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Continuum interaction in low-energy radiationless transitions
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L-shell Coster-Kronig transition rates are calculated for Ar through a formulation which includes
the effects of final-state channel mixing. The interchannel interaction changes individual transition
rates by as much as 84%. The relative term intensities from the present calculation agree better
with experiment than calculations which do not include channel mixing. The discrepancies previ-
ously found between measured and calculated total L&-L23Mj Coster-Kronig transition rates and
the ratios of L~-L23M~ to LI-L&3M23 and L&-L23M~('P&) to L~-L23M&( P&) intensities are large-

ly removed when effects of channel coupling are taken into consideration.

I. INTRODUCTION

Inner-shell vacancy states of atoms decay by radiative
and (predominantly) nonradiative processes. The coupling
between radiative and radiationless channels has usually
been neglected. ' The electrostatic coupling among the fi-
nal K-LL Auger channels in Ne was considered by Howat
et al. , ' and for K-LL, K-LM, and K-MM transitions in
Mg by Howat. These authors found that interchannel
coupling substantially alters the spectral distribution of
the K Auger electrons which are emitted with kinetic en-

ergy of several hundred electron volts. It is interesting,
therefore, to investigate similar effects in the case of
Coster-Kronig processes which are extremely intense,
compared with Auger processes, and in which the outgo-
ing electron s kinetic energy is at least an order of magni-
tude less than in Auger transitions.

One inviting case for theoretical investigation is that of
L-shell Coster-Kronig transitions in Ar, for which per-
plexing discrepancies have existed between experimental
results ' and theoretical predictions. " Hartree,
Hartree-Fock-Slater, and Hartree-Fock ' single-con-
figuration calculations have been found to overestimate
experimental Ar L&-L2 3M& Coster-Kronig rates by fac-
tors of -4, the L~ L2 3M~ to L~-L-2 3Mz 3 intensity ratio
by a factor of —2, and the ratio of L~-L23M~('P&) to
L)-LQ3M&( P~) transition rates by a factor of —120.
Possible reasons for these striking discrepancies in
theoretical predictions include (i) many-body interactions
in the initial and final atomic systems, (ii) effects of relax-
ation in the final ionic state, and (iii) effects of the ex-
change interaction between the continuum electron and
the final bound-state electrons. These possibilities have
been investigated in recent calculations. " A multicon-
figuration Dirac-Fock calculation with a limited basis set

by Bruneau" agrees well with the experimental L &-

L2 3M2 3 transition rate, but overestimates the L &-L2 3M]
rate and the ratios of L&-L2 3M& to L&-L2 3M23 and
L)-L2 3M/('P~) to L, -L2 3M&( P, ) intensities by factors
of -4, —3, and —2, respectively. A configuration-
interaction Hartree-Fock calculation with a large basis set
by Dyall and Larkins, a multiconfiguration Dirac-Pock
calculation with an extended basis set by Bruneau, " and a
multiconfiguration Hartree-Fock calculation including the
effects of exchange and relaxation by Karim et al. ' have
reduced the discrepancy in the L ~-L2 3M~ rate to about a
factor of 2. The discrepancy in the ratio of L &-

L2 3M&('P&) to the L&-L2 3M~( P&) rate is largely re-
moved when spin-orbit interaction in the final ionic state
is considered. "' Mehlhorn' has recently reevaluated his
experimental data, leading to an —13% decrease in the
L )-L2 3M& to L ~-L2 3M2 3 intensity ratio. This revised
experimental ratio agrees better with theoretical predic-
tions, but the discrepancies remain large in comparison
with other atomic transition-rate calculations in which
theory tends to reach within 10% to 20% of the measured
rates. In the work reported here, we have investigated the
effects of continuum interaction in the outgoing channels
on the total and relative term intensities of Ar L-shell
Coster-Kronig transitions.

II. THEORY

Theoretical formulations of radiationless transition
rates which include the effects of final-state interchannel
interaction have been worked out by Howat et al. and by
Aberg and Howat. '" The partial radiationless transition
probability from an isolated discrete state P, degenerate
with N continuum states g „is given to the lowest order
in the interaction matrix V(e, E,E) by '"

(gp, ~

H E
i P)Vp (r, e,E)—

IV =2~ (P, IH E~W)+P y f — ' ' ' «—i~ y Vtt. (e,e,E)&pit, iH E i&), (1)—
0 E —Ep —w p=1
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where we have

V~(r, ~,Z)=&y~~H Z—
~ y.,& (2)

s 2s2p 3s 3p

to the final states

(1) ls 2s 2p 3s('P)3p ep S,
(2) ls 2s 2p 3s( P)3p ep S,
(3) ls 2s 2p 3s 3p ( D)ed S,
(4) ls 2s 2p 3s 3p ('D)ed S
(5) ls 2s 2p 3s 3p ( S)es S,
(6) ls 2s 2p 3s 3p ('S)es S .

(3a)

(3b)

(3c)

(3d)

(3e)

(3fl

(3g)

and P denotes the principal value of the integral. The
first term in Eq. (1) represents the transition rate in the
absence of channel coupling, which reduces to Wentzel's
formula' if orthogonality of one-electron orbitals between
the initial and final states is assumed. The quantities Vp
are the continuum interaction terms.

The Ar I.-shell Coster-Kronig spectrum in X,S coupling
includes transition from the initial state

The initial state [Eq. (3a)] can also decay by Li-MM
Auger processes. These channels are extremely weak
compared to the preceding Coster-Kronig channels, and
are not included in this calculation. The transition matrix
elements (P V f«& and the intercontinuum matrix ele-
ments (gp, V g~, &, where V = g, (1/r;~ ) is the
two-electron interaction operator, can be expressed as a
weighted sum of Slater integrals:

&y I
V

I
y'& = g &k& "«ili n24'~313 n4~4) ~

k

Fano' has used Racah algebra to determine the angular
coefficients ak for a many-electron system with several
open shells. Pano's formulation has been incorporated in
a computer code by Hibbert. ' We have used Hibbert's
program to calculate these coefficients.

III. NUMERICAL CALCULATIONS

The initial and final bound-state one-electron orbitals
were generated using the Hartree-Fock computer code of
Froese-Fischer. ' With these known bound-state orbitals,
the Hartree-Fock equations for the continuum electrons
were obtained. The continuum-electron wave functions
were determined in the field of the respective double-hole

TABLE I. Transition matrix elements (P ~

V
~ P, & and intercontinuum matrix eleinents(f,

~

V
~ 1{s,&, as defined in Eqs. (1) and (2), for Ar L-shell Coster-Kronig transitions, in LS coupling.

Channels are identified as in Eq. (3).

Transition
to channel

1

2

3
4
5
6

Matrix element

( 2
)' R (3s2p;2sep)+(6) ' R '(2p 3$,'2$ep)

( —)
' R (3$ 2p;2$ep) —(2) ' R '(2p 3$;2$ep)

—R '(2p 3p;2$ed)+R '(3p 2p;2$ed)
(3) 'i [R '(2p 3p;2sed)+R '(3p 2p;2sed)]
(2) 'i [R '(2p 3p;2ses) —R '(3p 2p;2ses)]—(6) '~ [R'(2p3p;2ses)+R'{3p2p;2ses)]

3
4
4

Interaction
between channels

2

3

5

6

3

5

6
4
5

Matrix element

( —„) R (2pEp;Ep2p) —(12) R (3$Ep;gp3$)
—(6) ' R '(pep; ed 3s)
—[{2)'~/6][2R '{3pep;3sed) —R '(3pep;ed 3s)]
(12) ' R '(3p Ep; e$3$)
( 6 )[2R '{3pep;3s as) —R '{3pep;es 3s)]
—( —)'"R' pp + '" ' pp
—(6)-'"R '(3p~p;~d 3s)
( 3 )R '(3pt.p;3$es) —(1/2)R '(3pep;es 3s)
(12) ' R '(3pep;es 3s)
(3) 'i [R '(2ped;ed 2p) —R '(3ped;ed 3p)]
( ~, )'~2[R {2ped;2pes)+R {3ped;3pes)]
—(2) '~2[R '{2ped;es 2p)+R '{3ped;es 3p)]
(6) '~ [R ' 3p{e ed3ps) R'{2ped;as2p)]—
(6) 'i [R'{3ped;es3p) R'{2ped;es2p)]—
( 2, )'~ [R {2pid;2pes)+R {3ped;3pes)]
—{18) '~'[R '{2ped;es 2p)+R '{3pFd;es 3p)]
(12) '~ [R '{2pes;es 2p) R' 3p {s;e3pes)]—
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nel interaction10 a.u. ue. . d to interchannerrection terms (in
f d E . (3}.

p

65

A L-shell Coster-Kronig

3

in Ar - -Kronig

2

1

2
3

5
6

Total

—2.778
4.201

—3.851
0.161

—2.655
—4.922

—7.006

2.681
—2.390

2.444
—0.032
—4.303

0.604
0.346

—0.327
0.371
0.171
1.165

4.556
0.335
4.226

0.254
—0.615

8.756

—0.867
0.365
0.465
1.889

0.211
2.063

—6.964
—0.153
—2.557

0.012
—0.217

—9.879

Amplitude without
c ahannel mixing

80.059 —12.111 —76.973 43.605 34.758 —39.576

Corrected amp litude
75.137 —16.414 —75.808 52.361 36.821 —49.455
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TABLE III. Transition rates (in 10 a.u. ) in the L~-L23M Coster-Kronig spectrum of Ar.

Final
vacancies Theory"

Transition rate
Theory' Expt. Expt. ' Theory

Relative intensity'
Theory' Expt."

L2 3M' 'P
3p

Sum

40.27
0.92

41.19

35.47
1.69

37.16

7.6
5.8

13.4 14.4+4.5

60.5
1.4

61.8

45.9
2.2

48.1

14.9
11.4
26.3

L23M23 D
1D
3p
1p

S
's
Sum

37.23
11.95

7.59
9.84

66.61

36.11
17.23

8.52
j.5.36
77.22

24.9
7.0
4.0
0.8
4.2

10.1
51.0 47.1+10

55.9
17.9

11.4
14.8

100.0

46.8
22.3

11.0
19.9

100.0

48.8
13.7
7.8
1.6
8.2

19.8
100.0

'Normalized to L I-L2 3M2 3 —1.
Nonrelativistic single-configuration Hartree-Pock calculations.
Nonrelativistic single-configuration Hartree-Pock calculation corrected for channel coupling.
Reference 5.

'Reference 13.

B. Effects on the L ~
-L 2 3M ~ rate

Hartree-Fock calculations in I.S coupling overestimate
the total I.&-I 2 3M~ rate by a factor of 4 and the ratio of
the L t-L2 3Mt('Pt ) to the L ~-L2 3M&( P~ ) rate by a fac-
tor of 122. The effects of electron correlation, atomic re-
laxation, exchange interaction of the continuum electrons
with the core, and spin-orbit interaction between ( P~)
and ( P&) ionic states were investigated in our earlier pa-
pers. ' ' %'e now also include the effects of channel mix-

ing. The total L, &-1.2 3M& transition rate and the ratio of
('P&) to ( P&) line intensities are reported in Table IV,
where the correction terms from channel mixing are in-
cluded. The total L~-L23Mj rate decreases by —10%%uo

and the ratio of ('P, ) to ( P~ ) rates decreases by -3%%uo be-
cause of interchannel coupling. It is seen that the
discrepancies between experimental values and theoretical
predictions are progressively reduced as we include these
correction terms. Good agreement in the relative term in-
tensities is found. The total L~-L23Mt rate is now
within —55%%uo of the experimental rate Takin. g into ac-

TABLE IV. Transition rates in m a.u. (1m a.u. =0.02721 eV/8=4. 134& 10' s ') of the LI-L2 3M~
Coster-Kronig spectrum of Ar.

Source
Transition rate

1P 3p Total rate P tt to P ] ratio

Experiment'
Experiment"
Dyall and Larkins'
Bruneau'
Present work (I)
Present work (II)
Present work (III)"
Present work (IV)'
Present work (V)"

23.75
34.33
40.27
35.47
26.78
23.93
14.66

5.8

0.21"
13.63
0.31
0.86

13.80
12.40
7.84

13.4
14.4+4. 5

23.96
47.96
40.58
36.33
40.58
36.33
22.50

1 ~ 31

114.92
2.52

129.90
41.24

1.94
1.93
1.87

'Reference 5.
Reference 13.

'Nonrelativistic Hartree-Fock calculation with configuration interaction {Ref.9).
This rate is one-third of the rate reported by the authors of Ref. 8 for transition to the P state; it has

been shown (Ref. 12) that one-third of the P intensity pertains to the P& channel.
Multiconfiguration Dirac-Fock calculation with a limited basis set (Ref. 11).
Nonrelativistic single-configuration Hartree-Pock calculation.

gNonrelativistic single-configuration Hartree-Fock calculation corrected for channel coupling.
Nonrelativistic single-configuration Hartree-Fock calculation in intermediate coupling.
Nonrelativistic single-configuration Hartree-Fock calculation corrected for spin-orbit and channel-
coupling effects.
Nonrelativistic relaxed-orbital multiconfiguration Hartree-Fock calculation including effects of ex-
change [transition matrix elements in the first term of Eq. (1) taken from Ref. 10], corrected for spin-
orbit and channel-coupling effects.
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count a 31% uncertainty in the measured results, ' the
present calculation agrees well with experiment.

C. Effects on the I- ~-1-2 3M2 3 and total rates

The present Hartree-Fock calculation leads one to
overestimate the total measured L j-L2 3M2 3 rate by
-30%. Interchannel interaction increases this rate by
—16%%uo and the total rate by -6%%uo. Since channel cou-
pling shifts some intensity from L]-L2 3M] to L]-
L23MQ 3 transitions, the disagreement of the total L]-
L p 3M/ 3 rate is enhanced. Bruneau" has shown, howev-
er, that relativity plays an important role in the Ar L&-
L p 3M2 3 spectra. The total rate from a multiconfigura-
tion Dirac-Pock calculation with a limited basis set" for
these channels differs by only -2% from the experimen-
tal value. Dyall and Larkins have found this rate to de-
crease by -8%, when a large number of configuration-
state functions are included in the calculation. A mul-
ticonfiguration Dirac-Fock calculation with an extended
basis set as of Dyall and Larkins is expected to underesti-
mate the total L&-Lz 3M2 3 rate by a few percent; an in-
crease in the intensity of this line because of channel cou-
pling will thus largely be compensated, and the calculated
values for the total L]-L2 3M' 3 and L]-L2 3M rates can
be expected to lie within the limits of experimental uncer-
tainty.

V. CONCLUSION

The distribution of low-energy radiationless transition
intensities can be significantly altered by continuum in-
teraction among channels. For L-shell Coster-Kronig
transitions in Ar, the individual transition rates can be af-
fected by as much as -84%. These changes are substan-
tially larger than those in Auger processes, in which term
intensities are affected by 10—40%. Relative term inten-
sities from the present calculations agree better with ex-
periment than calculations which do not include channel
mixing. The overall effect of channel mixing is to redis-
tribute the intensity in component channels without signi-
ficantly altering the total intensity.
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