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1 | INTRODUCTION

Zinc K-shell radiative and radiationless transition rates are calculated using the
multiconfiguration Dirac-Fock method. Correlation up to the 4p orbital is
included in almost all transition rate calculations. Calculated radiative transition
rates and transition probabilities are compared with Scofield's Dirac-Hartree—
Slater and Dirac-Hartree-Fock calculations, presenting good agreement with
the later. Radiative transition intensity ratios involving the strongest lines are
compared with theoretical, experimental, and empirical-fit values. Most ratios
are in close agreement with the empirical-fit values from NIST's Fundamental
Parameters database. Calculated radiationless transition rates and ratios are
compared with Chen et al.'s Dirac-Fock values and Safronova et al.'s Dirac-Fock
values. The K-LL transition rates are overall lower than Chen et al.'s values,
whereas the K-LX and K-XY transition rates are overall higher. Calculated K-
LX/K-LL and K-XY/K-LL ratios are relatively close to the experimental values
compared. Some calculated intensities relative to K-L,('D,) are in good agree-
ment with the experimental values, whereas others present worse agreement.
The calculated fluorescence yield is higher than all theoretical, experimental,
and empirical-fitted values compared, probably because the total radiationless
transition rate value calculated in the present work is relatively low.

various areas of physical chemistry and medical research.
Transition probabilities, in specific, are tabulated in codes

Atoms with a vacancy in an atomic inner shell relax
through radiative or nonradiative transition, emitting a
photon or an atomic electron, respectively. The measure-
ments and calculations of these atomic transition rates
have been the subject of many scientific works. From tran-
sition rates, important quantities can be calculated, such as
transition probabilities, transition intensity ratios, and
fluorescence yields. These parameters are very relevant in

and software of elemental analysis and Monte Carlo simu-
lation of atomic relaxation, which depend on the accuracy
of their tabulated values. Although there are numerous cal-
culations of atomic transition rates in literature (more fre-
quently of the K-shell), the majority of the existing works
present calculations for few selected transitions. Up until
the 1970s, there were relatively few comprehensive relativ-
istic calculations of transition rates. Such occasion changed
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when Scofield presented radiative rates calculated for the
majority of transitions and elements, first using the
Dirac-Hartree-Slater theory!!! and later using the Dirac—
Hartree-Fock theory.m In the same decade, Chen
et al.l>* presented rates of nonradiative transition calcu-
lated for the majority of possible transitions and elements,
using the Dirac-Hartree-Fock theory. Scofield's and Chen
et al.'s benchmark comprehensive calculations allowed for
libraries, such as the Evaluated Atomic Data Library,!* to
present comprehensive sets of transition probabilities,
which are useful regarding simulations of atomic relaxa-
tion and other applications. In the Hartree-Slater and
Dirac-Hartree-Slater methods, it is considered that each
electron is affected by an average field created by all other
electrons, whereas in the Hartree-Fock and Dirac-
Hartree-Fock methods, the average field is represented
by the Coulomb and exchange operators, Jc and Kj, such
that the average potential is given as

V(1) =Ve(l) 4+ Ve(1), 1)

where V¢ is the Coulomb potential and V. is the exchange
potential. With this inclusion, the Hartree-Fock method
accounts some of the Coulomb repulsion between elec-
trons and as generally been shown to be more accurate
than those of the Hartree-Slater method. However, the
Hartree-Fock approach does not fully describe the Cou-
lomb repulsion between electrons. In fact, the major error
source in this method arises from the lack of proper corre-
lation between electrons. Thus, methods to fully account
the electronic correlation have emerged, such as the
multiconfiguration Hartree-Fock, configuration-interac-
tion, many-body perturbation theory, and their relativistic
versions, RCI (relativistic configuration-interaction),
MCDF (multiconfiguration Dirac-Fock), RMBPT (relativis-
tic many-body perturbation theory), respectively. In RCI
(or configuration-interaction) and MCDF (or the
multiconfiguration Hartree-Fock), electronic correlation
is included by writing the antisymmetric wave function of
the atomic system 1 as a linear combination of configura-
tion wave functions ¢, which are wave functions for differ-
ent possible configuration states: (1, 2, ..., N) = >,.ai¢;,
where a; are mixing coefficients. For example, the wave
function for He in the ground state can be written as

P(He) = a19(15°) + axp(1s'2p") + asp(2p?),  (2)

where a;, a,, and a; are the mixing coefficients, @(15%) is
the minimum configuration state function, and ¢(1s'2p*)
and @(2p?) are extra correlations state functions. The con-
figuration wave functions are written as a combination of
one-electron orbitals.

In this work, we present Zn K-shell radiative and
nonradiative transition MCDF calculations.

2 | MCDF CALCULATIONS

For this, the MCDFGME code,'® developed by J. P.
Desclaux and P. Indelicato, was used for the calculations
of Zn XK-shell transition rates. It implements the
multiconfiguration Dirac-Fock method including various
contributions self-consistently, such as Coulomb interac-
tion, Breit corrections, and vacuum polarizations. It also
includes quantum electrodynamics contributions. One of
the many capacities of the code is the calculations of radi-
ative and radiationless transition rates and the energies of
the emitted X-rays and Auger electrons. The energy and
wave function for the initial configuration, the Zn with a
hole in the K-shell (1s'25*2p®3s*3p®4s*3d*°) and the ener-
gies and wave functions of all possible final configurations
attained through radiative or radiationless transitions are
calculated independently, including in most cases all possi-
ble extra correlation states up to the 4p orbital. From these,
radiative and radiationless transition rates for all possible
radiative and radiationless transitions are calculated. In
the calculation of radiative transition, correlation up to
the 4p orbital is included (for both the initial and final
states) in all transitions, with the exception of the K-N;
transition where in the final state (1s*2s°2p°3s*3p®4s'3d"°),
only the selected extra correlation configurations up to the
4p orbital are included to be able to achieve convergence.
Furthermore, also for the K-N; transition rate calculation,
to achieve convergence, some orbitals are frozen during
the iterative process. Due to convergence problems, several
nonradiative transition rates are calculated including only

TABLE 1 Zn K-shell radiative transition rates calculated with the
multiconfiguration Dirac-Fock method

Final configuration State  Transition rate (s™%)

152 251 2p6 3s2 3p6 3d10 452 28y, 1.022E+09

1s2 252 2p5 3s2 3p6 3d10 4s2 %P, 3.620E+14
1s2 252 2p5 3s2 3p6 3d10 4s2 2Py,  7.058E+14
152 252 2p6 3s1 3p6 3d10 452 Sy,  2.140E+08
1s2 252 2p6 3s2 3p5 3d10 452 %P, 4.899E+13
1s2 252 2p6 3s2 3p5 3d10 42 %Py,  9.581E+13
152 252 2p6 3s2 3p6 3d9 4s2 ’Dy;,  6.188E+10
’Ds;,  8.958E+10

281/, 1.394E+07

152 2s2 2p6 3s2 3p6 3d9 4s2
1s2 252 3p6 3s2 3p6 3d10 4s1

Note. Calculations were performed with relaxed orbitals unless if “calculation
notes” state that orbitals were frozen. Extra correlation state functions from
the 1s orbital up to the 4p orbital were included in the calculations unless
“calculation notes” present a different orbital. In that case, the calculation
was performed including extra correlation wavefunctions from the 1s orbital
up to the orbital presented in “calculation notes.” In the cases where no extra
correlation state functions were included, “calculation notes” state that no
correlation was considered. Transition rates were presented in milliatomic
units: 1 milliatomic unit =4.134x10" "%,
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TABLE 2 Zn K-shell radiationless transition rates calculated with
the multiconfiguration Dirac-Fock method

Final Final Transition Calculation
configuration State rate (s™') notes

1s2 2p6 3s2 3p6 3d10 4s2 1S, 5.796E+13  Frozen orbitals
1s2 2s1 2p5 3s2 3p6 3d10 4s2 p, 1.514E+14

1s2 2s1 2p5 3s2 3p6 3d10 452 °P, 1.209E+13

1s2 2s1 2p5 3s2 3p6 3d10 452 °P, 4.074E+13

1s2 2s1 2p5 3s2 3p6 3d10 452 °P, 3.672E+13

1s2 2s1 2p6 3s1 3p6 3d10 452 'S, 3.342E+13

152 2s1 2p6 3s1 3p6 3d10 452 S, 8.490E+10

1s2 2s1 2p6 3s2 3p5 3d10 452 'P; 2.168E+13  Frozen orbitals
1s2 2s1 2p6 3s2 3p5 3d10 452 P, 8.607E+11  Frozen orbitals
1s2 2s1 2p6 3s2 3p5 3d10 452 °P, 9.295E+12  Frozen orbitals
1s2 251 2p6 3s2 3p5 3d10 452 °P,  4.694E+12

1s2 2s1 2p6 3s2 3p6 3d9 4s2 lDZ 9.452E+10

1s2 2s1 2p6 3s2 3p6 3d9 4s2 D, 1.576E+11

1s2 2s1 2p6 3s2 3p6 3d9 4s2 D, 2.172E+11

1s2 2s1 2p6 3s2 3p6 3d9 4s2 Dy 4.855E+11

1s2 2s1 2p6 3s2 3p6 3d10 451 'S, 1.265E+12  4s correlation
1s2 2s1 2p6 3s2 3p6 3d10 4s1 351 9.226E+09

152 252 2p4 3s2 3p6 3d10 452 'S 4.584E+13

152 252 2p4 3s2 3p6 3d10 452 'D, 5.080E+14

1s2 252 2p4 3s2 3p6 3d10 452 °P, 2.041E+13

1s2 252 2p4 3s2 3p6 3d10 4s2 3P1 2.741E+11

1s2 252 2p4 3s2 3p6 3d10 452 °P, 8.379E+13

1s2 2s2 2p5 3s1 3p6 3d10 4s2 P 1.015E+13

1s2 22 2p5 3s1 3p6 3d10 452 °P, 1.553E+12

152 252 2p5 3s1 3p6 3d10 452 P, 1.046E+13

1s2 252 2p5 3s1 3p6 3d10 452 °P, 3.986E+12

1s2 252 2p5 3s2 3p5 3d10 452 'S, 6.303E+12  No correlation
152 252 2p5 3s2 3p5 3d10 452 °P, 4.801E+12 No correlation
152 252 2p5 352 3p5 3d10 452 'P;  3.159E+10

152 252 2p5 3s2 3p5 3d10 452 S, 1.734E+11

1s2 252 2p5 3s2 3p5 3d10 452 °P, 3.000E+10

1s2 252 2p5 3s2 3p5 3d10 452 °Dy 5.036E+10

152 252 2p5 352 3p5 3d10 452 'D, 6.226E+13  Frozen orbitals
152 252 2p5 3s2 3p5 3d10 452 °P, 1.361E+11

152 252 2p5 3s2 3p5 3d10 452 °D, 7.140E+13  Frozen orbitals
1s2 2s2 2p5 3s2 3p6 3d9 4s2 3Py 2.328E+10

1s2 2s2 2p5 3s2 3p6 3d9 4s2 Py 4.503E+10

1s2 2s2 2p5 3s2 3p6 3d9 4s2 P 4.630E+10

1s2 2s2 2p5 352 3p6 3d9 4s2 *Dy 3.602E+10

1s2 2s2 2p5 352 3p6 3d9 4s2 'D,  2.262E+11

1s2 2s2 2p5 3s2 3p6 3d9 4s2 D, 1.325E+11

1s2 2s2 2p5 3s2 3p6 3d9 4s2 °P, 6.855E+10

152 252 2p5 352 3p6 3d9 452 *F,  9.154E+11

1s2 2s2 2p5 3s2 3p6 3d9 4s2 3F3 8.005E+11

1s2 2s2 2p5 352 3p6 3d9 4s2 'Fy  4.683E+12

1s2 2s2 2p5 352 3p6 3d9 4s2 Dy 7.987E+11

1s2 252 2p5 3s2 3p6 3d10 451 °P, 6.097E+11  4s correlation
1s2 252 2p5 3s2 3p6 3d10 451 °P, 2.100E+11  4s correlation
1s2 2s2 2p6 3p6 3d10 4s2 1S, 1.643E+12  No correlation
152 252 2p6 3s1 3p5 3d10 452 'P; 3.139E+12

152 252 2p6 3s1 3p5 3d10 452 P, 1.014E+11

1s2 252 2p6 3s1 3p5 3d10 452 °P, 2.208E+11

(Continues)

TABLE 2 (Continued)

Final Final Transition Calculation
configuration State rate (s™') notes

152 252 2p6 3s1 3p5 3d104s2 P, 1.931E+11

152 252 2p6 3s1 3p6 3d9 4s2 Dy 2.950E+10

1s2 252 2p6 3s1 3p6 3d9 452 'D,  8.374E+09

1s2 252 2p6 3s1 3p6 3d9 4s2 D, 4.356E+10

1s2 252 2p6 3s1 3p6 3d9 4s2 D, 5.647E+10

152 252 2p6 3s1 3p6 3d10 451 'S, 5.598E+11 4s correlation
152 282 2p6 3s1 3p6 3d10 4s1 S, 2.709E+07  4s correlation
152 252 2p6 3s2 3p4 3d10 452 'S,  9.639E+11

1s2 252 2p6 3s2 3p4 3d10 4s2 *P, 9.523E+10

1s2 252 2p6 3s2 3p4 3d10 4s2 3P, 5.749E+09

152 252 2p6 3s2 3p4 3d10 4s2 °p, 1.452E+11

152 252 2p6 3s2 3p4 3d104s2  'D,  6.965E+12

152 252 2p6 3s2 3p5 3d9 4s2 3Py 2.249E+09

1s2 2s2 2p6 3s2 3p5 3d9 4s2 'p, 3.857E+09

1s2 252 2p6 3s2 3p5 3d9 4s2 P, 5.676E+09

152 252 2p6 3s2 3p5 3d9 4s2 D, 6.186E+08

1s2 252 2p6 3s2 3p5 3d9 4s2 P, 8.494E+409

1s2 252 2p6 352 3p5 3d9 452 'D,  4.142E+10

152 252 2p6 3s2 3p5 3d9 452 °D,  2.990E+09

152 252 2p6 3s2 3p5 3d9 4s2 °F, 7.231E+10

1s2 252 2p6 3s2 3p5 3d9 4s2 D, 9.771E+09

1s2 252 2p6 3s2 3p53d9 452  'F;  7.691E+11

1s2 252 2p6 3s2 3p53d9 4s2  *F;  1.525E+11

152 252 2p6 3s2 3p5 3d10 451 °P, 1.191E+10  4s correlation
152 252 2p6 3s2 3p5 3d10 451 'Py 1.224E+11  4s correlation
152 252 2p6 3s2 3p5 3d10 451  °P; 9.523E+10 4s correlation
152 252 2p6 3s2 3p5 3d10 451 °P, 3.087E+10 4s correlation
1s2 252 2p6 3s2 3p6 3d8 452 'S,  1.015E+08

152 252 2p6 3s2 3p6 3d8 4s2 3Py 2.985E405

1s2 2s2 2p6 3s2 3p6 3d8 4s2 P, 6.678E+05

1s2 252 2p6 3s2 3p6 3d8 4s2 °p, 4.957E4+07

1s2 252 2p6 3s2 3p6 3d8 4s2 'D, 2.743E+08

1s2 252 2p6 3s2 3p6 3d8 4s2 *F, 1.553E406

1s2 252 2p6 352 3p6 3d8 452 *F5  9.110E+06

152 252 2p6 3s2 3p6 3d8 452 *F,  3.789E+07

152 2s2 2p6 3s2 3p6 3d8 4s2 'G, 3.351E+10

1s2 282 2p6 3s2 3p6 3d9 4s1 *D, 2.484E+09  4s correlation
1s2 252 2p6 3s2 3p6 3d9 4s1 'D,  6.574E+08 4s correlation
152 2s2 2p6 3s2 3p6 3d9 4s1 D, 3.465E+09  4s correlation
1s2 2s2 2p6 3s2 3p6 3d9 4s1 *D;  4.929E+09  4s correlation
152 252 2p6 3s2 3p6 3d10 1S, 8.502E+09

Note. Calculations were performed with relaxed orbitals unless if “calculation
notes” state that orbitals were frozen. Extra correlation state functions from
the 1s orbital up to the 4p orbital were included in the calculations unless
“calculation notes” present a different orbital. In that case, the calculation
was performed including extra correlation wavefunctions from the 1s orbital
up to the orbital presented in “calculation notes.” In the cases where no extra
correlation state functions were included, "calculation notes” state that no
correlation was considered. Transition rates were presented in milliatomic
units: 1 milliatomic unit =4.134x10" 3",

the selected extra correlation configurations up to the 4p
orbital. In some transitions, only the selected extra
correlation configurations up to the 4s orbital are
included. For the nonradiative transition between
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15'25%2p®35?3p°4s?3d™® and 1s*25*2p®3p°®4s*3d™°, no extra
correlation states were included. Additionally, in many
nonradiative transition rate calculations, the orbitals were
frozen during the iterative process. In all calculations, Breit
interaction (including its magnetic and retardation compo-
nents) and vacuum polarization contributions are
included in the self-consistent field method. The calculated
transition rates are presented in Tables 1 and 2. From the
calculated transition rates, K-shell fluorescence yield
values and transition rate ratios are obtained.

3 | RESULTS

This work's radiative transition rates calculated using the
multiconfiguration Dirac-Fock method are compared in
Table 3 with Scofield's Dirac-Hartree-Slater!!! and
Dirac-Hartree-Fock results.”!

From the transition rates obtained in the present work,
transition probability values are calculated. Transition
probabilities are dimensionless. For a radiative transition
t, its transition probability P, is given as the ratio of the
transition rate R, and the sum of all possible radiative
transition rates, as in

R;

TR
L

where R; is the rate of a radiative transition i. Using this
formalism, the values obtained in the present work are
presented in Table 4, where they are compared with the
theoretical values from Scofield's Dirac-Hartree-Slater
calculations,[l] theoretical values from Scofield's Dirac—

Pt: (3)

TABLE 3 Radiative transition rates from this work's MCDF cal-

culations, Scofield's Dirac-Hartree-Slater calculations,[1I and
Scofield's Dirac-Hartree-Fock calculations'®!
Radiative
transition HS™M HF?! MCDF
K-L; 2.07E—-05 n.p. 2.473E-05
K-L, 8.282 8.591 8.756
K-Ls 16.1 16.7 17.07
K-M; 4.08E—06 n.p. 5.176E—06
K-M, 1.024 1.17 1.185
K-M; 2.00 2.29 2.318
K-My 1.39E-03 n.p. 1.497E-03
K-M; 2.00E—03 n.p. 2.167E—03
K-N; 2.46E-07 n.p. 3.362E—07
Total 27.4 29.0 29.33

Note. Values not presented in their references are presented in the table as
“n.p.” All values are presented in milliatomic units: 1 milliatomic unit
=4.134x10" s~

TABLE 4 Radiative transition probabilities obtained from this
work's MCDF calculations, Scofield's Dirac-Hartree-Slater calcula-
tions,!"! Scofield's Dirac-Hartree-Fock calculations,”? and NIST's

Fundamental Parameters Database!”!

P, MCDF HS™M HF?! NIST!
K-L,; 8.429E—07 7.538E—07 n.p. 3.16E—04
K-L, 0.298 0.302 0.299 0.294
K-Ls 0.582 0.588 0.581 0.576
K-M; 1.76E—07 1.49E—-07 n.p. n.p.
K-M, 0.040 0.037 0.041 0.044
K-M; 0.079 0.073 0.080 0.085
K-M,4 5.10E—-05 5.05E—-05 n.p. n.p.
K-M; 7.39E—05 7.30E—05 n.p. n.p.

K-My 5 1.25E—-04 1.23E—-04 n.p. 8.16E—04
K-N; 1.15E—-08 8.96E—09 n.p. n.p.

Note. Values that could not be obtained, because transition rates were not
presented in their references, are presented in the table as “n.p.”

21 and the empirical values
[71

Hartree-Fock calculations,
present in NIST's Fundamental Parameters Database.
The transition probability values presented in NIST's
Fundamental Parameters Databasel”! are obtained from
empirical fitting functions to Salem et al.'s collection of
K-shell experimental transition intensity ratios!® and
some treatment to the data to convert from transition
ratios to transition probabilities. It is worthwhile men-
tioning that Salem et al.'s collection!® is still to this date
the most complete source of experimental X-ray transi-
tion intensity ratios, in what concerns K-shell and L-shell
transitions. Although Scofield's Hartree-Fock reference!?
does not present transition rates for the K-L;, K-M;, K-
M,, K-M;, and K-N; transitions, these values can be con-
sidered negligible when comparing with the sum of all
possible radiative transition rates; thus, transition proba-
bilities obtained from the Hartree-Fock rates are calcu-
lated (from Equation 3) using only the K-L,, K-L;, K-
M,, and K-Mj; transitions. NIST's Fundamental Parame-
ters Database does not present transition probability
values for K-M,;, K-M,, K-M;, and K-N; transitions,
although it presents values for K-M, s transition, which
is equivalent to the sum of K-M, and K-Mj values.
Radiative transition ratios obtained from this work's
multiconfiguration Dirac-Fock calculations are compared
in Table 5 with ratios obtained from Scofield's Dirac-
Hartree-Slater calculations,[” Scofield's Dirac-Hartree—
Fock calculations,®! and the empirical-fit values from
NIST's Fundamental Parameters Database.”! The designa-
tions for the transitions used in Table 5 are presented in
Table 6. Because there is in literature a large quantity of
experimental and theoretical results for K3/Ka intensity
ratio, we present these values in a separate table (Table 7
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TABLE 5 Radiative transition ratios obtained from this work's
MCDF calculations, Scofield's Dirac-Hartree-Slater calculations,!*!
and Scofield's Dirac-Hartree-Fock calculations,’ empirical fit
values from NIST's Fundamental Parameters Database, and Salem
et al.'s!®! empirical fit values

Transition

intensity

ratio MCDF HSM HF? NISTI”!  Salem!®
Ka,/Ka,  0.513 0.514 0.5142 0.511 0.510
KBs/KB;  0.511 0.511 0.5108 0.518 n.p.

KpB1'/Keyy 0.205 0.1879 0.2135 0.224 n.p.
KB2'/Ke;  1.97E—08 1.53E—08 n.p. n.p. n.p.
Kas/Kay 1.45E—-06 1.28E—06 n.p. 5.49E—-04 n.p.
KBi/Ka,  0.136 0.1242 0.137 0.147 n.p.
KBs/KB,  1.58E—03 1.691E—03 n.p.  9.64E—03 n.p.

Note. Values that could not be obtained due to lack of information in their
respective references are presented in the table as “n.p.”

TABLE 6 Indication of transitions corresponding to the line
designations

Ka All K-L transition

Koy K-L,

Ko, K-L,

Kas K-L;

KB, K-M;

KpBs K-M,

KpBs K-M4 + K-M;s

KB, All K-M transitions

KB, K-N and all higher shells

KB K-M and all higher shells

). In this table, the present work values are compared with
other theoretical values, experimental values, and values
obtained from empirical fittings to the experimental
values. The theoretical values are those obtained from
Scofield's Dirac-Hartree-Slater calculations,[l] Scofield's
Dirac-Hartree-Fock calculations,?! Kup et al's Dirac-
Hartree-Fock calculations.'”) The experimental values pre-
sented are from several works from 2001 to 2011.1% In
Table 7, the values obtained through empirical fittings to
the experimental data are those of Salem et al.,®! NIST's
Fundamental Parameters Database,m and Kahoul
et al.*®! Salem et al.'s fittings use experimental data up to
1974. NIST's Fundamental Parameters Database uses the
same data as Salem et al., but because NIST's database only
presents the radiative transition probabilities and not the
ratios, we obtained them by calculating the ratios of the
respective transition probabilities. Kahoul et al. use

TABLE 7 Radiative transition KB/Ka ratios from several

references
KB/Ka
Theoretical MCDF 0.136
Scofield (HS)™ 0.1241
Scofield (HF)?! 0.141
Kup et al. (HF)®!  0.136
Ertugrul et al.l'% 0.136 + 0.01
Sogut et al.1!! 0.1254 + 0.0102
Ertugrul™?! 0.158 + 0.005
Oz 0.141 + 0.01
Experimental Han et al.l' 0.126 + 0.01
Cevik et al.["! 0.136 + 0.005

Ertugral et al.®! 0.1379 + 0.005
Yalgin*”! 0.1225 + 0.0007
Yalgin!*”! 0.1267 + 0.0011
Kup Aylikci et al.™® 0.12 + 0.0061
Kup Aylikci et al.™ 0.12 + 0.0061
Salem et al.®! 0.138

Empirical fit (1974-) NIST!”! 0.148

Empirical fit (2001-2011) Kahoul et al.l?!

Empirical fit (1974-)

0.1285 + 0.0051

experimental values from the period 2001-2011 (these
experimental values are also presented in Table 7).

Nonradiative transition rates are compared in Table 8
with Chen et al.'s Dirac-Hartree—Fock values!® and with
Safronova et al.'s Dirac-Hartree—Fock values.!*!! In this
table, transitions are grouped according with the holes
in the shells in order to help the readability. The K-LX
and K-LL transition rates and the (K-LX)/(K-LL) and
(K-XY)/(K-LL) ratios are compared in Table 9 with Chen
et al.'s Dirac-Hartree-Fock Values,[3] Safronova et al.'s
Dirac-Hatree-Fock values,?!! and experimental values
from Bellicard et al.””? This work's ratios of radiationless
transitions intensity relative to the K-L,L;(*D,) transition
are presented in Table 10, where they are compared with
experimental results from Freedman et al.**!

From this work's calculated radiative and radiationless
transition rates (presented in Tables 1 and 2), the Zn K-
shell fluorescence yield value is calculated using the fol-
lowing equation:

A" @

WK =~ AT
AT 4 A

where Ag %) is the total radiative transition rate, which is
given by summing the rates of all possible radiative tran-
sitions filling the K-shell vacancy (presented in Table 1),

and A%T ) is the total radiationless transition rate, which
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TABLE 8 Nonradiative transitions rates from this work's MCDF calculations, Chen et al.'s Dirac-Hartree-Fock calculations,” and

Safronova et al.'s Dirac-Hartree-Fock calculations'?"!

Nonradiative transition

K-L;L; 1s 2s 2s
K-L;,L, + K-L; L3 1s 2s 2p
K-L;M; 1s 2s 3s
K-L1M, + K-L ;M5 1s 2s 3p
K-LiMy + K-L1M; 1s 2s 3d
K-L;N; 1s 2s 4s
K-L,L, + K-L,L; + 1s 2p 2p
K-LsL;

K-L,M; + K-L;M; 1s 2p 3s
K-L,M, + K-L,M; + 1s 2p 3p
K-L;M, + K-L;M;

K-L,M, + K-L,Ms + 1s 2p 3d
K-L;M, + K-L;Ms

K-L,N; + K-L3N; 1s 2p 4s
K-M;M; 1s 3s 3s
K-M;M, + K-M;M; 1s 3s 3p
K-M;M, + K-M; M5 1s 3s 3d
K-M;N; 1s 3s 4s
K-M,M, + K-M,M; + 1s 3p 3p
K-M;M;

K-M,M, + K-M,M;s + 1s 3p 3d
K-M;M, + K-M;M;

K-M,N; + K-M;N; 1s 3p 4s
K-M M, + K-MsM5 + 1s 3d 3d
K-MsM;

K-M4N; + K-MsN; 1s 3d 4s
Total

Nonradiative transition (1s nl n2)

Safronoval?!! Chen"! MCDF
1.817 2.084 1.402
5.918 6.423 5.829
0.490 0.564 0.811
0.764 0.840 0.883
0.031 0.040 0.023
n.p. 0.043 0.031
14.643 15.511 15.927
0.687 0.741 0.633
3.299 3.501 3.512
0.247 0.319 0.188
n.p. 0.055 0.047
0.033 0.038 0.044
0.089 0.097 0.088
0.003 n.p. 0.003
n.p. 0.006 0.014
0.187 0.194 0.198
0.023 0.020 0.026
n.p. 0.008 0.006
n.p. n.p. 0.001
n.p. 0.000
28.231 30.484 29.665

Note. Values not presented in their references are presented in table as “n.p.” Chen et al.®’! do not present values for K-M,M,, K-M,M,, and K-M,Ms transitions.
All values are presented in milliatomic units: 1 milliatomic unit =4.134x10™ "3,

is given by summing the rates of all possible radiationless

TABLE 9 Nonradiative K-LL, K-LX, and K-XY transition rates

from this work's MCDF calculations, Chen et al.'s Dirac-Hartree—

(3]

Fock calculations '*!, and Safronova et al.'s Dirac-Hartree-Fock

calculations 2!}
Nonradiative
transitions Safronova®! Chen®! MCDF Experimental™®!
K-LL 22.378 24.018  23.157
K-LX 5.518 6.103 6.128
K-XY 0.335 0.363 0.380
K-LX/K-LL 0.247 0.254 0.265 0.30 + 0.02
K-XY/K-LL 0.015 0.015 0.016 0.019 + 0.005

Note. The K-LX/K-LL and K-XY/K-LL nonradiative transition ratios are from
this work's MCDF calculations, Chen et al.'s Dirac-Hartree-Fock calcula-
tions,*! Safronova et al.'s Dirac-Hartree-Fock calculations,’*!! and experi-
mental values from Bellicard et al.’??! Transition rates are presented in
milliatomic units: 1 milliatomic unit =4.134x10™s™",

TABLE 10 Nonradiative transition intensity relative to K-L,L3
(‘Do)

Relative intensity

transition MCDF Experimental®*!
K-L,L; (*Sp) 0.114 0.058

K-L,L, (*P;) 0.298 0.28

K-L,L, CPy) 0.024 <0.03

K-L,L; CPy) 0.080 0.046

K-L,L; CP) 0.072 <0.02

K-L,L, (*Sp) 0.090 <0.1

K-L,L; (*D,) 1.000 1.000

K-L;L; (CPo) 0.040 [70.04

K-L;L; (CP,) 0.165 0.2

Note. Values presented are from this work's MCDF calculations and experi-

mental values from Freedman et al.l?3!
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TABLE 11 Comparison of K-shell fluorescence yield values from

several works

W
Theoretical MCDF 0.497
EADL?4 0.466
HF 0.488
Kup!®! 0.485
Experimental Simgek et al.l2*! 0.482 + 0.022
Durak and Ozdemir?®! 0.482 + 0.032
Ertugrul™? 0.460 + 0.013
Simsek et al.l”! 0.488 + 0.021
Gudennavar et al.!*®! 0.464 + 0.010
Yashoda et al.*! 0.471 + 0.018
Han et al., 200714 0.477 + 0.038
Aylikei et al.1®! 0.485 + 0.024
Aylikci et al.®! 0.460 + 0.023
Aylikci et al.®! 0.459 + 0.023
Aylikci et al.®! 0.458 + 0.023
Aylikci et al.[*¥! 0.467 + 0.023
Ménesguen and Lépyt”! 0.495 + 0.022
Sogiit! 0.525 + 0.050
Empirical fit Bambynek!*? 0.479
Krausel*! 0.474
Bambynek!>*! 0.486
NIST!! 0.469
Kahoul et al.[?*} 0.463
Daoudi et al.[** 0.473

transitions filling the K-shell vacancy (presented in
Table 2). The present's work K-shell fluorescence yield
is compared in Table 11, with other values obtained from
theoretical calculations (POR REFS!!!), experimental
measurements (POR REFS!!!!), and empirical fittings to
experimental values (POR REFS!!!). The theoretical
values are from EADL (Evaluated Atomic Data
Library),®® Chen et al's Dirac-Hartree-Fock calcula-
tions,[4] and Kup et al.'s Dirac-Hartree-Fock calcula-
tions.”! The experimental values are from several works
from 2000 to 2010.12'%182531 The empirical fitting
values are from several works.!”:2%-32-3%

4 | CONCLUSIONS

The multiconfiguration Dirac-Fock method calculations
of Zn K-shell transition rates are performed. From these
values, fluorescence yield, radiative transition probabili-
ties, and transition intensity ratios are derived and com-
pared with theoretical and experimental values. As

presented in Table 3, radiative transition rates are in good
agreement with Scofield's relativistic Dirac-Fock values.!?!
As a consequence, as presented in Table 2, radiative transi-
tion probabilities are also in good agreement with Scofield's
values. This work's MCDF transition probabilities for the
K-L,, K-L3, K-M,, and K-M; transitions are in close agree-
ment with the empirical values from NIST's Fundamental
Parameters Database,!”! whereas for the K-L, and K-My s
transitions, the same cannot be said.

As for radiative transition ratios, as presented in
Table 5, this work's values are in good agreement with
Scofield's Hartree-Fock values.”) When comparing
against NIST's database ratios,!”! relatively good agree-
ment is presented for the Ka,/Ke;, KB3/KB;, and KB’/
Ka, ratios, but strong disagreement is found for the
Koas/Kear; and Kfs/K(; ratios.

From the comparison of KfB/Ka ratios, presented in
Table 7, it is interesting that Kup et al.'s value is equal
to the present work's MCDF value, even though in their
calculations, no multiconfiguration wavefunctions were
included except those of intermediate coupling. When
comparing the present work's MCDF value with the the-
oretical values from Scofield, closer agreement is found
with Scofield's Dirac-Hartree-Fock value.!?! Even though
NIST's Fundamental Parameters Database!”! uses Salem
et al.'s ratios,[8] their value differ from one another. This
discrepancy can be due to NIST's database treatment to
Salem et al.'s data. The present work value is in good
agreement with Salem et al.'s empirical fit value!® and
with Kahoul et al.'s empirical fit value.!*”!

As presented in Table 8. this work's values of radiation-
less transition rates are often lower than Chen et al.'s*)
values and often higher than Safronova et al.'s values.?!!
It is presented in Table 9 that the K-LL total value is
lower than Chen et al.'s value and higher than Safronova.
As for the K-LX and K-XY total rates, these presented
values are higher than the other compared. Thus, the K-
LX/K-LL and K-XY/K-LL ratios from this work are higher
than the other values compared. The nonradiative transi-
tion intensities relative to the K-L,('D,) transition, as pre-
sented in Table 10, are in most cases in good agreement
with the experimental results presented.

The fluorescence yield value from this work is higher
than all other theoretical and experimental values com-
pared in Table 11. It is likely that the total radiationless
transition rate A™ calculated in the present work is lower
than it should be, and as a result, the K-shell fluorescence
yield is calculated higher than it should be (as can be seen
from Equation 4). Such is supported by the comparisons in
Table 9, where it is shown that the calculated value for the
total K-LL transitions rate is lower than the value from
Chen et al.'s calculations.! Interestingly, the most recent
values obtained through empirical fittings, which are those
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of Daoudi et al. and Kahoul et al., are significantly lower
than all the theoretical values, with the exception of values
from EADL, which are the only theoretical values calcu-
lated using the Dirac-Hartree-Slater method, instead of
the Dirac-Hartree-Fock method.
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