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L-Shell Auger and Coster-Kronig Electron Spectra*
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(Received 21 December 1971)

individual-term electron transition rates for initial L-shell holes are presented in j-j cou-
pling. Comparisonwith experimental-term intensities are made for platinum, tellurium, ura-
nium, argon, and krypton. For the latter two elements agreement is poor. Comparison with
experiment indicates some prominent peaks in the uranium L2 Coster-Kronig spectrum are
improperly identified.

I. INTRODUCTION

In a previous paper' we used computed L-shell
Auger, Coster-Kronig, and radiative total transi-
tion rates to compute Coster-Kronig and fluores-
cence yields. In examining the K-shell Auger e1.ec-
tron spectrum we found good agreement between
calculation and experiment, but there were discrep-
ancies at low, intermediate, and high Z. However,
it is known that at low Z, configuration interaction3
can reduce the discrepancies; while, at high Z a
proper relativistic treatment, ' and at intermediate
Z use of intermediate coupling, can reduce the dis-
crepancies appearing between calculation and ex-
periment. Generally, the K Auger spectrum is
composed of readily resolved lines. The L Auger
and Coster-Kronig spectra, more often than not,
are composed of overlappling lines or even overlap-
ping spectra. The procedures used by Albridge
and collaborators' to resolve the spectrum result
in a consistent assignment of spectral intensities
but their procedures are probably not optimum. In
Sec. 0 we present the computed transition rates
for the stronger lines in j-j coupling, and in Sec.
GI we compare the calculations with measurements
on platinum, tellurium s uranium, argon 'o'" and
krypton. ' We will use the term "reasonable agree-
ment" for spectra where calculated strong lines
are measured as strong, and weak lines are mea-
sured as weak with, for the most part, better than
25'Po agreement between intensities for strong lines.
For argon we do not find reasonable agreement be-
tween measurements and computed intensities in
j-j coupling, primarily because pure j-j coupling

is not applicable. " But the analysis of experimental
data starts with energy levels which are of the j-j
type. For instance, the electron spectroscopy-for-
chemical-analysis (ESCA)" tabulation presents
ionization thresholds in j-j coupling.

The procedures used to compute the transition
rates are described elsewhere. ' Briefly, we ob-
tain the Herman and Skillman" potential for the
atom with a single inner-shell hole. We approxi-
mate the central potential with a series of seven
straight lines, and with this approximation deter-
mine one-electron eigenvalues and discrete and
continuum orbitals. For Auger transitions we use
the one-electron eigenvalues to determine the con-
tinuum-electron energy. For Coster-Kronig transi-
tions, we use the ESCA'4 ionizat&on thresholds in
place of the one-electron eigenvalues. This is an
ad hot.- procedure; however, the continuum-electron
energies determined f.om the ESCA tabulation are
closer to the measured continuum energies; a.iMI

the Coster-Kronig rates are sensitive to the en~"r@f'

of the continuum electron.

IL ABSOLUTE TRANSiTlON RATES

In Table I we list the computed Coster-Kronig
transition rates for 18 -Z —90. In addition we in-
clude the total transition rates A; (all rates are in
10 a. u. . 1 a..u. =2.42&&10" sec). The total
transition rate is the sum of the Auger, Coster-
Kronig, and radiative rates. If N„Nz, and .V, are
the number of holes in the L„L2, and L, shells,
respectively, the intensity of a line n is given
by l(a) = N, A, (a)/Ar and the intensity of line a re-
lative to line p is f(a)/f(p) =N;A, (a)A& /N, A&(p)A, .

Copyright 0&1971 by The American Physical Society.
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III. COMPARISON WITH EXPERIMENT

Our transition rates are for a selection of ele-
ments in the Periodic Table. We compare our re-
sults with experiments on elements for which we
have not computed the transition rate. Comparison
is made with nearby elements for which we have
done the computations. This is justified because
the rates do not, in general, vary rapidly from
element to element, providing the strong transitions
arise from the same completely filled shells in the
different elements. In addition, we do not use the
absolute rates, but the rates normalized so that
the summed calculated and experimental rates for
groups of terms are equal. The rates, so nor-
malized, are less sensitive to variation with Z,
again providing the strong transitions from com-
pletely filled shell. s are common to the elements,
and providing the normalization is done with the
same group of terms.

In Table V we compare the measurements of
Toburen and Albridge on platinum7 and Casey and
Albridge on tellurium. In analyzing the Pt spec-
trum we used the computed Auger spectrum for
Z=79. The low-energy Auger spectrum for Pt is
dominated by terms arising from an L, hole
(L,M, M2 —L,M,M,}. We normalized the computed
total intensity for this group of lines to the experi-
mental group total intensity, and used the experi-
mental ratios N& .'.V& .N, = 0.84:0. 56:1.09 to com-
plete the calculation. Comparison indicates rea-
sonable agreement. The results for Te are nor-
malized so that the computed total intensity for
Z= 54 equals the total measured intensity. Agree-
ment seems poor. However, the published' spec-
trum indicates four large peaks, one of which is
due to the P-decay electron from ' 'I. Under the
heading configuration for Te we list the computed
dominant term. Groups 4 and 5, 7 and 8, and 10
and 11 correspond to the other three large peaks.
When these are taken in combination the computed
values differ from experiment by 20, 15, and 2S%,
respectively. One striking discrepancy is the

L~M4,%4, to L,M4,N, , intensity ratio. This is
approximately given by N2A, /N, A3 = 0. 43. The cal-
culated ratio for group 18 relative to group 13 is
0.465 while the measured ratio is 1.88. Compari-
son indicates the discrepancy lies in group 13, and
group 13 sits in the wing of the P-decay electron
peak. Zender, Pou, and Albridge measured the
Coster-Kronig and Auger electron spectra of Ur
following P decay of Pa. They isolate many
terms of the L3 Auger spectrum and of the L,
Coster-Kronig spectrum, but they find the L2
Coster-Kronig spectrum overlapping the M-shell
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TABLE V. Comparison of the calculated and experimental L-shell electron spectra for Pt(Ref. 7) and Te (Ref. 8).
The calculated values are normalized as described in the text.

Platinum
conf igur ation Meas

Intensity
C ale

Tellurium
configur ation Meas

Intensity
C ale

Lpf(M2
M2M)
M,M,
M2M3

MPS4 5

M+3
M2M4

MPH
L2 M(M)
L3M3M4

M3M5

L2M)M2
L3M4M4+ L2MPI)
I 3M4M5+L)M)M)
L+(M3 +L3M5M5

L)M)M2
L+I2M3+L3 M) N)

7a
I )MfM3

Lpf 3M~ +Lpf)M2
L3M) N4 5+L2 M+f4

L 3M2N3
L+2M5
L)M2M3

8b

L,MPS4
LPIPf4
L f,M+13

I 2M4M4+ L3M5N~
10c

L3M4N4 5 +L)MPI5
L3M5N4 5

L,M4M,
L)M5M5

(L3N3 'L2M4, 5»4, 5

1. 5

1.0
4. 1

12 ~ 0
2. 3

17. 1
0. 7
3. 7
1.0

14. 9
18.9
2. 2

13.0
34. 6
18.4
1.0
7. 8
2. 8
1.9
2. 7
4. 0
1.0
6. 0
2. 0
1.1
4. 9
7. 7
5. 1
5. 9

15.2

6. 4
11.3
6. 9
1.4
5. 8

0. 3
0. 1
5. 1
8. 7
1.5

13.3
1.0
7. 6
0. 1

14.4
24. 3
1.9
4. 2

43. 6
30. 2
1.6
6. 6
1.3
3. 2

0. 2
4 4
1.2

7. 5
0. 2

2. 4
3. 0
6. 0
0. 1
7. 0

25. 9
7. 3

15.7
7. 1
2. 1
9. 4

(1) L,M,M,
(2) ' 'L3M3M3 ' '
(3) L3M)M4 5

(4) LPM2M2+L3MPS4 5

(5) ' ' L3M3M4 5
' '

(6) ' ' L)M)M2
(7) ' ' L2M2M4 5

' '

(8) ' ' L3M4 5M5

(9) ' ' L(M)M4 5
' '

(10) ' ' L2M4M4 5
~ ~

(11) L fM2M4
(13) L3M4 5N4 5

(14) L,M4M4, ~ ~

(15) LPr5M5
(16) L(M(N2 3

(17) ' ' L(M)N4 5
' '

(18) ' ' L2M4 5N4 5

1281
928
235

2480
3380

150
6600
3460

322
2370

735
320
900
470

92
343
600

925
1635

118
354

4395
225

1743
6832

739
3850

127
1703

760
220
108
141
792

Auger spectrum. We normalized our computed
values for the groups L,L,M, —L,L,O4, and L,M, M,
—L,M,N, by equating the group total intensity for
Z=90 to the measured-group total intensity. The
results are shown in Table VI, and are in reason-
able quantitative agreement with the measurements.
The normalization so obtained was used to compute
L, and L3 intensities for the terms numbered 1 to
23 (see Ref. 9 for the identification of the unlabeled
terms) We als.o show in Table VI the La Coster-
Kronig terms, the group L~L3N, —L,L,O4 „and the
calculated values with the group normalization as
above. We argue that the measured L~ Coster-
Kronig values are misidentified and the values in
parentheses are the correct ones. The modified
experimental values are then in reasonable agree-
ment with the calculations. However, if we accept
the La normalization as obtained from the L~
Coster-Kronig group, then the La Auger terms (21

and 22) LaM~M4+ LaM4M, have a computed intensity
of 356 while the measured intensity is 11.5. Using
the argument that the transition rate for L3M4M5
+ L3M5M5 is approximately equal to the rate for
L~M4M4+ L&M4M5 and the expression for converting
the transition rate to an observed intensity, the
above La normalization would lead to Nz/N3= 15.6.
This is unreasonable. We argue that while the
separation of the experimental L~ Coster-Kronig
spectrum from the M Auger spectrum may be rela-
tively correct (i. e. , within the La Coster-Kronig
group), the subtraction of the M Auger spectrum is
not reliable enough to compare the L~ Coster-
Kronig spectrum with the L, Auger spectrum. We
normalize the L, Auger spectrum so that the mea-
sured and computed intensities for LaM4M4+ LaM~S
are equal. This leads to N, /fV, =0. 50, a more
reasonable value. If we accept this latter normali-
zation, accept the L& Coster-Kronig experimental
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TABLE VI. Comparison of the calculated and experimental L-shell electron spectra for Ur (Ref. 9).
lated values are normalized as described in the text.

Term C ale Group Meas Calc

LksM4
L)L+s
1 )L+4
LPPs
1 &LB)v'6 ~,
L )LsOz s

L&Ls04, s
L+jMs
L+2M~
L +zMs
L+3MB
L+3M4
L++~

L+4MI
LBMgM~

L+)N,

LPP3

LPPs
LA/e, ~

LzLsoz
L'+s04.s

73
103
11

6. 7
1.3
1.6
3.3
4. 1
2. 3
8. 0
9.2
9.9
1.9

22
13
1.7

46
35 f46)

101 (35)
45 (101)

(45)
8

12
4. 7

66
85
8. 7

10.9
20. 5
1.0
4. 0
2. 3
4. 9
3. 8
7. 5
7 4

12.4
l. 1

21
15
0. 77

10.3
55
25
99
27
13
12
24

1
2

3+4
5
7
8
9

11+12
13
14
15
16
17
18
20
21
22
23

Remainder

3.6
2. 5
5. 1
4. 0
3.4
2. 5
5. 1
2. 0
1.4
3. 0
1.8
5. 2
1.6

14
2. 8
2. 0
9. 5
5. 5

27

1.8
2. 9
4. 0
1.4
7. 5
2. 1
1.7

4
1. 1

7. 6
0. 7
4. 1

13.6
3. 0
2. 1
9.4
8. 2

24. 3

intensities, and reject the computed L,I Coster-
gronig yields, we find a Coster-Kronig rate 8850
&10 a. u. and fz I =0.6, an unreasonable value.

Thus, we argue that the correction made for the M
Auger yield was not sufficient.

With the latter L~ normalization the terms 1-23

TABLE VH. Comparison of the calculated and experfznental L-shell electron spectra for Ar (Refs. 10 and 11).
The calculated values are normalized as described in the text. Expt* are values calculated using experimental con-
tinuum energies.

Term Model ESCA Ref. 16 Expt

LAa%
L$,~3M~ ~(S)

(~)
('e
('&g)

s&s)
I'(LP AIM)) ev
&(Lk~,3) ev

1 +(Mq(~S)
N)Nz s(~Pj
N)Mz s(sp)

(
Mq 3M' q(~1))

I.~ps, (~s)

MiMz. s(~P)
MP'~. s(3~
M~ IM~ 3(~S)

u, '~z s~~a)

z,s(

70. 2
1V. 6
13.3
16.3
10, 5
17.6
24. 6
1.64
2. 34

0. 31
0. 83
l. 00
0. 04
0. 01

1.6
14.2
12. 7
11.2
40. 8
48. 1

122
30.4
20. 2
9. 5
8. 0

13.3
18.6
1.33
1.09

95. 6
23. 8
1V. 0
12. 8
9.3

15~ 4
21.6
1.45
1.53

114
17~ 8
11.5
15.2
11.1
18.5
25. 9
l. 37
1.35

0. 4V

0. 82
1.00
0. 04
0. 01

l. 9
16.8
16. 8
9.3

49 ~ 3
41.4

26. 3
22. 9
10.4
15.2
10.4
17.1
24. 1
0.38
1.46

0. 42
0. 83
1.00
0. 08
0. 01

7. 2
8. 0

11.1
12.2
45. 0
41. 8
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were computed and are shown in Table VI. We

supplemented the identifications of Zender, Pou,
and Albridge by adding the intensity for I.s M,Ms
to that for L3M,N„adding L&MMz to group 1, and

adding L,M,M& and L2M, M, to group 2. The ratios
1.5:0.52:1.00 were deduced for N, :N~:N, .

Pure j-j coupling is inappropriate for the analysis
of the Coster-Kronig and Auger spectra of argon.
Asaad and Mehlhorn'3 have treated Ar in a mixed
coupling scheme and we use the results of their
analysis. Mehlhorn' has measured the L, Coster-
Kronig spectrum of Ar and compared his results
with calculations of Rubenstein. '7 There is a sig-
nificant discrepancy and Mehlhorn suggests the
reason lies in use of the incorrect L, binding energy
by Rubenstein. Rubenstein used 287 eV, while the
measured value is 32? eV. We use 355 eV so that
Rubenstein's value and ours bracket the experi-
mental value. In addition, we have chosen three
values for the continuum-electron energy, one
directly from our approximation to the central po-
tential of Herman and Skillman, "the second using
ESCA' values, and the third using the experimental
electron energies. In Table VII we show our three
calculations for the Ar L, Coster-Kronig term
intensities, Rubenstein's calculations, and the mea-
surements. The results are normalized so that
the total L,L»M» intensity equals 100. In addition
we show the total transition rate converted to eV
by F= SA~. The L,L»M, transition rate, however
computed, disagrees with experiment. The results
are energy sensitive but primarily via the L,L»M
transitions. In our calculations best agreement
with relative term intensities occurs for the model
calculation and worst agreement for the ESCA cal-
culation. However, for the total half-width best
agreement occurs for the ESCA calculation and
worst for the model calculation. In addition in
Table VII we show Rubenstein's and our calcula-
tions and the measurements of Mehlhorn' and
Mehlhorn and Stalherm" on L-shell Auger relative
intensities.

Finally, Krause'~ has examined the I.MM spec-
trum of krypton. One reason given for the study
was that the 2p3p3d/2p3d3d transition rate ratio
given by Rubenstein's'6 calculation was too low to
be consistent with data on charge distributions
resulting from the removal of a L electron. Ruben-
stein's results, our results, and the experiment&
values are shown in Table VIII, normalized to a

TABLE VIH. Calculated and experimental relative
intensities for LBMM configurations in Kr.

Transition Ref. 16

Relative
intensity
Model Expt

2p3d3d
2p3p3d
2p3p3p

72. 5
9.7

17.8

47. 8
32. 5
19.6

61.7
25. 9
12.3

total intensity of 100. The striking feature is the

large discrepancy between both calculations and

experiment and the even larger discrepancy between
the two calculations. A comparison of our radial
matrix elements for these transitions with Ruben-

stein's shows little agreement.

IV. CONCLUSIONS

We have presented tables of Auger and Coster-
Kronig transition rates for initial L-shell vacancies.
The tables are for j-j coupling and should be useful
whenj-j coupling applies, or whenj-j coupling
does not apply and experimental electron-energy
resolution is such that individual term intensities
cannot be resolved but individual configuration in-
tensities can. Comparison of the calculated in-
tensities with experiment for the heavier elements
indicates reasonable agreement, considering the
inherent difficulty in resolving the experimental
spectra. The discrepancy found in the indentifica-
tion of peaks in the uranium L~ Coster-Kronig spec-
trum indicates how the computed transition inten-
sities supplement energetics in identifying peaks
in the spectra. For the L, Coster-Kronig spectrums
in Ar, there is a striking discrepancy for which
we have no explanation, though we can rule out the
hypothesis that it arises merely from the use of
incorrect energies in one-electron orbitals. For
the discrepancy between our computed (3P)s/(3d)s
and (3p3d)/(3d)s intensity ratios and experiment for
decay of an L, hole in krypton we argue that the
situation is similar to that for the (2s) /(2p) and
(2s2p)/(2p)s intensity ratios for K-shell decay in
the elements Fl-Al 's (where the K-shell ionization
energy is comparable to the L, ionization energy
in Kr). For the K-shell situation, configuration in-
teraction can improve the situation but not resolve
the discrepancy.
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(Received 7 December 1970)

The low portion of an extensive level structure derived from analysis of the optical spec-
trum is reported. Positions, 4 values, and gz factors are given for 98 levels, including all
91 levels expected below 10000 cm . A previous report on this analysis showed the ground
level to be 4f 5d6s t"

4 and gave the lowest levels of 4f5d. 6s. Comparison of the observed
odd-parity levels with calculations by Goldschmidt and Salomon shows thai, all 86 of the odd
levels tabulated here belong to these configurations. A11 but seven of these odd levels are
assigned L S names, although the calculations show that many of them have low LS purities,
and a few have strong mixtures of the two configurations. The much simpler system of even
levels below 10000 cm ' includes only the six levels of 4f 6s H and E, beginning with H4
at 4762. 718 cm above the ground-state level. The table of even levels also includes
4f 6s G4 and the lowest two levels of each of the lowest two terms of 4f 5d6s, ~I4t» and
5
K~ 6.

INTRODUCTION

One reason for special interest in the outer
structure of the cerium atom is the rapid increase
in the binding energy of the 4f electron through the
sequence Ba-Pr (Z= 56-59'). Well before any
analysis of the arc spectrum of Ce existed, its
complexity supported the deduction that at Z= 58
the 4f binding energy was about equal to that for
5d and 6s. The ground configuration of Lac (Z= 57)
is 5d6s, and Sd 6s is also very low. Thus after
the discovery' in 1953 that 4f'6s was the ground-
state configuration of Pr t (Z= 59), each of the con-
figurations 4f ~6s~, 4f Sd6s, and 4f 5d 6s remained
a reasonable possibility as lowest in Cer. Racah's
finding' that the 4f 5d', 4f 5d6s configurations' ex-
tended lowest in Cext made the Cei 4f Ss possibil-
ity remote. An atomic-beam resonance measure-
ment of three Cez g~ factors differing by several
percent from any expected LS-coupling values gave
further evidence that the normal configuration had
at least one 5d electron. '

In 1963 an analysis of the Cez spectrum' gave
energies, g~ values, LS designations, and config-
uration assignments for nine levels of 4f Sd6s and
for five levels of 4f 5d 6s. These were the lowest
levels of the lowest two configurations, and the

ground level was shown to be 4f Sd68 'G4. By 1967
the analysis had been greatly extended. All levels
were known to well above 10000 cm ', including
those of the three lowest 4f 6s terms. A theoreti-
cal interpretation of the low odd levels had also been
accomplished. ' Although only a small portion of
the extended analysis can be given here, this report
includes what are for several purposes the most im-
portant and interesting results.

OBSERVATIONS

The cerium-line list contains some 25000 wave-
lengths. 9 These data and a description of the ob-
servations will eventually be published elsewhere.
The most accurate wavelengths have been obtained
in the region 3800-7100 A from spectrograms taken
in the eighth through the fifteenth orders of a plane-
grating spectrograph. ' An electrodeless lamp was
the source. The probable wave-number error for
averages from these plates is less than 0. 01 cm '.
The infrared spectrum has been observed out to
2. 42 pm by Verges, "and was important in confirm-
ing the low even Cer levels.

Extensions of the previously described Zeeman
data' were obtained from infrared observations'
to 9106 A at a field of 24 000 G, and from observa-
tions in the visible region by Vander Sluis'3 with a


