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Theoretical K-LL Auger spectra have been calculated relativistically in intermediate coupling with
configuration interaction. Results for 25 elements with 18<Z <96 are listed and compared with
experimental data. Relativistic effects are seen to be important above Z~35. Intermediate coupling with
configuration interaction is necessary to describe the spectra for Z S 60; j-j coupling results are adequate
above Z~60, except for the K-L,L,(*Sp)/K-L,L,('S,) intensity ratio, which is very sensitive to correlation.
The relative satellite intensity K-L,L,(’Py)/('P,) is found to be exceedingly sensitive to the effects of
relativity; experimental data, though scant and uncertain, appear to disagree with this theoretical ratio.
Otherwise, the present relativistic K-LL spectra in intermediate coupling with configuration interaction
agree well with experiment over the entire range of atomic numbers from Z = 18 to 96.

I. INTRODUCTION

The K-LL Auger spectra of the elements have
been studied extensively, both in theory and ex-
periment,' because of their simplicity and high in-
tensity.

For very light elements (Z < 20), the electro-
static interaction dominates and Russell-Saunders
coupling applies. Relativistic effects are small for
light elements, but the effects of electron-electron
Coulomb correlation are very important in pre-
dicting relative intensities.?-

For elements with atomic numbers in the range
20 < Z < 35, the spin-orbit interaction is not negli-
gible compared with the electrostatic interaction,
and intermediate coupling is more appropriate than
LS coupling to describe the spectrum.2-®

For 35<Z <60, relativistic effects become quite
important, and the K-LL spectrum must be calcu-
lated relativistically in intermediate coupling with
configuration interaction.*

For heavy elements (Z>60), relativistic effects
play a major role®” and the spin-orbit interaction
dominates over the electrostatic interaction. In
this region of atomic numbers, j-j coupling is
more suitable than the LS coupling scheme.

All relativistic calculations of the transition
amplitudes performed heretofore®-® have been car-
ried out in the M scheme, which suppresses the
total angular momentum of-the coupled final two-
hole configuration; hence these results are diffi-
cult to use as input for intermediate-coupling and
configuration-interaction calculations. Recently,
however, general relativistic Auger matrix ele-
ments have been evaluated with the two-hole final
state coupled in the j-j scheme.® These matrix

elements are arranged in such a way that inter-
mediate -coupling and configuration-interaction
calculations can easily be performed.

Here we report on theoretical K-LL Auger spec-
tra from Dirac-Hartree-Slater (DHS) calculations
in intermediate coupling with configuration inter-
action. Results for 25 elements with 18 <Z <96
are listed and compared with experimental data.

II. THEORY

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

T(aJM—~a'J'M')=|D ~E|?, 1)

where the direct matrix element D and the ex-
change matrix element E are

D =(§{(1)j5(2) I'M" |V, |5, (1) j,(2) IM) (2)
E=(j1(1)j5(2) "M |V, |5,(2)4,(1) IM) . 3)

The primed quantum numbers j} and j), represent
the initial hole and the hole in the continuum that
is filled by the emitted Auger electron, respec-
tively; the unprimed quantum numbers character-
ize the final two-hole state. The continuum wave
function is normalized so as to represent one elec-
tron ejected per unit time. Atomic units are used
throughout. Coupling between an outermost in-
complete shell and an inner-shell vacancy is neg-
lected in Eq. (1). No appreciable Auger-electron
energy shift or splitting is introduced by such cou-
pling in transitions discussed in this paper, whence
the rates are independent of the passive electron
structure.

The two-electron operator V,, is chosen accord-
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ing to the original Mgller formula,®
V= -a, - a,)expGwr,)/7,;, (4)

where the @; are Dirac matrices, and w is the
wave number of the virtual photon.

The direct and exchange matrix elements can be
evaluated by Racah algebra® or through expansions
in vector spherical harmonics''; they can be writ-
ten as a finite sum of terms that comprise the an-
gular and radial parts. A detailed derivation is
provided in Ref. 9. The total radiationless transi-
tion probability for a transition #jx} —n,k,m,k,, in
j-j coupling, is

T=r D-E|? (5)
2]1 +1 £~ Z: | I
M
)
L,L,(J=0) L,L,(J =0)

L,L,(J =0) E, —3G(25,1,2P, 1)
L,L,(J =0) - ~31“(;1(231/221’1/2) E,
L,L,(J =0)

Here, E,, E,, and E, are the average energies of
the configurations L,L,, L,L,, and L,L,, respec-
tively.

The eigenfunctions and eigenvalues are obtained
by diagonalizing the energy matrix. The eigen-
states, with energies in descending order, are
designated as L,L,(’S ), L,L,(*S,), and L,L,(*P,).
The eigenfunctions can be written as

$:(0)=C;; (009, ‘ (8)

withi=1, 2, 3 for the three eigenstates, where the
C,;(0) are the mixing coefficients, and ¢,, ¢,, and ¢,
are the j-j coupled basis states of L,L,(J=0),
L,L,(J=0), and L,L,(J =0), respectively.

The Auger matrix element for the ith state is

3
Mi(0)=§Cu(0)<¢<sz'M’)l Via| ;76 160000
@)

The total radiationless transition rate from #j«;
to the ith eigenstate with eigenfunction ,(0) is

7,(0)= 2] S ;;IM(O)IZ | (10)

Mo
To use the known energy matrix, LS-coupled ba-
sis states are chosen to apply intermediate cou-
pling to the final two-hole coupled states with an-
gular momentum J =1, of the 2s2p configuration,
and J =2, of the 2p® configuration. The theory of

where we have

, ={§ if 1K, =nyk, (6)
1 otherwise.

To take into account the final-hole-state correla-
tion and intermediate coupling, a configuration-
interaction calculation for the final states involving
L,L,(J=0), L,L,(J=0), and L,L,(J=0) is per-
formed. For this calculation, the j-j coupled basis
states are used. The diagonal and nondiagonal
electrostatic matrix elements are calculated by
means of Racah algebra; they are given by the
matrix

L,Ly(J =0)

- %\/_2—61(231/22p3/2)
%‘/EGZ(Zpuzzps/z) . (7)

_%{2—61(231/22153/2) é‘/76’2(2p1/221>3/2) E3+-I%F2(21>3/221)3/2)

I
intermediate coupling as applied to K-LL Auger
transitions has been worked out by Asaad® and by
Mehlhorn and Assad,® to whose papers the reader
is referred for details. We follow Larkin’s ap-
proach'? in performing the intermediate- couplmg
calculations.

For the 2s2p configuration with J =1, the eigen-
functions in intermediate coupling are

$;(1)=C;,(1)p(P,) +C;,(1)p (°Py), =1, 2. (11).

The higher -energy state is designated as L,L,(*P,),
and the lower state as L,L,(P,).

For the J =2 state of the 2p? configuration, the
eigenfunctions in intermediate coupling are

$;(2) =C;1(2)p('D,) +C;,(2)p (°P,), =1, 2. (12)
The upper state is L,L,(*D,), and the lower state
is L,L,(®*P,). The C,;(J) are mixing coefficients
due to spin-orbit interaction.

Because our relativistic Auger transition-prob-
ability calculations are carried out in j-j coupling,
a coupling transformation from LS to j-j coupling
is applied to the LS-coupled states in Eqs. (11) and
(12). After the transformation, the eigenfunctions
P; (J) are
¥ ()= 3 Cprld) ; CULLS,rdn N(dnd), (13)

& 172
where the C(1,l,L,S,j,7,J) are coefficients from
the coupling transformation that can easily be ob-
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tained by Racah algebra.!?
The Auger matrix element for the final state
with eigenfunction ¥, (J) is

M,-(J) = kZCik(J) zj C(Z1Z2Lkskj1j2 J)

Jidp

X (S (j1Jad M) | Vip [ ¢ (13, I . (14)
The transition rate is given by Eq. (10).

III. NUMERICAL CALCULATIONS

The relativistic Auger matrix elements in j-j
coupling were calculated from DHS wave functions
that correspond to the initial hole-state configura-
tion.° We derived the transition energies used in
the calculations from theoretical neutral-atom
binding energies'® using the “Z +1 rule.” The con-
sequent error in the Auger energies (~30 eV out of
2 to 80 keV) has been found to have negligible ef-
fect on the Auger matrix elements. In the config-
uration-interaction calculations, the average en-
ergies (E,, E,, and E,) were calculated from DHS
wave functions'* with the appropriate final hole-
state configurations. The electrostatic Slater in-
tegrals were computed from .the initial-hole-state
DHS wave functions. In the intermediate-coupling
calculations we have followed Larkins’ approach'®
by starting out with relativistic LS average ener-
gies, then introducing the electrostatic splitting
and the spin-orbit interaction to obtain the energy
matrix. Eigenvalues and eigenfunctions were ob-
tained by diagonalizing the energy matrix. Rela-
tivistic LS average energies were computed by
statistically averaging the corresponding j-j aver-
age energies.'? The relativistic LS Slater inte-
grals were calculated according to Larkins’ reci-
pe.lz

We calculated the spin-orbit interaction coeffi-
cients ¢,, from theoretical L, and L, binding en-
ergies,'* using the relation'?

§2’=':2?[E(L2) _E(LQ)]- (15)

The eigenfunctions obtained in diagonalizing the
energy matrix were then incorporated in relativ-

istic matrix elements to calculate the transition
rates.

IV. RESULTS AND DISCUSSION

The calculated relativistic K-LL Auger transi-
tion rates in intermediate coupling with configura-
tion interaction are listed in Table I. (It should be
noted that the present DHS j-j coupling results a-
gree with the relativistic calculations of Bhalla and
Ramsdale.?) Therelative intensities of the K-L,L,,
K-L,L,, K-L,L,, K-L,L,, K-L,L,, and K-L,L,(°P,)
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FIG. 1. K-L,L,/K-L,L; Auger-transition intensity
ratio as a function of atomic number. The present rel-
ativistic DHS calculations in intermediate coupling with
configuration interaction, and in j-j coupling, are com-
pared with results from nonrelativistic calculations in
intermediate coupling with configuration interaction
(Ref. 4) and with experimental data (Ref. 15).

transitions with respect to the K-L L, transition
intensity from the present calculations are com-
pared in Figs. 1-5 with experimental data'® and
with the results of nonrelativistic calculations.*

It should be noted, however, that disagreement at
low Z between the present calculations and the
nonrelativistic calculation of Ref. 4 is due to the
fact that the latter is not a Hartree-Slater calcula-

T T T T T T 7T

201} —— PRESENT DHS IC-CI
LY PRESENT DHS j-j
1.8 —-—- NONRELATIVISTIC IC-CI -

@ EXPERIMENT

I(K-Lola'Se) /T (K-L,L,'So)
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o
N
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1 i 1 1

FIG. 2. K-L,L,(1Sg)/K-LiLy(!S,) Auger-transition in-
tensity ratio as a function of atomic number. Present
relativistic DHS calculations, both in intermediate
coupling with configuration interaction and in j-j coup-
ling, are compared with nonrelativistic results in inter-
mediate coupling with configuration interaction (Ref. 4)
and with experimental data (Ref. 15).
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FIG. 3. K-L,L3/K-L,L, Auger-transition intensity
ratio as a function of atomic number. The present rel-
ativistic DHS results in intermediate coupling with con-
figuration interaction, and in j-j coupling, are com-
pared with nonrelativistic calculations in intermediate
coupling with configuration interaction (Ref. 4) and with
measured ratios (Ref. 15).

tion, but one based on Green’s potential. Thus the
wave functions are different and the discrepancy
has nothing to do with the effects of relativity: the
model is different.

1 T T T T T T
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o N E AR NONRELATIVISTIC IC-CI]
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FIG. 4. K-LyL 3 and K-L ;L 3 Auger-transition inten-
sities, relative to the K-L,L, intensity, as functions of
atomic number. The present relativistic DHS results,
both in intermediate coupling with configuration inter-
action and in j-j coupling, are compared with nonrel-
ativistic calculations in intermediate coupling with con-
figuration interaction (Ref. 4) and with experimental
data (Ref. 15).
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FIG. 5. K-L3L 3(3P)/K-L1L4(!S,) Auger-transition
intensity ratio as a function of atomic number. The
present relativistic DHS results, in intermediate coup-
ling with configuration interaction and in j~j coupling,
are compared with nonrelativistic calculations in inter-
mediate coupling with configuration interaction (Ref. 4)
and with experimental data (Ref. 15).

The calculated intensities of K-L,L,, K-L,L,,
and K-L L, satellites with respect to the main
lines are compared with experiment!® in Figs. 6
and 7. '

From these systematic comparisons, the follow-
ing conclusions can be drawn:

(i) The present relativistic DHS calculations of
K-LL Auger transition probabilities in intermed-
iate coupling with configuration interaction agree

I(K-L3L3%P)
I(K-LsLs®R,)

—— PRESENT DHS IC-CI

—+——+——+ ---- PRESENT DHS j-j
----- NONRELATIVISTIC IC-CI

@ EXPERIMENT

0.6 —

04+

0.2 -

I(K-L;L33P,)
L(K-L,Ls3P)

FIG. 6. K-L3L3(*Pg)/(°Py) and K-L1L3(3P,)/ (3P,)
Auger satellite-to-main-line intensity ratios, as func-
tions of atomic number. The present relativistic DHS
calculations in intermediate coupling with configuration
interaction, and in j-j coupling, are compared with
nonrelativistic results in intermediate coupling with
configuration interaction (Ref. 4) and with experiment
(Ref. 15).
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FIG. 7. K-L{L,(°Py)/ (1Py) Auger satellite-to-main-
line intensity ratio, as a function of atomic number.
Present relativistic DHS results in intermediate coup-
ling with configuration interaction, and in j-j coupling,
are compared with nonrelativistic calculations in inter-
mediate coupling with configuration interaction (Ref. 4)
and with experiment (Ref. 15).

well with experimental data over the whole range
of atomic numbers 18 < Z < 96.

(ii) The DHS calculations in j-j coupling are
adequate to describe the relative intensities in
K-LL Auger spectra for Z> 60, except for the
K-L,L,(*S,)/K-L,L,(*S,) intensity ratio. This par-
ticular ratio is very sensitive to electron-electron
Coulomb correlation, because correlation has the
effect of redistributing strength between the K-L,L,

“and K-L,L,(’S,) transitions. The correlation effect
on this intensity ratio persists even for Z> 80.

" (iii) The importance of relativistic effects on
K-LL Auger transitions for Z> 35 has long been
established.”® For elements with 35 <Z < 60,
however, relativistic calculations in j-j coupling
are inadequate to describe the K-LL spectrum.
The importance of including configuration inter-
action in intermediate coupling as well as relativ-
istic effects is clearly shown in the present work.

(iv) For light elements, some discrepancies be-
tween calculated and measured K-LL spectra re-
main. These differences may be due in part to
the fact that measurements were made on solid
targets, while the calculations are for free atoms.
The importance of solid-state effects on K-LL
Auger intensities has been demonstrated for sodi-
um’® and magnesium.!” Furthermore, correlation

effects other than those represented by the mixing
of the L,L,(*S,) L,L,(’S,) states could be impor -
tant.'®

(v) A discrepancy appears to exist between the
calculated relative satellite intensity K-L,L,(3P,)/
K-L,L,(*P,) and measured intensity ratios. The
K-L,L,(°P,) “satellite” intensity depends very
strongly on relativistic effects. The contributions
to this transition rate from the retarded current-
current interaction term increase drastically with
atomic number and become as large as the contri-
bution from the retarded Coulomb term, for heavy
elements. It is for this reason that the relativistic
calculations predict much higher satellite intensi-
ties than nonrelativistic theory. The present rela-
tivistic calculations in intermediate coupling agree
with experiment for Z <54, but they disagree for
heavier elements. At high Z, the present theory
predicts that the satellite intensity should become
as large as that of the main line, while measure-
ments seem to indicate an almost constant value
of 0.25 for the satellite-to-main-line ratio. Very
little experimental data for heavy elements are
available on this satellite ratio, however, because
it is difficult to resolve the satellite from the main
line; the two peaks are separated by only ~50 eV
out of 73 keV for ,,U, for example. More accurate
experimental data on the K-L,L,(3P,) satellite in-
tensity are therefore needed to resolve this puz-
zling discrepancy.

Note added in proof. It has been called to our
attention that W. N. Asaad and D. Petrini [Proc.
R. Soc. Lordon A 350, 381 (1976)] have also cal-
culated relativistic K-LL spectra in intermediate
coupling with configuration interaction. Using the
M scheme, these authors require 158 matrix ele-
ments for the spectrum, whereas 16 matrix ele-
ments suffice for the present work. Despite the
differences in approach, there is gratifying agree-
ment in the final results. We thank Professor W.
N. Asaad and Professor W. Mehlhorn for advising
us of this work.
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