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E-MM Auger-intensity peaks from double-hole energy-level crossings
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Relativistic computations of E-MM Auger spectra have been carried out in the intermediate-

coupling scheme with cordiguration interaction. Good agreement with the scarce experimental

data is attained. The calculated E-MiM4 5 intensity is found to peak sharply in the neighbor-

hood of Z 63. This peculiar behavior is traced to the crossings of two-M-hole energy levels,

as functions of atomic number.

I. INTRODUCTION

The effects of relativity, spin-orbit mixing, and
configuration interaction have been found to be very
important in analyzing the K-LL Auger spectrum. "
Recently, the relativisitc K-MM relative intensity in
j-jcoupling and the relative intensity from nonrela-
tivistic intermediate coupling have been found to
disagree with experimental values for medium-Z and
heavy elements. "To resolve this discrepancy, we
have extended the same technique previously used in
the analysis of EC-LL Auger spectra" to treat the K-
MM Auger spectra of medium-Z and heavy elements.

In this paper we report on the theoretical K-MM
Auger spectra from Dirac-Hartree-Sister (DHS) cal-
culations in intermediate coupling with final-hole-
state configuration interaction, for 10 elements with
36 «Z «92. The effect of channel coupling, ne-
glected in the present calculations, could be impor-
tant for light atoms. 5 Elements with Z & 36 are
therefore not included in our present work.

II. THEORY

From perturbation theory, in the frozen-orbital ap-
proximation, the Auger transition probability in j-j
coupling is

T(nJM-~'J'M') =[(j&'jz J'M'I V&21 j&j2JM) ('

Here, I jt'j2J'M') represents the initial two-hole cou-
pled state including the initial bound-state hole ji' and
the hole j2 in the continuum that is filled by the
emitted Auger electron. The final two-hole-coupled
state is denoted by Ijtj2JM). The continuum wave
function is normalized so as to represent one electron
ejected per unit time. Atomic units are used unless

indicated otherwise. Coupling between an outermost
open shell and inner-shell vacancies is neglected in
Ecl. (l). No appreciable Auger-electron energy shift
is introduced by such coupling in transitions dis-
cussed in this paper, ~hence the rates are indepen-
dent of the passive electron structure. 6 The two-
electron operator Vi2 is chosen according to the origi-
nal Moiler formula7 which is in the Lorentz gauge,

V~2= (l —at a2) exp(icurtq)/rt2

~here the e
&

are Dirac matrices, and m is the wave
number of the virtual photon.

Configuration interaction among all the possible
final-double-MM-hole states is included in the calcu-
lations. For these calculations, j-j coupled basis
states are used. In a j-jbasis set, intermediate cou-
pling can be treated as configuration interaction.
Coulomb as well as Breit interactions are included in
the energy matrix. The eigenfunctions and eigen-
values are obtained by diagonalizing the energy ma-
trix. For example, for a J=0 state, the interactions
among MtMt( J 0), M2M2( J -0), M3M3( J =0),
M4Mq(J=O), and MSM5(J=O) are included in our
present calculations. The detailed treatment of rela-
tivistic intermediate coupling with configuration in-
teraction is described in Ref. 1.

The relativistic Auger matrix elements in j-jcou-
pling were calculated from DHS wave functions that
correspond to the initial-hole-state configuration. In
the configuration-interaction calculations, the j-jcon-
figuration average energies were calculated from DHS
wave functions with the appropriate final-hole-state
configurations including quantum-electrodynamic
corrections. The energy splittings of the specific total
Jstates of the two-hole-coupled configurations and
off-diagonal matrix elements of the energy matrix
were calculated by using a slightly modified general
Auger programs which includes Coulomb and Breit
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interactions. Eigenvalues and eigenfunctions were
obtained by diagonalizing the energy matrix. The
eigenfunctions obtained in diagonalizing the energy
matrix were then incorporated in relativistic matrix
elements to calculate the transition rates.

III. RESULTS AND DISCUSSION

The calculated relativistic K-MMAuger transition
rates in intermediate coupling with configuration in-

teraction are listed in Table I. Our present DHS j-j
coupling results agree with those of other relativistic
calculations. ' " The relative intensities of the K-

M2M2 K M2M3 K M2M4 5

K-M3M4 5 transitions with respect to the sum of K-

MM transition rates (excluding E-M4 5M4 q) from
Dirac-Hartrec-Slater and Hartree-Slater calculations
and experiment are compared in Figs. 1 and 2. The
relativistic effects are quite large on most of the E-
MM transitions (e.g., approximately a factor of 2 at

Z =80 for E MtMt) Intermediate coupling and
configuration interaction drastically improve thc
agreement between the theoretical and experimental
K-M;M, intensity ratios. The effects of configuration
interaction among M'M'(J =0), MqM2(J =0), and
M3M3(J=0) states persist to the heavy elements,
similar to the case of LtL&(J=O), L2L2(J=0), and
L3L3(J=0)."Very good agreement between
theory and experiment ' is attained for K-M~M~,
K-M~M2, and E-M2M3 transitions after including
configuration interaction. For E-M2M4 5 and E-
M3M4 5 transitions, fair agreement is found between
theory and experiment, considering thc scarcity of
experimental data.

The K-M~M4 5 intensity has a strong peak at
Z =63 (Fig. 3). This peculiar behavior is caused by
level crossing. For Z & 60, the M, M, (J=2) level
lies above the M'M4(J =2) and M'Mq(J=2) levels.
As Z increases, M3M3(J=2) first comes down
to cross M'M"(J =2) at Z =62, then crosses
MtM5(J=2) at Z =65 (Fig. 4). The E-MtM4 q

transitions pick up some intensity from E-M3M3

TABLE I. Theoretical relativistic E-MM Auger transition rates (in milliatornic units },in intermediate coupling ~ith confi-
guration interaction.

36 45 60 67 70

M)M)

Mi M2

M)M3

M2M2

M2M3

M3M3

Mi M4

Mi M5

M2M4

M2M5

M3M4

M3M5

M4Mg

M4M5

M5M5

4.30(—2)

1.01{—1)

3.13(—2)

2.4O(-2}

2.21(—1)

2.24(-2)

1.66{—2)

6.30(-3)

1.68(-3)

3.43(—2)

S.37(-3)

1.63(-2)

1.3O(—4)

8.68(-S)

4.33(-4)

6.93(—2)

1.34(—1)

6.53(—2)

2.S4(-2)

2,86(—1)

6.so(-2)

2.18(-2)

1.2O(—2)

1.64(—3)

s.s2(-2)

1.S9(-2)

2.45(—2)

1.66(—4
4.37(—3)

9.21(W)

1.os(-1)

1.63 (—1)

1.19(-1}

2.7O(-2)

3.33(-1)

1.os(-1)

3.O3(-2)

1.87(-2)

1.O9(-2)

5.33(—2}

3.56(—2)

2.84(-2)

1.10(-4
5.40(—3)

1.36(—3)

1.36(-1)

1.98(—1)

1.54(—1)

2.89{-2)

3.63(-1)

9.2O(-2)

6.34(—2)

3.18(—2)

1.37(-2)

S.62(-2)

4.64(-2)

3.43(-2)

8.72(-S)

6.74(-3)

7.O9(-4)

1.68(-1)

2.41{—1)

1.83(-1)

3.O7(-2)

3.88(-1)

1.15(—1)

1.31(-2)

8.45(—2)

1.6O(-2)

S.71(-2)

S.29{-2)

3.97(-2)

7.08(—5)

1.82(-1)

2.62{—1)

1.95(—1)

3.1S(-2)

3.98(-1)

1.S7(-1)

1.O8(-2)

S.41(-2)

1.70(—2)

S.77(-2)

s.s3(-2)

4.17(—2)

7.o7(-s)

9.14(W) 1,04(—3)

7.27(-3) 7.9S(-3)

2.06(—1)

3.oo(-1)

2.12(—1)

3.28(-2)

4.14(—1)

1.94(-1)

1.31(—2)

2.81(-2)

1.86(-2)

S.84(-2)

5.84(-2)

4.46(-2)

6.62(-S)

7.89(-3)

1.1O(-3)

s.os(-1}

9.21(—1)

3.49(—1}

4.4O(-2)

s.2o(-1}

2.73 (-1)'

3.ss(-2)

2.21(-2)

3.35(—2)

6.1O(-2)

7.22(—2)

6.07(—2)

1.11(-4)

9.04(—3)

1,81(—3)

'1 x 10 a.u. =0.02721 eV/1=4. 134 &10'3 s '.
Numbers in parentheses signify powers of ten, e.g., 4.30(—2) =4.30 x 10
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FIG. 1 Ratio of calculated K-M M and K-M M1 2 n 1 1

Auger-transition rates to the total K-MM transition r t (si ion rate ex-
c u ing E-M3M4 5), as a function of atomic number. The
solid curve represents Dirac-Hartree-Slater results in inter-
mediate coupling with configuration interaction, the dashed
curves indicate Dirac-Hartree-Slater results in j-jcoupling
and the dot-dashed curves represent nonrelativistic Hartree-
Slater results in j-jcoupling, all from the present work. The
experimental results are from Refs. 3, 4, and 12.
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FIG. 3. Ratio o E-atio &o K-"~1M4 5 Auger-transition rates to the
total K-MM rate, as functions of atomic number. The
Dirac-Hartree-Slater calculation in intermediate coupling
with configuration interaction (solid curves) exhibits a pro-
nounced peak near Z =63, caused by level crossing (see
text). The broken curves represent Dirac-Hartree-Slater

4, and 12.
results in j-j coupling. Experimental data ar f R f . 3,are rom e s.
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FIG. 2. Ratio of calculated K-M~M~ and K-M&M3

Auger-transition rates to the total K-MM rate; see caption of
Fig. 1 for details.

FIG. 4. Two--hole M-shell energy levels, as functions of
atomic number. Level crossings cause the Auger-intensity
peaks illustrated in Fig. 3.
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through the strong configuration interaction between
M~M4 5(1=2) and M3M3(1=2) states. The lt.'-

M~M4 5 transition rate increases by a factor of -4 at
Z =63 and by a factor of -2 for Z & 55. Good
agreement between theory and experiment is ob-

tained for E-L~M4 5 intensity ratios after including
level-crossing interaction (cf. Fig. 3). Level crossing
is a very common phenomenon in multiply ionized
atoms. '3 Great care has to be taken in treating these
cases.
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