data in

/home/tspejo/GRASP2018/grasptest/example4/tmp_mpi
The disks file corresponding to this case is shown below.

> /home/tspejo/GRASP2018/grasptest/exampled/script’

> /home/tspejo/GRASP2018/grasptest/example4/tmp_mpi’
’ /home/tspejo/GRASP2018/grasptest/exampled/tmp_mpi’
’> /home/tspejo/GRASP2018/grasptest/example4/tmp_mpi’
’ /home/tspejo/GRASP2018/grasptest/example4/tmp_mpi’

If we use four processors for the MPI run, the full path to the directory storing temporary data should be given four times
in the disks file. If we use eight processors for the MPI run, the full path to the directory storing temporary data should
be given eight times, etc. The directory storing temporary data can be anywhere in the file system, and need not be on the
same level in the file system as the working directory.

Provided the disks file is set up correctly according to the file structure of the local computer, the cpath.£90 routine of
the GRASP mpi90 library automatically creates the directory in which temporary data are stored along with subdirectories
000, 001, 002 etc. named after the processors, starting with 0. On our system cpath.£90 creates

/home/tspejo/GRASP2018/grasptest/example4/tmp_mpi
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along with four subdirectories 000, 001, 002, 003 named after the four processors, starting with 0. If cpath.£90 fails to
create the directories specified in the disks file then temporary data are stored in the directory specified by the MPI_TMP
environment variable.

On some computer systems, the MPI libraries need to be loaded before the calculation starts. The commands for this
depend on the system, but could look like

module add openmpi

Make sure you load MP1 libraries for gfortran. For additional runs using the MPI codes, see Section 9.7.

Program Input

In the test-runs, prompt marked by >> or >>3, for example, indicates that the user should input 3 and then strike the
return key. When >> is followed by blanks, just strike the return key.

kK KKK KoK oK oK oK ok ok oK ok o o o K K K KKK oK oK ok ok ok ok ok ok o o K K K K K oK oK oK ok ok ok ok ok ok ok ok o K KK K K koK ok ok ok ok ok ok ok ok ok R K K K KoK
* RUN RNUCLEUS TO GENERATE NUCLEAR DATA AND DEFINE RADIAL GRID *
* QUTPUT FILE: isodata *
kK KKK oK oK oK oK oK oK ok oK ok o o o K K KK KoK oK oK ok ok ok ok ok ok o o K K K K K oK ok ok oK ok ok ok ok ok ok o o K K K K K koK ok ok ok ok ok ok ok ok ok o K K K K KK

>>rnucleus

RNUCLEUS
This program defines nuclear data and the radial grid
Outputfile: isodata

Enter the atomic number:
>>26

Enter the mass number (0 if the nucleus is to be modelled as a point source:
>>56

The default root mean squared radius is 3.7376999855041504 fm; (Angeli)
the default nuclear skin thickness is 2.2999999999999998 fm;

Revise these values?

>>n

Enter the mass of the neutral atom (in amu) (0 if the nucleus is to be static):
>>55.845
Enter the nuclear spin quantum number (I) (in units of h / 2 pi):
>>1
Enter the nuclear dipole moment (in nuclear magnetons):
>>1
Enter the nuclear quadrupole moment (in barns):
>>1

3k 3k >k >k 3k 3K 3K 3K 3k 3k 5k 3k 5k 5k 5k 5k 5k %k >k 3k 3K 3k 3k 3k 5k 5k 3k 5k 5k 5k %k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %K K 3K 3K 3K 5k 3k 3k %k 5k 5k >k 5k %k K 3K 3k 5K 5k 5k 5k %k 5k 5k >k >k %k %k >k >k 3 > % %k %k k

* RUN RCSFGENERATE TO GENERATE LIST OF CSFs FOR *
* CONFIGURATIONS 3s(2), 3p(2), 3s3p *
* OUTPUT FILES: rcsfgenerate.log, rcsf.out *

3k 3k 3k 5k 3k 5k >k 5k >k 3k 3k k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 3k 3k 3k 5k 3k 5k >k 5k >k 3k 5k 3k 5k >k 5k >k 3k >k 3k 5k >k 5k >k 5k >k 5k 5k %k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k >k 5k %k 5k >k >k %k %k >k %k 5k k >k k >k k k

>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
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closed (c), inactive (i), active (*) or has a minimal

occupation e.g., 1s(2,1)2s(2,%)
Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)

>>%

Select core

0:

o Ok WN -

>>1

No
He
Ne
Ar
Kr
Xe
Rn

core
(

([He]
([Nel
([Ar]
([Kr]
([Xel

+ o+ o+ 4+ o+

1s(2)

2s(2)2p(6)

3s(2)3p(6)
3d(10)4s(2)4p(6)
4d(10)5s(2)5p(6)
4f(14)5d(10)6s(2)6p(6)

Enter list of (maximum 100) configurations.

Give configuration

>>2s5(2,1)2p(6,1)3s(2,1)

Give configuration 2

>>2s5(2,1)2p(6,1)3p(2,1)

Give configuration 3

>>2s(2,1)2p(6,1)3s(1,1)3d(1,1)

Give configuration 4

>>

= 2 electrons)
10 electrons)
18 electrons)
36 electrons)
54 electrons)
86 electrons)

End list with a blank line or an asterisk (%)

Give set of active orbitals, as defined by the highest principal quantum number
per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d

>>3s,3p,3d

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)

>>0,6

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)

>>0

Generate more lists 7 (y/n)

>>n

4 Dblocks were created

block

1

2
3
4

J/P
0+
1+
2+
3+

3k 3k >k >k K 3K 3K 3K 3K 5k 5k 3k 5k 5k 5k 5k 5k 5k >k 3k 3K 5k 3k 3k 5k 5k 3k 5k 5k 5k %k K 3K 3K 5K 3k 3k 3k 5k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k %k 5k 5k 5k 5k %k K 3K 3k 3K >k 5k 5k %k 5k 5k >k %k %k % >k 3k 3 5 % % %k k

* COPY FILES *
* IT IS ADVISABLE TO SAVE THE rcsfgenerate.log FILE TO HAVE A *
* RECORD ON HOW THE LIST OF CSFs WAS CREATED *

3k 3k 3k 5k 3k 5k >k 5k >k 3k 3k 5k 5k 5k 5k >k 5k >k 5k 5k >k 5k >k 3k 5k 3k 5k 5k 5k >k 5k >k 5k 5k 5k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 5k 5k >k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k %k 5k %k 5k >k >k %k %k >k %k >k k >k k >k k k

>>cp rcsfgenerate.log evenmr.exc
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>>cp rcsf.out rcsf.inp

3k 3k 3k >k >k >k 3k 5k 3k >k >k 5k 5k 5k 5k >k >k 3k 5k 5k 3k >k >k 5k 5k 3k >k >k 5k %k 5k >k >k >k >k >k 3k >k >k >k >k 5k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k 5% >k %k %k >k % *k

*
*
*

RUN RANGULAR TO GENERATE ENERGY EXPRESSION
INPUT FILE : rcsf.inp

OUTPUT FILES: rangular.alog, mcp.30, mcp.31,

*
*
*

3k >k >k >k >k 3k 3k 5k ok ok 5k 5k >k 5k 5k 5k %k >k >k 5k 5k >k 5k 5k 5k %k >k >k %k %k %k >k >k >k 5k 5k 3k %k %k %k >k >k %k >k >k >k >k >k >k 5k %k %k >k >k >k %k >k >k >k >k >k >k 5k >k >k >k >k >k >k %k %k >k >k >k >k %k %k %k k

>>rangular

RANGULAR

This

program performs angular integration

Input file: rcsf.inp
Outputfiles: mcp.30, mcp.31,

Full
>>y

rangular.log

interaction? (y/n)

RANGULAR: Execution complete.

3k >k >k >k >k 3k 3k 3k 3k 5k 5k 3k 3k 5k 5k 5k >k >k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k >k %k %k >k >k 3k 3k 3k 3k 3k %k %k 5k >k %k %k >k >k 5k 3k 5k 5k 3k %k %k 5k >k >k %k K 3k >k 5k 5k 5k 5k %k >k >k >k >k %k %k >k > > > %k %k %k k

*
*
*

RUN RWFNESTIMATE TO GENERATE INITIAL ESTIMATES FOR RADIAL ORBITALS

INPUT FILES: isodata, rcsf.inp, previous rwfn files

OUTPUT FILE: rwfn.inp, rwfnestimate.log

*
*
*

3k 3k >k >k >k 3K 3K 3K 3k 3k 5k 3k 3k 5k 5k 5k 5k 5k >k 3k 3K 3k 3k 3k 3k 5k 3k 5k 5k 5k %k >k 3K 3K 3K 3k 3k 3k %k 5k 5k 5k 5k %K K 3K 3K 5K 5K 3k 3k 5k 5k 5k >k %k %k K 3K 3k 5K >k 5k 5k %k %k 5k >k >k %k %k %k >k 5 3 % % %k k

>>rwfnestimate
RWFNESTIMATE
This program estimates radial wave functions
for orbitals
Input files: isodata, rcsf.inp, optional rwfn file

Output file: rwfn.inp

Default settings 7

>>y
Load
Ther

The following subshell radial wavefunctions remain to be estimated:

1s 2

Read

>>2
Ente

>>%
A1l

Shell

ing CSF file ... Header only
e are/is 9 relativistic subshells;

s 2p- 2p 3s 3p- 3p 3d- 3d

subshell radial wavefunctions. Choose one below
1--GRASP2K File

2--Thomas-Fermi

3--Screened Hydrogenic

4--Screened Hydrogenic [custom Z]

r the list of relativistic subshells:

required subshell radial wavefunctions have been estimated:

e pO gamma <r>

MTP SRC
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1s  0.3098D+03 0.2951D+03 0.1000D+01 0.5759D-01 328 T-F
2s  0.6428D+02 0.1015D+03 0.1000D+01 0.2385D+00 346 T-F
2p- 0.6284D+02 0.7744D+00 0.1000D+01 0.2003D+00 346 T-F
2p 0.6217D+02 0.6941D+03 0.2000D+01 0.2028D+00 346 T-F
3s  0.23568D+02 0.5152D+02 0.1000D+01 0.5708D+00 358 T-F
3p- 0.2295D+02 0.4217D+00 0.1000D+01 0.5370D+00 358 T-F
3p 0.2278D+02 0.3794D+03 0.2000D+01 0.5409D+00 358 T-F
3d- 0.2170D+02 0.5565D+00 0.2000D+01 0.4629D+00 358 T-F
3d 0.2165D+02 0.6259D+03 0.3000D+01 0.4642D+00 358 T-F

RWFNESTIMATE: Execution complete.

3k >k >k >k >k 3k 3k 3k 5k ok 5k 3k 3k 3k 5k 5k %k >k >k 3k 3k 3k 5k 5k 5k 3k 3k 5k >k %k %k >k >k 5k 5k 3k 3k 3k %k >k >k >k %k %k >k >k >k 5k 5k 5k 3k %k %k >k >k >k %k 3K >k >k 5k >k 5k 5k %k >k >k >k >k %k %k >k >k > > %k %k %k k

O X K X K X X X X X ¥

RUN RMCDHF TO OBTAIN SELF CONSISTENT SOLUTIONS

INPUT FILES: isodata, rcsf.inp, rwfn.inp, mcp.30, mcp.31,...

OUTPUT FILES: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

NOTE: ORBITALS BUILDING REFERENCE STATES ARE REQUIRED TO HAVE

THE CORRECT NUMBER OF NODES. THEY ARE REFERRED TO AS SPECTROSCOPIC
ORBITALS. IN THIS RUN WE VARY 1s,2s,2p,3s,3p,3d AND THEY ARE ALL
SPECTROSCOPIC. WE CAN USE WILD CARDS FOR SPECIFYING ORBITALS

NOTE: INSTEAD OF SAYING THAT WE SHOULD OPTIMIZE ON, FOR EXAMPLE,

THE STATES 1,2,3,4 WE CAN WRITE 1-4 MEANING THE SAME THING

* O X X X X X X X X ¥ ¥

3k >k >k >k >k 3k 3k 3k ok ok 5k 3k 3k 5k 5k 5k %k >k >k 3k 3k 5k 5k 5k 5k 3k >k 5k %k %k %k >k >k 5k 5k 5k 3k 3k %k >k >k >k %k %k >k >k >k >k 5k 5k 3k %k %k >k >k >k %k K >k >k >k >k 5k 5k %k >k >k >k >k %k %k >k >k >k >k %k %k %k k

>>rmcdhf

RMCDHF

This program determines the radial orbitals

and the expansion coefficients of the CSFs

in a self-onsistent field proceedure

Input file: isodata, rcsf.inp, rwfn.inp, mcp.30,
Outputfiles: rwfn.out, rmix.out, rmcdhf.sum, rmcdhf.log

Default settings? (y/n)

>>y
Loading CSF file ... Header only
There are/is 9 relativistic subshells;
Loading CSF File for ALL blocks
There are 10 relativistic CSFs... load complete;

Loading Radial WaveFunction File ...

There are 4 blocks (block J/Parity  NCF):
1 0+ 3 2 1+ 2 3 2+ 4 4 3+

Enter ASF serial numbers for each block

Block 1 ncf = 3 id = 0+
>>1-3

Block 2 ncf = 2 id = 1+
>>1-2

Block 3 ncf = 4 id = 2+
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>>1-4

Block 4 ncf = 1 id = 3+
>>1

level weights (1 equal; 5 standard; 9 user)
>>5

Radial functions

1s 2s 2p- 2p 3s 3p- 3p 3d- 3d

Enter orbitals to be varied (Updating order)
>>%

Which of these are spectroscopic orbitals?
>>%

Enter the maximum number of SCF cycles:
>>100

RMCDHF: Execution complete.

3K 3k 3k 3k 3k 3k 3K 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k 5k sk 3k 3k sk sk sk Sk sk sk sk sk Sk sk sk Sk Sk Sk Sk Sk Sk Sk Sk Sk ok 5k 5k Sk 3k 3k ok 3k 3k 3k 3k 3k 3k K 3k 3k K Xk sk k sk k k
* RUN RSAVE TO SAVE OUTPUT FILES: name.c, name.w, name.m, name.sum *

* name.alog name.log *
sk sk sk o o ok sk ok ok o ok sk sk o o ok sk sk ok o sk sk ok o sk sk sk s o ok sk sk sk o sk sk sk o ok sk sk sk s sk sk sk s o sk sk sk ok o sk sk sk ok o sk sk sk o sk sk sk o ke ksk sk ok ok

>>rsave evenmr
Created evenmr.w, evenmr.c, evenmr.m, evenmr.sum, evenmr.alog and evenmr.log

3k >k >k >k >k 3k 3k 3k 5k ok 5k 3k 3k 5k 5k 5k %k >k >k 5k 5k 5k 5k 5k 5k 3k >k 5k >k %k %k >k >k >k 5k 5k 3k 3k %k %k >k >k %k %k >k >k >k 5k 5k 5k 5k %k %k >k >k >k %k K >k >k >k >k 5k 5k %k >k >k >k >k %k %k >k >k >k >k %k %k %k k

* RUN RCSFGENERATE TO GENERATE n = 4 VALENCE-VALENCE AND *
* CORE-VALENCE LIST *
* OUTPUT FILES: rcsfgenerate.log, rcsf.out *

sk sk sk o e ok ok sk s o e ok sk sk ok e ok sk sk ok e ok sk sk sk s sk sk sk sk ok ok sk sk sk ke ok sk sk sk e ok sk sk s s ok sk s s ok sk sk ok e ok sksk ok e ok sk sk sk s sk sk sk s ke ok sk sk ok ok
>>rcsfgenerate

RCSFGENERATE

This program creates a list of CSFs

Configurations should be entered in spectroscopic notation
with occupation numbers and indications if orbitals are
closed (c), inactive (i), active (*) or has a minimal
occupation e.g., 1s(2,1)2s(2,%)

Outputfiles: rcsf.out, rcsfgenerate.log

Default, reverse, symmetry or user specified ordering? (*/r/s/u)
>>%

Select core
0: No core

1: He ( 1s(2) = 2 electrons)
2: Ne ([He]l + 2s(2)2p(6) = 10 electrons)
3: Ar ([Ne]l + 3s(2)3p(6) = 18 electrons)
4: Kr ([Ar] + 3d(10)4s(2)4p(6) = 36 electrons)
5: Xe ([Kr] + 4d4(10)5s(2)5p(6) = 54 electrons)
6: Rn ([Xe]l + 4f(14)5d(10)6s(2)6p(6) = 86 electrons)

>>1
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Enter list of (maximum 100) configurations. End list with a blank line or an asterisk (x)

Give configuration 1
>>25(2,1)2p(6,5)3s(2,%)

Give configuration 2
>>2s8(2,1)2p(6,1)3s(2,%*)

Give configuration 3
>>2s5(2,1)2p(6,5)3p(2,%*)

Give configuration 4
>>2s5(2,1)2p(6,1)3p(2,%*)

Give configuration 5
>>2s5(2,1)2p(6,5)3s(1,*)3d(1,*)

Give configuration 6
>>2s5(2,1)2p(6,1)3s(1,*)3d(1,%)

Give configuration 7
>>

Give set of active orbitals, as defined by the highest principal quantum number

per l-symmetry, in a comma delimited list in s,p,d etc order, e.g., 5s,4p,3d
>>4s,4p,4d,4f

Resulting 2*J-number? lower, higher (J=1 -> 2%J=2 etc.)
>>0,6

Number of excitations (if negative number e.g., -2, correlation

orbitals will always be doubly occupied)
>>2

Generate more lists 7 (y/n)
>>n

4 Dblocks were found

block J/P NCSF
1 0+ 556
2 1+ 1448
3 2+ 1898
4 3+ 1810

3k >k >k >k >k 3k 3k 3k 5k 5k 5k 5k 3k 5k 5k 5k %k %k >k 3k 3k 3k 3k 5k 5k 3k 3k 5k >k %k %k >k >k 5k 5k 3k 3k 3k %k >k 5k >k %k %k >k >k >k 5k 5k 5k 5k %k %k >k >k %k %k >k 3k >k 5k >k 5k 5k %k >k >k >k >k %k %k >k >k >k > %k %k %k k

* COPY FILES *
* IT IS ADVISABLE TO SAVE THE rcsfgenerate.log FILE TO HAVE A *
* RECORD ON HOW THE LIST OF CSFs WAS CREATED *

3k >k >k >k >k 3K 3K 3k 3k 3k 5k 3k 3k 5k 5k >k 5k %k >k 3k 3k 3k 3k 3k 3k 3k 3k 5k 5k 5k %k >k 3k 3K 3K 3k 3k 3k %k 5k 5k 5k %k %k K 3K 3K 5K 5k 5k 3k %k 5k 5k >k %k %k K 3K 3k 3k 5k 5k 5k %k %k >k >k %k %k %k %k 3k 3 5 % %k %k k

>>cp rcsfgenerate.log even4d.exc
>>cp rcsf.out rcsf.inp

3k >k >k >k >k >k 5k 5k ok ok 5k 5k >k >k >k >k %k >k >k >k >k >k 5k 5k 5k >k >k >k >k >k >k >k >k >k 5k 5k 5k >k %k >k >k >k >k >k >k >k >k 5k 5k 5k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k >k >k >k >k >k

* RUN RANGULAR_MPI USING 4 PROCESSES TO GENERATE ENERGY EXPRESSION *
* INPUT FILE : rcsf.inp *
* OUTPUT FILES: rangular.alog, mcp.30, mcp.31,..IN 000, 001, 002, 003 =*

3k >k >k >k >k 3k 3k 3k 5k 5k 5k 3k %k 5k 5k 5k %k >k >k >k 5k >k 5k 5k 5k 3k >k 5k >k %k %k >k >k >k 5k 3k 3k 3k %k >k >k >k %k >k >k >k >k 5k 5k 5k 5k %k >k >k >k %k %k >k 3k >k >k >k 5k 5k >k >k >k >k >k %k %k >k >k >k >k %k %k %k k

>>mpirun -np 4 rangular_mpi
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RANGULAR_MPI:

Execution Begins ...

Participating nodes:

Host:
Host:
Host:
Host:

Date and
atoml:
atoml:
atoml:
atoml:

Start Di

atoml
atoml
atoml
atoml

Time:

Date:
Date:
Date:
Date:

Ir:

ID: 000
ID: 001
ID: 002
ID: 003

20140812
20140812
20140812
20140812

Time:

Time:

Time:

Time:

011040.566 Zone:
011040.566 Zone:
011040.566 Zone:
011040.566 Zone:

atoml: /GRASP2018/grasptest/exampled/script
atoml: /GRASP2018/grasptest/example4/script
atoml: /GRASP2018/grasptest/example4/script
atoml: /GRASP2018/grasptest/exampled/script

Serial I/0 Dir (node-0 only):
atoml: /home/tspejo/GRASP2018/grasptest/example4/script

Work Dir
atoml:
atoml:
atoml:
atoml:

(Paral

lel I/0):

+0200
+0200
+0200
+0200

/home/tspejo/GRASP2018/grasptest/example4/tmp_mpi
/home/tspejo/GRASP2018/grasptest/example4/tmp_mpi
/home/tspejo/GRASP2018/grasptest/example4/tmp_mpi
/home/tspejo/GRASP2018/grasptest/example4/tmp_mpi

Full interaction? (y/n)

>>y

mpi stopped by
mpi stopped by
mpi stopped by
mpi stopped by

node-
node-
node-
node-

w = N O

from RANGULAR_MPI:
from RANGULAR_MPI:
from RANGULAR_MPI:
from RANGULAR_MPI:

Execution
Execution
Execution
Execution

complete.
complete.
complete.
complete.

3k >k >k >k >k 3k 3k 5k ok ok 5k 5k %k 5k 5k 5k %k >k >k 5k 5k >k 5k 5k 5k 3k >k >k >k %k %k >k >k >k 5k 5k 3k %k %k %k >k >k %k >k >k >k >k >k >k 5k %k %k %k >k >k %k >k >k >k >k >k >k 5k >k %k >k >k >k >k %k %k >k >k >k >k %k %k %k k

*
*
*

>>rwfnest

RWFNESTI

RUN RWFNESTIMATE TO GENERATE INITIAL ESTIMATES FOR RADIAL ORBITALS

INPUT FILES: isodata, rcsf.inp, previous rwfn files

OUTPUT FILE: rwfn.inp
stk s ok sk sk sk sk sk sk ok sk sk ok ke ok sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ko sk sk sk sk sk sk sk sk sk sk ko k sk sk sk sk sk sk sk sk ok ok k ok

imate

MATE

This program estimates radial wave functions

for orbi

tals

Input files: isodata, rcsf.inp, optional rwfn file
Output file: rwfn.inp

Default settings 7

*
*
*



Atoms 2023, 11, 68

113 of 369

>>y
Loading

CSF file ...

There are/is

The following subshell radial wavefunctions remain to be estimated:

Header only

16 relativistic subshells;

1s 2s 2p- 2p 3s 3p- 3p 3d- 3d 4s 4p- 4p 4d- 44 4f- 4f

Read subshell radial wavefunctions.

1--GRASP2K File
2--Thomas-Fermi
3--Screened Hydrogenic
4--Screened Hydrogenic [custom Z]

>>1

Enter the file name (Null then "rwfn.out")

Enter the list of relativistic subshells:

>>%

The following subshell radial wavefunctions remain to be estimated:

4s 4p- 4p 4d- 4d 4f- 4f

Read subshell radial wavefunctions.

1--GRASP2K File
2--Thomas-Fermi

3--Screened Hydrogenic
4---Screened Hydrogenic [custom Z]

>>2

Enter the list of relativistic subshells:

>>%

A1l required subshell radial wavefunctions

Shell

1s
2s
2p-
2p
3s
3p-
3p
3d-
3d
4s
4p-
4p
4d-
4d
4f-

O O O O O O OO OO OO OO oo

e

.2803D+03
.4802D+02
.4353D+02
.4305D+02
.1667D+02
.1543D+02
.15634D+02
.1358D+02
.1356D+02
.1141D+02
.1110D+02
.1104D+02
.1063D+02
.1051D+02
.9897D+01
4f 0.

9890D+01

O O O O O O O O O OO oo oo

pO

.2923D+03
.9081D+02
.6335D+00
.5671D+03
.4072D+02
.2995D+00
.2693D+03
.2668D+00
.3005D+03
.3095D+02
.2579D+00
.2325D+03
.3857D+00
.4342D+03
.2129D+00
0.

2598D+03

O O O O O O O O OO OO OO oo

gamma

.1000D+01
.1000D+01
.1000D+01
.2000D+01
.1000D+01
.1000D+01
.2000D+01
.2000D+01
.3000D+01
.1000D+01
.1000D+01
.2000D+01
.2000D+01
.3000D+01
.3000D+01
0.

4000D+01

RWFNESTIMATE: Execution complete.

O O O O O O O OO OO O O o o o

Choose one below

Choose one below

have been
<r>

.5839D-01
.2623D+00
.2298D+00
.2326D+00
.6859D+00
.6765D+00
.6810D+00
.6260D+00
.6270D+00
.1086D+01
.1061D+01
.1066D+01
.1002D+01
.1004D+01
.8833D+00
.8842D+00

estimated:

MTP

354
358
358
358
362
363
363
364
364
366
367
367
367
367
367
367

SRC

rwf
rwf
rwf
rwf
rwf
rwf
rwf
rwf
rwf
T-F
T-F
T-F
T-F
T-F
T-F
T-F

3k 3k 3k >k >k >k 5k 5k 3k >k >k 5k 5k 5k 5k >k >k 3k 5k 5k >k >k >k 5k >k 3k >k >k >k %k 5k >k >k >k >k >k >k >k >k >k >k 5k >k >k >k >k >k 5k 5k >k >k >k >k >k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k %k >k >k > >k %k %k >k 5% %k

* ¥ ¥ ¥

RUN RMCDHF_MEM_MPI USING 4 PROCESSES TO OBTAIN SELF CONSISTENT

SOLUTIONS

INPUT FILES: isodata, rcsf.inp, rwfn.inp, mcp.30, mcp.31,...
OUTPUT FILES: