
PHYSICAL REVIE%' A VOLUME 44, NUMBER 1 1 JULY 1991

Auger transition rates and fluorescence yields for the double-K-hole state
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Auger and radiative transition rates and fluorescence yields for the double-E-hole state have been cal-
culated for five elements with 10 Z 36 using the multiconfiguration Dirac-Fock method. The Auger
and x-ray energies are found to shift to higher energies by 68—269 and 100—388 eV, respectively, due to
the presence of the K-shell spectator vacancy. For low-Z elements, the transition rates per K hole for
the double-E-hole state are much larger than the corresponding rates for the single-K-hole state. As Z
increases to higher values, the differences in transition rates diminish. K-shell Auorescence yields for the
double-E-hole state compared to the results for the single-K-hole state are found to increase by 33% at
Z =10but by only 2.6% at Z =36.

I. INTRODUCTION

The radiative deexcitation of the double-K-hole state
[ls ] giving rise to the E x-ray hypersatellites has re-
ceived much attention [1—4] in the past decade. Accu-
rate measurements of hypersatellite energy shift consti-
tute a very sensitive test of magnetic and retardation
effects in atoms [3]. Although the x-ray decay of the
double-E-vacancy state has been thoroughly studied, the
information on the Auger decay and fluorescence yield
are rather scarce. To my knowledge, there exists only
one calculation on the K-shell fluorescence yield for the
double-K-hole state of fluorine ions [5]. Furthermore, in
the analysis of experiment on double-E-shell ionization in
the electron-capture decay the Auorescence yield of the
double-K-vacancy state is assumed to be the same as the
value for the single-K-hole state [6,7]. In view of the
long-standing discrepancies between theory and experi-
ment for the double-ionization probability Pzz in the
electron-capture decay [6—9], it is highly desirable to cal-
culate the fluorescence yield for the double-K-hole state
and to assess its impact on the experimental determina-
tion of Pzz. In this work, we report on the calculation of
Auger and radiative transition rates and Auorescence
yields for the double-K-hole state using the
multiconfiguration Dirac-Fock (MCDF) method [10,1].
The calculations were carried out for five ions with
10~Z ~ 36 in intermediate coupling with configuration
interaction including Breit interaction and quantum elec-
trodynamic corrections. In this work, the subshell sym-
bol enclosed by brackets (e.g. , [ ls2p ], [ELM ]) is used to
denote the hole state.
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where n is the number of CSF's included in the expan-
sion, and C;& are the mixing coefficients for state i.

The Auger matrix elements can be expressed in terms
of the CSF basis. The matrix element between two CSF's
can be separated into angular parts multiplied by radial
integrals by using the general angular-momentum pack-
age in the MCDF code [10].

In the MCDF model, the relativistic transition proba-
bility for a discrete transition i ~f in a multipole expan-
sion is given in perturbation theory by [11,14]
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Here, g,. and ff are the antisymmetrized many-electron
wave functions of the initial bound state and final contin-
uum state of the ion, respectively; p(E) is the energy den-
sity of final states, and V &

is the two-electron interaction
operator which is taken to be the sum of the Coulomb
and generalized Breit operators [13] in the present work.

In the MCDF model, an atomic-state function for a
state i with total angular momentum JM can be expanded
in terms of configuration-state functions (CSF), which are
constructed by taking hnear combinations of Slater deter-
minants of the Dirac orbitals:

II. THEORETICAL METHOD
&& & p II Ti. I I Q &

(3)
Relativistic calculation of Auger and radiative transi-

tion rates based on the MCDF model has been described
in detail in Ref. [11]. Here, we only outline the essential
points. The Auger transition probability is calculated
from perturbation theory [12]. The transition rate in the
frozen-orbital approximation is given by

Here, the one-electron matrix elements (pllTL llq ) are
given by Grant [14]. The angular factor dz„(p, a) that
depends on the configuration-state functions can be cal-
culated using angular-momentum subroutines in the
MCDF code [10].
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TABLE I. KLL Auger energy {in eV) for the double-K-vacancy state.

Atomic number
Final state

[1s2s ] S1 /2

[1s2s2p] 'P', +„'

[1s2s2p] 'P', /,
'

[1s2s2p] PI/2'
[1s2s2p] P3/2'

[1s2s2p] Pi/2
[1s2s2p] P3/2
[1s2s2p] P, /,
[1s2p ]'S,/~

[1s2p ] P&/2

[1s2p ] P3/2

[ ls2p ] Ds/2
[1s2p ] D3/2
[»2p'] 'Pin
[1s2p ] P3/2
[1s2p ] Ps/2

10

812.6
836.9
837.0
844. 1

844. 1

854.6
854.7
854.8
868.8
871.4
871.5
872.4
872.4
878.7
878.8
878.9

2640.3
2697.5
2698.8
2710.6
2711.3
2730.7
2731.9
2733.5
2767.4
2773.1

2773.9
2776.9
2777.1

2789.1

2789.9
2791.8

30

7432.2
7547.0
7560.0
7578.8
7584.2
7607.0
7618.5
7630.6
7685.0
7716.9
7712.2
7721.3
7730.2
7745.9
7748.7
7764.1

36

10672.8
10 820.2
10 845.6
10 869.4
10 887.4
10906.9
10928.2
10949.2
10998.2
11 064.0
11 055.3
11 068.9
11 082.0
11 116.9
11 121.7
11 144.6

The energies and wave functions for the initial double-
K-hole state were calculated in a single-configuration ap-
proximation. The energies and wave functions for the
final ionic states were evaluated in intermediate coupling
with configuration interaction using the MCDF model in
an average-level scheme (MCDF-AL) [10]. In the
MCDF-AL calculations, the orbital wave functions are
obtained by minimizing the averaged energy of all the
levels with equal weight. For the final triple-hole state
after Auger decay, all the states from [KLL] and [KLM]
triple-vacancy configurations were included in the same
calculation (e.g. , there are 51 and 82 states for Ar and
Kr, respectively). The basis set for the final two-hole
state in x-ray emission includes all possible states from
[ls2p], [ls3p], and [ls4p] configurations. The mixing
coeKcients C, i [Eq. (2)] were determined by diagonalizing

the energy matrix which includes Coulomb and trans-
verse Breit interactions and quantum electrodynamic
corrections [10,15]. The transition energies were ob-
tained by taking the differences between the separately
calculated total energies for the initial and final ionic
states. In the calculations of the transition rates, the
corrections due to the nonorthogonality in wave func-
tions were neglected. The Auger transitions leading to
[KLN]//[KMM], [KMN], and [KNN] final states con-
tribute less than 3% to the total [KK] level width. These
jj configuration-average rates were calculated using the
Dirac-Hartree-Slater model [12]. To facilitate the com-
parison between single- and double-E-hole states, the en-
ergies and transition rates for the single-K-hole state were
also calculated using the same procedure employed for
the double-K-hole state.

TABLE II. KLL Auger transition rate {in sec ') for the double-K-vacancy state. The numbers in
brackets are powers of 10.

Atomic number
Final state

[1s2s ] Sin
[1s2s2p] 'P', +„'

[1s2s2p] P', /,
'

[1s2s2p] P', n'
[1s2s2p] P3/p'

[ls2s2p] P)/,
[1s2s2p] P3/2
[1s2s2p] P5/2
[1s2p ] Sin
[1s2p ] Pl/2
[1s2p ] P3/2
[ ls2p ] D5/2
[1s2p'] D, /,
[ 1s2p ] P]/2
[»2p'1 "P3/2
[1s2p ] Ps/2

10

7.15[13]
1.08[4]
2.12[14]
1.59[12]
3.39[12]
5.67[9]
7.41[9]
3.38[8]
8.43[13]
9.51 [10]
2.44[12]
4.45[4]
2.95[14]
1.91[10]
2.66[10]
7.15[10]

1.10[14]
1.69[14]
3.04[14]
3.72[12]
2.19[13]
1.73[11]
3.15[11]
6.00[9]
1.20[14]
1.00[13]
9.23[13]
7.10[14]
3.78[14]
1.50[12]
1.67[12]
5.88[12]

30

1.51[14]
2.21[14]
2.70[14]
6.67[11]
1.08[14]
3.98[12]
5.46[12]
5.84[10]
8.87[13]
2.45[13]
3.18[14]
7.56[14]
1.49[14]
3.85[13]
7.69[13]
8.56[13]

36

1.77[14]
2.43 [14]
1.83[14]
3.86[11]
2.08[14]
1.18[13]
1.07[13]
1.28 [11]
8.19[13]
7.12[12]
3.68[14]
7.26[14]
5.11[13]
6.62[13]
1.39[14]
1.49[14]
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TABLE III. X-ray energy (in eV) for the double-K-vacancy
state.

~ ~ ~ ~
/

I I f I )
~ ~ ~ % )

0 ~ ~ ~
I

I I f I
[

I ~ f %

f
~ I T f10Q~O~

Final state 10
Atomic number

18 30 36 1.0—
[1s2p] P,
[1s2p] 'Pi
[1s3p]'Pl
[1s3p]'P,

947.7
943.4

3140.5
3130.5
3415.9
3414.8

8953.2
8926.8
9964.2
9960.8

13 028.7
12 975.1

14 600.5
14 592.3

TABLE IV. X-ray transition rate (in sec ') for the double-
K-vacancy state. The numbers in brackets are powers of 10.

ED

8
0.10—

tO

ES

M

0.01—

Final state 10
Atomic number
18 30 36

[1s2p]'P,
[1s2p]'P,
[153p] Pi
[1s3p] 'Pi

6.30[9]
3.09[13]

4.30[12]
3.07[14]
2.87[11]
3.31[13]

7.20[14]
1.83 [15]
8.92[13]
2.34[14]

2.39[15]
2.97[15]
3.49[14]
4.06[14]

I I I I I I I I I I I I I I I I ~ I I I ~ I I I I I I i i I I I I I

5 10 15 20 25 30 35 40
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FIG. 2. X-ray width per K hole from the present MCDF cal-
culations as functions of atomic number. The symbols are the
same as in Fig. 1.

Z

10
18
24
30
36

0.804
1.458
1.696
1.860
2.112

0.0204
0.226
0.758
1.894
4.074

0.0247
0.135
0.309
0.505
0.659

I I I
/

I I I I ) I I I I
/

I ~ I I
i

i ~ I I
f

I I ~ I

TABLE V. Auger width I &, radiative width I &, and Auores-
cence yield co for the double-K-vacancy state. All widths are in
eV.

III. RESULTS AND DISCUSSION

The theoretical KLL Auger energies and transition
rates for the double-K-hole state from the MCDF calcu-
lations are listed in Tables I and II. The notations PJ+'
and PJ ' in Tables I and II represent the higher- and
lower-ener'gy states of the PJ states. The electric-dipole
transition rates were calculated in length gauge [14]. The
results for x-ray energies and transition rates are listed in
Tables III and IV. In Table V, the total Auger and radia-
tive widths and fluorescence yields are shown.

The Augt:r energies for the double-K-hole state in-
crease by 68 and 269 eV for Ne and Kr, respectively.
The hypersatellite shifts from the present MCDF calcula-
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FIG-. 1. Auger width per K hole from the present MCDF cal-
culations as functions of atomic number. The solid curve shows
the results for the single-K-hole state. The dashed curve
displays the values for the double-K-hole state.

Atomic Number

FIG. 3. K-shell Auorescence yield from the present MCDF
calculations as functions of atomic number. The symbols are
the same as in Fig. 1.
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tions agree with the results from the previous Dirac-
Hartree-Slater (DHS) intermediate coupling calculations
[3] to better than 0.5 eV. The hypersatellite transition
rates from this work are larger than the values from the
DHS model [3] by 13% and 5.3% for Ar and Kr, respec-
tively.

The total E-shell Auger and radiative widths per E
hole for single- and double-E-hole states are compared in
Figs. 1 and 2. At Z =10, the Auger width per E hole for
the double-E-vacancy state is larger than the correspond-
ing value for the single E-hole state by 42%, and the in-
crease reduces to only 6% at Z =36. On the other hand,
the x-ray width per E hole for the double-E-hole state in-
creases by 89% and 14% at Z =10 and 36, respectively,
when compared to the corresponding value for the
single-E-hole state (Fig. 2).

'

The E-shell fluorescence yields for the single- and
double-E-hole states are displayed in Fig. 3. With the ex-
tra spectator E-shell vacancy, the E-shell fluorescence
yield increases by 33% at Z =10. This rise in fluores-
cence yield becomes progressively smaller as Z increases.
At Z =36, the difference in the fluorescence yields be-
tween single- and double-E-hole states is only 2.6%.
Hence, it is a rather good approximation to assume that
the fluorescence yield of the double-E-hole state is the
same as the fluorescence yield of the single-E-hole state
for Z ~25.

In summary, we have calculated the E-shell Auger
rate, radiative transition rates, and fluorescence yields for
the double-E-vacancy state for five elements with
10~Z ~ 36 using the MCDF method. For the low-Z ele-
ments, the transition rates for the double-E-hole state are
significantly larger than the corresponding rates for the
single-E-hole state. The increase is much reduced for the
mid- and high-Z elements. In addition, the increase in
radiative transition rate is much larger than the increase
in Auger rate. This results in a significant rise in fluores-
cence yield for the low-Z elements. However, the
differences in fluorescence yield between single- and
double-E-hole states diminish as Z increases to higher
values. Hence, the assumption that the double-E-hole
state has the same fluorescence yield as the single-E-hole
state contributes very little to the discrepancies between
theory and experiment in the double-E-shell ionization in
the electron-capture process.
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