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Abstract: In this study, a new atomic physics program (HTAC) is introduced and tested. Tt is a utility program
designed to automate the computation of various atomic structure and spectral data. It is the first
comprehensive code that enables performing atomic calculations based on three advanced theories: the fully
relativistic configuration interactions approach, the multi-reference many body perturbation theory and the
R-Matrix method. It has been designed to generate tabulated atomic data files that can be interfaced with other
programs 1n a simple and straightforward manner. It works for all known elements in the periodic table and their
1ons. Generated atomic structure data includes energy levels, oscillator strength, radiative transition rates,
mixing coefficients for any rank of multipole transitions and other quantities. It provides a user friendly interface
that works under windows m the dialog mode. Its Graphical User Interface (GUL) clarifies analysis steps and
handles file manipulations required by the used model. In addition, the GUI provides viewing and plotting
capabilities of the generated atomic data. Furthermore it will be distributed freely.
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INTRODUCTION

Theoretical atomic data 1s important for many physics
research fields ncluding plasma modeling under various
physical  conditions, spectroscopy  and
astrophysics research. Tn order to respond to the need of
atomic data, scientists have developed several computer

HKe-ray

programs that can perform atomic calculations. Some
atomic codes such as CTV3 (Hibbert, 1975; Gupta and
Msezane, 2009), super structure (Eissner et al., 1974,
Del Zamma et al., 2005) and COWAN code (Cowan, 1981)
are based on the non-relativistic approximations whereas
the RMBPT code 1s based on a relativistic many body
perturbation theory that includes the first and the
second  order relativistic energy corrections
(Safronova et al., 2006; Safronova et al., 1996), HULLAC
(Busquet et al., 2006), S7. (Zhanget al., 1989) and ATOM
(Amusia and Chemysheva, 1997) are fully relativistic
atomic codes developed based on solving Dirac
equations. The Flexible Atomic Code (FAC) is a fully
relativistic code that combines the strengths of the
available codes with modifications to numerical
methods (Gu, 2008). FAC 1s available for the public at no

cost and can be downloaded from the web
(http://sprg.sslberkeley edu/~mfgu/fac/fac.tar.gz). FAC
itself 15 a powerful computation code but it 1s written in
Python programming language which is not famous 1n the
atomic physics community. Therefore, utilizing FAC to
generate atomic data has been limited to its author in
addition to few researchers who are familiar with python
language.

Available physics
complicated, difficult to use and most of them worlks

atomic codes are often
under UNIX or other operation systems that work through
command typing.

This research 1s a step forward to sumplify atomic
calculations by introducing Hamasha-Tahat Atomic Code
(HTAC). HTAC 18 a comprehensive code that enables
performing atomic calculations based on three advanced
theories: the fully relativistic configuration interactions
approach, the multi-reference many body perturbation
theory and the R-Matrix method. Tt has a user friendly
interface enables researchers to use it without going
through the complications of atomic theories or the
programming languages. HTAC will be available for public
at no charge upon their request.

Corresponding Author: Safeia Hamasha, Department of Physics, Faculty of Science, Hashemite University, P.O. Box 150459,
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In developing HTAC, several functions and
subroutines that perform atomic calculations through the
fully relativistic Configuration Interaction Method (CIM)
from FAC were used though its binary files. In addition,
the multi-reference many body perturbation theory
(MR-MBPT) outlined by Vilkas et al. (1998) was also used
and The R-Matrix methed 15 mmpeded in HTAC too.
Several Free software including gee, gfortran (o/c+—+/ff77
compiler,tii/tcl  interpreter  were  obtained from
WWW.CYZWIIL COIIL.

This study presents the atomic structure program
part which constitutes the first component in HTAC while
other components are being developed in order to come
up with a complete package of advanced atomic programs
that performs atomic calculations based on advanced

atomic theories.
MATERIALS AND METHODS

Fully relativistic configuration interaction approach
(RCIM): This method follows the flexible atomic code
methodology. In this section the theory of the fully
Relativistic Configuration Interaction Approach (RCTM)
15 briefly described. The bound states of the system are
calculated in the configuration mixing approximations with
convenient specification of the mixing scheme. The radial
orbitals for the construction of the basis states are
derived from the modified self-consistent Dirac-Fock-
Slater iteration on a fictitious mean configuration with
fractional occupation numbers representing the average
electron cloud of the configurations included m the
calculation.

In atomic units, the relativistic Hamiltoman (H) of an
1on with N electrons 1s given by:

H=iHD(i)+irl (1)

ij By

where, Hy, (T) is the single electron Dirac Hamiltonian
of a potential attributed to the nucleus charge which
should be diagonolized in order to obtain energy
levels.

The approximate atomic state functions are given

by:

v=3bo,

N

where, b, are the mixing coefficients obtained from the
diagenalization of the total Hamiltoman and ¢, are the

bases states which are anti-symmetric sums of the
products of the N Dirac spinors (,,,) that are given by:
b =t Pl (6.¢,0)
= Q0 10 (8.0

where, P, and Q,, are the large and small components,
respectively; %, is the spin angular function, n is the
principle quantum number, k is the relativistic angular
momentum which 1s equal to (1) (2j+1), m 1s the magnetic
quantum number | 1s the orbital angular momentum and j
1s the total angular momentum.

P, and Q, satisfy the coupled Dirac equation for
central field V (r):

d k 2
(E‘F?)Pnk:m(ﬁnk—v‘*?) Que )

(-5, —ate, - VIR,
I r

where, ¢ is the fine structure constant and e, is the
energy eigenvalues of the radial orbitals. V (1) is the local
central potential which is the sum of the nuclear charge
contribution potential (Vy (1)) and the electron-electron
interaction potential (V.. (1)).

V() 18 given by:
Z.r r .
E(E)[s - (E) 1 r<Ry (3)
Z r>Ry

where, R,, is the statistical model radius of the nucleus
calculated from the formula R, = 2.02677x107° Al
where A is the atomic weight (Chernysheva and
Yakontov, 1999).
approximation 1s given by the following equation which 1s
corrected at the asymptotic behavior (large ) by excluding
the self- interaction term:

The electron-electron mteraction

1
v, = O
[ET— (] rE 0 (P2 () + Q5 () {nkzn;k’ 0 (W — By e)
nk

1 R+ QR (B 0+ QL @)+ Yoy D
> nk

K0 0 r, (4)

T P
X0 11| Rl - Qe
=12 2

mh#nk K A A

e KodY
(PLO+ Q0 + 22%%{ [ 1}
2 2

1 B (0, 1)+ QG0 (N % B, (OB () +
Qu 0 ©)
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where:

ook
m m, m

is the Wigner 3-j symbol andr, and r, are the less or grater
of r and 1". The electron-electron interaction contribution
to the average energy E, , is given by:

:—ank kv, , k) = Zwﬂjvg NP+ Q) (5)

The factor V% 1s mtroduced in order to avoid double
counting of electron pairs in the summation.

Equation 2 is solved by constructing a
self-consistent iteration, in which the orbital wave
function from the previous step is used to derive the
potential. Tt is converted to a Schrédinger-like  equation
by elimmating the small component and performing
the followmg transformation (Chemysheva and
Yakontov, 1999):

By :‘\‘lJr %E(Enk = V(r) *Ey (1)

(6)
an = 7 = (ipnk +£Pnk)
24 +°‘?(enk ) r

Equation 3 is rewritten as:

51;1: + @2, ~UD]- KG“D}F —0 (7)

where, U (1) is an effective potential defined as:

2 2
R Vo
40+ “T(ank —van
2
e Gvent-Zlvon
o r dr
4(1+T(Enk -V )
(8)
Another transformation may be performed:
t=t(r) )
R, - &76, o (10)
nk dI’ nk

Therefore, Eq. 7 becomes a Schrodinger-like form
given by:

2
%GM = (ﬂ)ﬂ Gy (1)

(11)
KK+l 1 g_lﬂ_g dto dt,
{ . Ae, -UMI+— ( ) i 4(dr)( ) 0}
The used form of't (r) is:
tir)= CI\E+ c,In (1) (12)

This form covers larger radial distance than a linear
form for a given number of grid points does. The standard
Numerov method 13 used to solve the Schrodinger like
equation after the performed transformations (Eq. 11). The
minimum and maximum distances on the radial grid are
chosen to be within the nuclear charge distribution and
the excited states to be below shell number 20 and the
bound energies are less than the Coulomb potential at .,
such that: r, = 107%Z; and 1, = 500/Z 5 Z 1s the
effective charge of the ion that the electron experiences at
large 1.

The radiative transition rates are caleulated in a
single multipole approximation where the multipole
operator 1s: O}, , the imitial state 1s:

E,—v FiY

and the final state 1s:
2 bfw |

The second quantization method is used to solve the
Hamiltonian matrix elements by recoupling the creation
and annihilation operators with the help of Racah algebra.
By introducing the Wigner-Ekraft theorem, the tensorial
multipole operator Eq. 15 can be written as:

O}, = 275, (e (e O*B) (13)
=153

where, {a| OB} denotes the reduced matrix element and
o, P denotes only the states with quantum numbers nk
because the summation over m is contained in:

Zy (o

The matrix elements are obtamed following
Gaigalas et al. (1997). The line strength of the transition 1s:

v =

‘Ebm w2<cpu |25 @

g :|<Wf HO;{

: (14)

w (“HC |B)naz
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where, ML, is the radial part of the single electron
multipole operator.

The weighted oscillator strength 1s given by:
g A= [L] 0 (@)Y S (1%
The weighted transition rates are given by:
g A;=2a' wgl; (16)
where, w = E¢F, is the transition energy.

The multi- reference many body perturbation theory
approach: The numerical procedure of this method follows
Vilkas et al. (1998, 2006) and Ishikawa et al. (2010).
Starting with Rayleiigh- Schrédinger perturbation theory
for a multi-configurational model space.

Hpepvy =Eywy 17)

where, H; 18 Dirac-Coulomb- Breit (DCB) Hamiltonian for
an N-electron 1onic system given by:

Hpp =3 {hd(i)—%}rz {%*Bu] (18)

i i i) i

where, h, (1) 1s the Dirac Hamiltoman for one free electron.
1; is the radial coordinate of the electron 1. 1, is the distance
between the electrons i, j and B, 1s the frequency-
independent Breit interaction:

i 21.]] )| K,
a}:{o Gi] (20)
o, 0

where, 0, is the Pauli spin matrices.

The DCB Hamiltonian 1s covariant to first order. It
improves the accuracy of calculating the fine structure
splitting and the inner shell binding energies.

We may write: Hyp = Hi+V where:

H, = [hy G+ U @) (21

VEEJrU(g)}E[lJrBHJ (22)

i iej r:]

The screening effect of all electrons is included in the
potential U (r) which is chosen with careful attention in
order to make the perturbation potential (V) as small as
possible. 17 (1) is approximated by a local central potential
derived from a Dirac-Fock-Slater self-consistent field
caleulation by mimmizing the weighted mean energy of
the configuration within a given group. Determiming U (1)
allows the determination of the eigenvectors and
eigenvalues of H; by forming a Slater determinants from
single electron wave functions (®,) of the Configuration
State Functions (CSF) such that

Hy@, = EE(Dk)

The atomic state function W, that belongs to the
model space M 1s defined as a linear combination of the
basis function @,

W, = E [SLON (23)

where, ¢; are the mixing coefficients determined from the
eigenvalues by diagonalizing the Configuration
Interaction (CT) matrix.

The multi-reference many body perturbation theory
(MR-MBPT) 1s used to determine energy levels. The wmtial
step for MR-MBPT is to determine a set of Dirac spinors

via the configuration interaction method (multi-
configuration-Dirac-Fock-Breit  self-consistent  field
calculations) for a many electron system. The

eigenfunctions (¥<") are obtained by diagenalizing DCB
Hamiltonian which is partitioned into two subspaces; M
and N. Subspace M consists of configurations mcluded
in the CI expansion whose correlations are treated to all
orders. Subspace N contamns the residual dynamic
correlations that are subjected to the second order many
body perturbation theory.
The energy levels are given by:

E, =E" 1 B2 ¢... (24)

where, E; is the CT eigenvalues and E; is the second
order correction due correlations in the subspace N. E; is
given by:

E

)

H H,
_ EE%% <(P1‘ DB |(P§>7<(Pnu‘ DB |(P]> (25)
nell EM E; -E,

where, E) and E] are the zeroth order energies of the
configuration state functions.

2689



J. Applied Sci., 11 (15): 2686-2699, 2011

The large and small components of Dirac spinors
should be chosen to satisfy the boundary conditions of
the fimite nucleolus and the boundary radius
(Q (1,)/P(r,) = b). where, 1, 1s the boundary radius which 1s
chosen to be large enough to contain all amplitudes of the
wave function. The arbitrary constant b i1s chosen to be
®/2r,c where k 13 the relativistic angular momentum
quantum number and ¢ is light speed in space.

The first order MR- MBPT wave functions are
employed to calculate transition rates which is expressed
in terms of CSFs:

T )i ,
<TJ>KK' = 2 E CrpeCre %

L=M+LI'=l (26)
(@[Vio o [Taler) _ {@[Tolol) (0l [V]er)
E(I:SF — EESF E?SF — EESF

where, L 1s over intermediate states.

R-matrix theory: R-matrix method is a calculational tool
based on scattering theory (Ekuma, 2007) by deriving
scattering properties from the Schrédinger equation in a
large variety of physical problems. Tts principle relies on
a division of the configuration space into two regions: the
mtemnal and external regions. The boundary between
these regions 1s defined by a parameter known as the
chamnel radius. The details may be found in many sources
as in Descouvemont and Baye (2010).

Running atomic structure program: Figure 1 shows
HTAC structure with the extensions of their output files
along with the three calculation methods. *“*. LEV” is the
extension for the energy levels tables. “*TR” is the
extension of transition rates tables. “*.LEV.MC” for the
mixing coefficients of the energy levels table and “* WV~
for the wave functions details table. The method of
calculation for MBPT and R-matrix could be denoted from
the output file extension. S and D mn the many body
perturbation method (MBPT) denotes single and double
excitation, respectively. But the default method 1s RCIM
has the formal extensions names of the output tables.

The program works in a dialog mode. Once HTAC 15
mstalled in the personal computer, it can be run easily
through Windows by clicking its icon which might be
placed at the desktop. Atomic calculations are imtiated by
pointing the "Atomic Calculations” button in HTAC
standard tool bar which opens the atomic structure main
panel (Fig. 2). The atomic structure program allows
defining the input data needed for calculating atomic
structure and transition rates in simple ways. Input file
includes the element to be studied, its ground electronic

configuration and the electronic configurations of the
mmtial and final states of the transition. User has three
ways to specify input data files:

¢ Default data is provided through a built-in input file
named “structure.n”. It contains data required to
obtain energy levels and radiative transition rates for
Ne-like iron 1on which has the ground state electronic
configuration 1s* 2s* 2p° The transition occurs
between groups (or complexes) n = 2 and n = 3 and
leads to the final configuration which is described
by: 1s® 28" 2p° 3* 1. 1s and 2s are closed shells,
therefore a single multipole transition occurs
between 2p sub-shell to any n=3 sub shell according
to the multipole transition selection rules. The input
file contams the element to be studied, number of
electrons, closed shells and information about initial
electronic configuration (before transition) and final
electronic configuration (after transition). The user is
encouraged to refer to the tutoring example which
can be accessed through the "help" button in HTAC
main panel of atomic structure program (Fig. 3)

+ A comprehensive built-in database for 100 elements
and their characteristics including atomic nmumber,
closed shell, initial configuration, final configuration
and other important information. HTAC user may
import input files for any element through the
"Open" button in the file menu

»  User may build up his/her own nput file by selecting
"clear" button which erase all fields m the main
panel. After that the user fills blank spaces and save
the constructed mput file through the "save as”
button. The user may restore the default values at
any stage

HTAC atomic structure program provides three
options to the structure function based on three
theoretical methods; the fully relativistic configuration
interaction (RCTM) which is the default method, the Many
Body Perturbation Theory (MBPT) and R-matrix. User can
switch to MBPT method or the R-Matrix method by the
tab option. Both methods have different panels (Fig. 4).
Output options of MBPT includes; a single excitation
transition rates output, a double excitation transition rates
output and a combined (single and double) rates output.
Another output MBPT option is to request produced data
in a length form (Babushkin gauge) or a velocity form
(Coulomb gauge) (Ishikawa et al., 2010). All methods are
used to calculate transition rates for all optically allowed
and forbidden transitions. User can choose the rank (k) of
any electric multipole transition (E,) or the rank of any
magnetic multipole transitions (M,).
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*CS.rmatrix

“LEV | HTAC |
“TR T
LEVMC | ATOMIC STRUCTURE |—
“WF Window
“LEVS STRUCTURE.EXE fully relativistic [
~.LEV.D + .
MBPT.EXE Window structure N
*LEV.MC.S MBPT INPUT FILE
“LEVMC.D RMATRIX.EXE Window R-MATRIX
~WE.S
“WE.D
-LEV.SD —| * lev.rmatrix |
~TR.SD .
—| * tr.ormatrix |
~LEV.MC.SD
~WF.SD _| * lev.me.rmatrix |
—| * pot.rmatrix |

_|

Fig. 1: The structure of HTAC atomic structure program with the three calculation methods and the extensions of their
output files

HTAC - Hamasha Tahat Atomic Code

File aAtomic calculations  Plob  Abouk

Atomic Numberl Closed Shellsi

— General
Setmode  interpolate — [~ OptimizeFinalGroup [T AvoConfighF efineR adial ¥ Rbdatrix
Structure MoMEET =57 M arduantumtum L]FU *| Gnd'l[ Grid 2|
Fimatrix options

setreit 4l[5 w| RadiaGid <3000 =l Rato al[ia ssymp _«|[3000  »|
[ MassShiftMarmal T MazsShifts pecific KMax _:J 30 _ﬂ MBasisFunc _4||25 _:J
Boundani0 [0 wl| A _alfiets  » b Al | setsketw ki iz e
0 Al el n 13 > b oalfon e k2 alfiz »
EnergyGric min_al[7500  »l|  max _al[i5100  wl| de al[i000 el pup Tetal =

Tine: LE o FRark |l = I SetlTa Qrwm K.appa |55

Target Conf I Correlation Conf ]

Initial S hell Mumber OFf Electrons Iritial Gruup[

Add Cons | Add Groups
Atomic structure Print table
Calculate I Clear Reset Help Cloze | Lev table el

Fig. 2: The Mam panel of HTAC atomic structure program
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Calculation of Meike iran ion energy levels and
radiative transition rates between n=2 and n=3
Initial configuration:-{1s2 252 2pa)

Closed shell is 1=

Specify dosed shells 13

Initial shell = 2

Mumber of electrons in the initial shell=8.

initial Group { or comlex of transition) = n2

/\{.:.

Final configuration: - {252 2p6 = 3%{one electron is excdted )
Initial shell = 2

Final shell = 3

Remaining electrons in the intial shell= 7

Mumber of electrons in the exited state = 1

Final group = N3

Fig. 3: The help window demonstrates an example for Ne-like iron ion input-file

HTAC - Hamasha Tahat Atomic Code

File  Atomic calculations  Plob About

Atamic Number] Cloged Shells]i

General

Setmode  interpolate —d I OptimizeFinalGoup [ AvgConfighP efineR adial [ Fitdahix
Stuctwre NoMBPT i | MasGuantumium «f[1 »| Grid1[1.2 Gid 2[1.2

Set Transition Coulomb et

Babushin Magete |
MaxE J..][D_ﬂ Gauge Babushkin | Clppe Electric ™ — [' Zut _4ljood w
M _alf0 | Mode NorFielatiy FUResty Rank «l[i »| [~ SetTA

NonRalatiy

GuantumMNum [ 10 K.appa | 5

Inial Conf | Final Cont ]

Initial Shell EZ Mumber OF Electrong [8 Iritial Group | nz2

Atomic structure Print table

Ealculatel Clear Drefauilt Help Cloge ‘ Lew table —d

Fig. 4: The MBPT panel with its options
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There are four output files for CTM, MBPT and

R-Matrix methods:

The energy level table: It contains the atomic
number, the ground state energy in eV, the energy of
excited levels with respect to the ground state energy
m eV, states parity, 2j and the
configuration of each level

The transition rates tables: It contains the atomic
mumber, 2j, deltaE, the oscillator strength, the
transition rate and the electric and magnetic
multipoles reduced matrix elements

The mixing coefficients table: It contains the basis
table (p, j, state configuration, level names) and the
mixing coefficients level symmetry

The wavefunctions table: It contains the quantum
number, Kabba, the energy and details of the wave
function (Fig. 5). Used units are sec™ for transition
rates and eV for energies

electronic

integer between zero and ten. If SetBreit counter is
assigned a negative value, its interaction will include
all bound and continuum states

NBasisfunc counter; it represents allowed number of
the basis functions per state. Tt takes values between
zero and hundred

KMAX counter; it represents the maximum orbital
angular momentumn (k) of the continuum electron. It
takes values between zero and hundred

Boundary counters (10, rl, b); 10 accepts values
between -100 and 100, 11 from zero to 100 and b takes
values between 0 and 1000. Tf 1O is assigned any
value other than zero, the code sets the boundary
conditions in the propagation zone

SetSlaterCut counter (K1, K2); it allows determimation
of the values of the orbital angular momenta k1 and
k2 which determine the calculation modes of Slater
integrals. Tf the orbital has an angular momentum
greater than the assigned k1 value, the exchange
integrals will not be calculated. If the angular
momentum 18 greater than the assigned value of

R_MATRIX parameters: The R-matrix parameters appear
inFig. 1 includes (note: the parameters are written as they
appear in the program): .

counter k2, the diect mtegrals will be evaluated
along with the reduced multipole matrix elements

SetBreit counter; it sets maximum principle quantum
number of the states, for which the Breit interaction
should be ncluded n the Hamiltoman. It accepts any

& bew T madris

RadialGrid counter; it allows setting the radial grid
properties

Ratio counter; it allows specifying the ratio of
successive radial points near the origin which is
approximately logarithmic

2693
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s.tr.rmatrix

Delta E

lgf (oscillator|
strengths) |

TIW: 2 2 1.536141E+00 2.70709Q0E-05 5.543758E+02 3.792904E-02
T30 4 3 4 1.240544E+00 8.110008E-05 1.083140E+03 7.305343E-02
772 & 3 4 ‘2.578623E+00 2.683107E-06 1.105924E+02 -9.216395E-03
T3 2 1 0 3.550612E+00 2.B56798E-04 5.2089235E+04 8.104462E-02
7T 2 2 2 3.319338E+00 2.038264E-05 3.24B8268E+03 2.238930E-02
TTd 2 3 4 3.023742E+00 1.518436E-05 2.00804B8E+03 2.024T706E-02
774 2 0 4 ©5.037895E+00 2.8B03260E-04 1.029083E+05 -6.739738E-02
775 4 0 4 5.126270DE+00 6.8B05163E-05 1.551861E+04 -3.291960E-02
T80 & 0 4 ©5.529687E+00 3.210472E-06 6.0852B8E+02 6.B884465E-03
780 & 6 4 3.109144E-01 1.115075E-05 6.705825E+00 -5.420572E-02
T80 & 7 & 1.943280E-01 8. 2.023445E-01 -1.905561E-02
781 O 2 2 4.217240E+00 7.7177¢ 5.956050E+405 1.,222273E-01
782 4 0 4 5.727900E+00 8.852329E-04 2.463561E+05 -1.110465E-01
782 4 5 2 ©5.691943E-01 4.353214E-05 1.223965E+02 -7.901522E-02
782 4 7 6 3.925416E-01 8.778622E-05 1.173816E+02 -1.35115%E-01
784 & 3 4 4.007302E+00 2.058B882E-03 2.050480E+05 -2.048477E-01
784 & 4 4 9.313527E-01 2.B07274E-05 1.508470E+02 4.960454E-02
785 0O 5 2 6.820951E-01 2.000126E-07 4.03720%E+00 4

Ir{transition| reduced mmltipole
rate) | matrix elements

LB02628E-03 ﬂ

|
Save| Saveas| Print

Fig. 6: Electric dipole (El) radiative transition table produced by using R-MATRIX method for Sulfur saved under file

name "s. tr.rmatrix”

¢+ Energy Grid and related counters; it allows
specifying the energy grid

*  Asymp counter; it allows setting the number of terms
in the Gailitis asymptotic expansion

¢  MassShiftNormal and  massshiftpecifi  check
boxes; they allow setting flags for normal mass shaft
and specific mass shift contributions to the
Hamiltoman They are enabled/ disenabled by
pointing

*  Type menu; it allows setting the type of electric- or
magnetic- multipole transitions

+ Rank counter; it allows setting the multipole
transition rank

¢ Default values for above functions appear once the
R-matrix check box 1s clicked. Examples of output
files of energy levels and transition rates produced
via the R-matrix option in HTAC are presented in
Fig. 5and 6

Warning messages: In order to minimize personal errors,
HTAC warns the user of any committed mistake by
displaying a warming massage window contains detailed
information that leads the user to the error. This option is
particularly important to save time and to ensure high
quality of the produced atomic data. Figure 7 shows two
examples of warning message as displayed by HTAC.
Application: Atomic structure, electric multipole
transitions (E1, E2, E3) and magnetic multipole
transitions (M1, M2, M3) atomic data of Ne-like Fe ion:
Here, a real example of generation atomic structure and
transition rates of allowed and forbidden transitions data
is presented. The chosen ion has a great interest in
astrophysics which is Ne- like iron ion (Fe'™). Please note
that the output files for the energy levels and the
transition rates generated by all methods would have
similar table format.
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Error in background function

Error: 9

<type 'edceptionz. SystemError'> Exception in Tk callback
Function: <bound method Dialog.run of <__main__ Dialog instance at 0231F2f2c> > [ppe: <tupe instancemet

hiod"=]
Args: ()
Traceback [innermoszt lazt):

File ""fuzrlib/ppthonz 5/site-pack agez/Prw/Prwve_1_3/lib/PrawBaze. py'’, line 1747, in__call

Mone
File "htac.py'". line 1406, in run
fac. Config(zshell: + ' + electronz, group = group]

<type 'exceptionz. SystermBError's: MULL result without error in Pulbject_Call

lgnore remaining errars | (LR |

Iriitial Shell [ 3242

Il

Mo more errors

M Error |
@ Mo atomic number |—

Atamic structure wait. .

Calculate

Clear

Fig. 7: Warning messages pup up when a mistake is committed

RESULTS

Fully relativistic configuration interaction method: The
ground state electronic configuration for Ne- like Fe
(Fe'™)is 1s* 2¢* 2p°. Calculated data for atomic structure
of Ne-like Fe is shown in Table 1. The energy values are
reported with respect to the ground state energy for the
configuration 2p° (E, = -3.12289%+4 eV) which appears as
0.0 et+0 in the table. Each level is assigned an index
number which 1s used n the transition table to refer to its
energy level value.

Transition rates of the optically allowed and
forbidden (multipole) transitions from the excited states to
the ground state are calculated. Each rank of multipole
transition 15 calculated by a single run. Electric dipole (E1),
electric quadrapole (E2) and (E3). magnetic dipole (M1),
magnetic quadrapole (M2) and (M3) transition rates are
listed in Table 2. Upper and lower states are defined by
the numbers of their level indices. The transition rates of

the allowed transitions (E1) are found to be the strongest.
El transition rates less than ~8E~+10 were ignored in the
table. E2 transitions exiubit the strongest forbidden
transitions. However, forbidden transitions are found to
be weak m general as compared to the El transitions.

Moulti reference many body perturbation theory: Table 3
presents the energy levels of Ne-like Fe 1on as determined
by the MR-MBPT option in HTAC. The length and
velocity forms of the transition rates are considered
(the produced data in the two forms were very close to
each others).

By comparing data obtained through the RCIM and
MR-MBPT options (Table 2, 3) we learn that values have
differences in the range (107-107 "%,

Validating HTA C produced atomic data: Here, produced
atomic data for Oy ion (energy levels, radiative rates and
oscillator strength) using HTAC code are presenting and
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Table 1: Calculated energy levels for the Ne-like Fe by HTAC

Level index Energy (ev) Parity J Electronic configuration Relativistic configuration
0 0.00E+00 0 0 2p6 241

1 7 24E02 1 2 2p5 351 MWpan 38in
2 7 26E+02 1 1 2p5 351 MWan 38in
3 7.36E+02 1 0 2p5 351 W1n 38
4 7.38E+02 1 1 2p5 351 2in 381
5 7. 4EH02 0 1 2p5 3pl 2pan 3p1n
6 7.58E+02 0 2 2p5 3pl 245 31
7 7.59F+02 0 3 2p5s 3pl p3n 3P
8 7.61E+02 0 1 2p5 3pl 2paz 3pan
9 7.62E+02 0 2 2p5 3pl 2P 3pan
10 7.68E+02 0 0 2p5 3pl 2pan 3pan
11 7.70E+02 0 1 2p5 3pl 2p1n 3p1n
12 773EH02 0 1 2p5 3pl 2015 3pan
13 7.73E+02 0 2 2p5s 3pl P1n 3pan
14 7.90E+02 0 0 2ps 3pl 2p1n 3p1n
15 8.00E+02 1 0 2p5 3d1 2 3l
16 8.01E+02 1 1 2p5 3dl 2pap 3dsn
17 8.03E+02 1 2 2p5 3dl 2pap 3dsp
18 8.03E+02 1 4 2p5 3d1 24 35
19 8.04F+02 1 3 2p5 3d1 pan 3dan
20 8.06F+02 1 2 2p5 3d1 pan 3dan
21 8.07E+02 1 3 2p5 3d1 W 3dsn
22 8.11E+02 1 1 2p5 3dl 2pap 3dsp
23 8.16E+02 1 2 2p5 3dl 2pie 3dsn
24 8.17E+02 1 2 2p5 3d1 21 3dsn
25 8.18F+02 1 3 2p5 3d1 p1n 3dsn
26 8.25F+02 1 1 2p5 3d1 1n 3dan
27 8.61E+02 0 1 251 3s1 %, 31
28 8.68E+02 0 0 2s1 3s1 28153 3812
29 8.94E+02 1 0 2s1 3pl 28112 3p1n
30 8.94E+H02 1 1 251 3pl 28,5 3pua
31 8.96E+02 1 2 251 3pl %112 3psn
32 8.08F+02 1 1 251 3pl %112 3psn
33 9.39E+02 0 1 251 3d1 %, 35
34 9.39E+02 0 2 251 3d1 28147 3dsp
35 9.39E+02 0 3 251 3d1 2817 3dsp
36 9.44E+02 0 2 251 3d1 281 3ds,

Table 2: Allowed and forbidden transitions as calculated by the CIM option in HTAC

Multipole transition  Uperstate T Lower state 7 DE of (oscillator strength) Ar (transition rate) Multipole reduced matrix elements
El 2 1 0 0 T7.26E+02 1.1295E-01 8.6078E+11 1.13E-01
4 1 0 0 7.38E+02 9.9342E-02 T.8205E+11 1.05E-01
16 1 0 0 8.01E+02 94634E-03 8. T852E+10 -3.11E-02
22 1 0 0 8.11E+02 6.2228E-01 5.9247E+12 -2.50E-01
26 1 0 0 8.25E+02 2.4934E+00 2.4563E+13 4.97E-01
30 1 0 0 8.94E+02 3.2031E-02 3.7041E+11 5.41E-02
32 1 0 0 8.98E+02 2.6536E-01 3.0982E+12 -1.55E-01
E2 6 2 0 0 T7.58E+02 9.5747E-05 4. 771 7E+08 2.0ME-02
9 2 0 0 7.62E+02 1.0480E-04 5.2861E+08 -2.12E-02
13 2 0 0 T.73E+02 1.2369E-04 6,421 7EH08 2.25E-02
34 2 0 0 9.39E+02 2.5746E-06 1.9689E+07 2.43E-03
36 2 0 0 9. 44E+0Q2 1.2594E-03 9. 7344E+09 -5.32E-02
E3 19 3 0 0 8.04E+02 6.7710E-08 2. 7119E+05 -2.73E-03
21 3 0 0 8.07E+02 8.1655E-08 3.2930E+05 2.97E-03
25 3 0 0 8.18E+02 9.1246E-08 3.7818E+05 3.03E-03
M1 5 1 0 0 7.54E+02 2.1089E-08 1.7349E+05 4.78E-05
8 1 0 0 7.61E+0Q2 8.7500E-10 7.3209E+03 9.69E-06
11 1 0 0 7.70E+02 4.8793E-10 4. 1827E+03 -7.19E-06
12 1 0 0 T.73E+02 2.3545E-08 2.0353E+05 4.99E-05
27 1 0 0 8.61E+02 1.5992E-09 1.7136E+04 1.23E-05
33 1 0 0 9 39E+02 1.5133E-10 1.9282E+03 3.63E-06
M2 1 2 0 0 7.24E+02 4.5461E-08 2.0670E+05 -4. 76E-04
17 2 0 0 8.03E+02 1.0096E-06 5.6495E+06 1.92E-03
20 2 0 0 8.06E+02 2.0116E-07 1.1327E+06 8.53E-04
23 2 0 0 8.16E+02 7.1089E-08 4. 1125E+05 4.97TE-04
24 2 0 0 8.17E+02 4.4599E-08 2.5842E+05 3.93E-04
31 2 0 0 8.90E+02 1.1350E-07 T.9160E+05 5.46E-04
M3 7 3 0 0 7.59E+02 9.3919E-11 3.3570E+02 -1.17E-04
35 3 0 0 9.30E+02 5.5769E-10 3.0480E+03 -1.68E-04
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Table 3: Allowed and forbidden transition rates generated through the MR-MBPT option in HTAC

Multipole transition  Upper state  J Lower state  J DE of (oscillator strength)  Ar (transition rate) Multipole reduced matrix elements
Length form (Babushen Gauge)
El 2 1 0 0 7.26E+02 1.1274E-01 8.5868E+11 -1.13E-01
4 1 0 0 7.38E+02 9.9707E-02 7.8447E+11 1.05E-01
16 1 0 0 8.01E+02 2. 4838E-03 8.8005E+10 311E-02
22 1 0 0 S11E+02 6.2377E-01 5.9364E+12 -2.51E-01
26 1 0 0 8.25E+02 2.4913E+00 2.4530E+13 4.96E-01
30 1 0 0 S.94E+(2 3.1460E-02 3.6369E+11 -5.36E-02
32 1 0 0 8.98E+02 2.6561E-01 3.1000E+12 -1.55E-01
E2 6 4 0 0 7.58E+02 9.55E-05 4.7558E+08 2.4E-02
9 4 0 0 7.62E+02 1.05E-04 5.2857E+08 -212E-02
13 4 0 0 7.73EHO2 1.24E-04 6.4283E+08 2.25E-02
34 4 0 0 9.39E+02 2.58E-06 1.9689E+07 2.43E-03
36 4 0 0 9. 44E+02 1.26E-03 9.7296E+09 -5.32E-02
E3 19 6 0 0 S.04E+02 6.77E-08 2.7133E+05 2.73E-03
21 6 0 0 8.07E+02 817E-08 3.2947E+05 2.97E-03
25 6 0 0 8.18E+02 913E-08 3.7838E+05 -3.03E-03
M1 5 1 0 0 7.54EH02 2.0981E-08 1.7248E+05 -4.77E-05
8 1 0 0 7.60E+02 2.0105E-10 7.5348E+03 -9.84E-06
11 1 0 0 7.70E+02 4.8194E-10 4.1292E+03 -7.15E-06
12 1 0 0 7.73E+02 2.3587E-08 2.0377E+05 4.99E-05
27 1 0 0 S.61E+02 1.5972E-09 1.7109E+04 -1.23E-05
33 1 0 0 9.38E+02 1.5137E-10 1.9283E+03 -3.63E-06
M2 1 2 0 0 7. 24EH02 4.5365E-08 2.0614E+05 -4.76E-04
17 2 0 0 8.03E+02 1.0133E-06 5.6676E+06 1.92E-03
20 2 0 0 8.05E+02 2.0157E-07 1.1345E+06 8.54E-04
23 2 0 0 8.16E+02 T1190E-08 4.1166E+05 4.98E-041
24 2 0 0 S.17E+02 4.4773E-08 2.5931E+05 3.94E-04
31 2 0 0 8.96E+02 1.1355E-07 7.9160E+05 -5.46B-(1
M3 7 3 0 0 7.59E+02 9.3905E-11 3.3546E+H02 -1.17E-04
35 3 0 0 9.39E+02 5.5910E-10 3.0566E+03 1.68E-04
Velocity form (Coulomb Gauge)
El 2 1 0 0 7.26E+02 1.1290E-01 8.6040E+11 -1.13E-01
2 1 0 0 7.38E+02 9.9296E-02 7.8169E+11 1.05E-01
4 1 0 0 8.01E+02 24619E-03 8.7838E+10 311E-02
16 1 0 0 S11E+02 6.2220E-01 5.9240E+12 -2.50E-01
22 1 0 0 8.25E+02 2.4930E+00 2.4559E+13 4.97E-01
26 1 0 0 S.94E+(2 3.2022E-02 3.7031E+11 -5.41E-02
30 1 0 0 8.98E+02 2.6529E-01 3.0973E+12 -1.55E-01
E2 6 2 0 0 7.58E+02 9.5700E-05 4. 7693E+08 2.4E-02
9 2 0 0 7.62E+02 1.0475E-04 5.2835E+08 -211E-02
13 2 0 0 7.73EHO2 1.2362E-04 6.4185E+08 2.25E-02
34 2 0 0 9.39E+02 2.37HE-06 1.9687E+07 2.43E-03
36 2 0 0 9. 44FE+02 1.2592E-03 9.7326E+09 -5.32E-02
E3 19 6 0 0 S.4E+2 6.79E-08 2. 72E+05 2.73E-03
21 6 0 0 8.06E+02 8.16E-08 3.20E+05 2.97E-03
25 6 0 0 8.18E+02 912E-08 3.78E+05 -3.03E-03
M1 5 2 0 0 7.54EH02 2.10E-08 1.72E+05 -4.77E-05
8 2 0 0 7.60E+02 9.01E-10 7.53E+03 -9.83E-06
11 2 0 0 7.70E+02 4.82E-10 4.13E+03 -7.15E-06
12 2 0 0 7.73E+02 2.36E-08 2.04E+05 -1.99E-05
27 2 0 0 S.61E+02 1.60E-09 1.71E+04 1.23E-05
33 2 0 0 9.38E+02 1.51E-10 1.93E+03 -3.63E-06
M2 1 2 0 0 7. 24EH02 4.5361E-08 2.0625E+05 -4.76E-04
17 2 0 0 8.03E+02 1.0134E-06 5.6703E+06 1.92E-03
20 2 0 0 8.06E+02 2.0192E-07 1.1370E+06 8.55E-04
23 2 0 0 8.16E+02 T1409E-08 4.1310E+05 4.98E-041
24 2 0 0 S.17E+02 4.4676E-08 2.5886E+05 3.94E-04
31 2 0 0 8.96E+02 1.1367TE-07 7.9274E+05 -5.46B-(1
M3 7 3 0 0 7.59E+02 93984E-11 3.3593E+02 -1.17E-04
35 3 0 0 9.39E+02 5.5967E-10 3.0588E+03 1.68E-04

compared with values compiled by the National Institute
of Standards and Technology (NIST) produced by and
the comprehensive theoretical data produced by Delahaye
and Pradhan (2002) who adopted the Super Structure (S5)
program of Eissner ef al. (1974). Calculated Energy levels

and radiative rates are presented in Table 4. As can be
learned from Table 4, energy levels obtained using
HTAC’s three methods are in good agreement
(confidence ~99%) with NIST wvalues and SS-code
theoretical values.
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Table 4: Energy levels for Oy ion produced using HTAC code validated against published experimental and theoretical data

Energy level (Rydbergs)

Index State configuration HTAC- CIM HTAC-MBPT HTAC R-matrix NIST Database 88-Code
1 182 0.00000000 0.0000000 0.000000000 0.00000 0.00000
2 151 2s1 41.15145 41.1531595 41.23979063 41.23155 41.2438
3 1s1 2pl 41.73946 41.70903902 41.80061242 41.78724 41.7933
4 1s1 2pl 41.74001 41.71470716 41.80129559 41.78779 41.7942
5 1s1 2pl 41.74482 41.71581222 41.80639684 41.79280 41.7997
6 151 2s1 41.77862 41.72003089 41.86696484 41.81240 41.8074
7 1s1°2pl 4217263 4212810859 42.234006456 4218438 42.2100
8 151 3s1 48.73321 4853976438 4867271397 48.65091 48.6577
9 1s1 3pl 48.73343 48697006186 4882511181 48.80446 48.8114
10 1s1 3pl 48.73489 48.697309062 48.8253487 48.80446 48.8116
11 1s1 3pl 48.7392 48.69878356 48.82684506 48.80446 48.8132
12 151 3s1 48.8043 48.70543041 4883532893 4881129 48.8217
13 1s1 3d1 48.80439 48.764457 4890939584 48.88374 48.8930
14 1s1 3d1 48.80482 48.764533 4890948646 48.88428 48.8931
15 1s1 3d1 48.80979 48.76497032 48.90992569 48.88437 48.8935
16 1s1 3d1 48.73321 4876887456 4891489287 48.89376 48.8971
17 1s1 3pl 48.85139844 4881367476 48943330662 48.92183 48.9281
18 151 4s1 51.08938357 51.05002227 51.19626511 51.17986 51.1813
19 151 4pl 51.14650082 51.10748327 51.25862156 51.23690 51.2436
20 1s1 4pl 51.14660614 51.10759565 51.258720615 51.23690 51.2437
21 1s1 4pl 51.14723632 51.10822862 51.25935478 51.23690 51.2444
22 151 4s1 51.1548632 51.11671161 51.26174452 51.24146 51.2475
23 151 4d1 51.19102988 51.15085811 51.29328344 51.26752 51.2767
24 1s1 4d1 51.19106141 51.1508867 51.29332599 51.26788 51.2767
25 1s1 4d1 51.19121973 51.15104781 51.29350065 51.27244 51.2769
26 1s1 411 51.18460044 51.14408558 51.29540314 - 51.2786
27 1s1 411 51.18464138 51.14413571 51.29544415 - 51.2785
28 1s1 4f1 51.18476273 51.14425705 51.29555984 51.26980 51.2787
29 1s1 4f1 51.18482645 51.1443003 51.29562356 51.27554 51.2787
30 151 4d1 51.19393624 51.15321595 51.29621206 51.27399 51.2790
31 151 4pl 51.19494751 51.15551586 51.30706649 51.28702 51.2916
32 151 5s1 52.2384625 52.19842751 5234976815 52.33051 -

33 1s1 5pl 52.26066105 52.2268043 5238122129 52.35030 -

34 1s1 5pl 52.2667139 52.22686008 52.3812759 52.35630 -

35 1s1 5pl 52.26703112 5222717841 52.38159694 52.35630 -

CONCLUSIONS successfully to produce accurate atomic data for Ne-like

HTAC is a new atomic caleulation code that has been
developed to perform atomic structure and transition rate
calculations for allowed and forbidden transitions in a
simplified way using three advanced atomic calculation
methods; the fully relativistic configuration interaction
method, the multi reference many body perturbation
theory and the R-Matrix method. HTAC is featured with
a user friendly interface that enables researchers to
perform atomic calculations through Windows instead of
going through the hassles of other command-based
codes. It also enables researchers to view and plot
produced atomic data using options provided in the code.
HTAC has a built in data base for all elements in the
periodic table. It also allows the user to construct own
input data files. Atomic structure program generates four
different output files with four different extensions based
on the computational method used to generate them.
Produced data come up in four different tables; the energy
levels table, the radiative transition rates table wave
function table and the basis and mixing coefficients
tables. HTAC atomic structure program has been used

Fe and O, ions.
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