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Calculated N-shell Auger and radiative transition rates, yields, and level widths for
38 —& —103 were reported. To calculate the &6 7 transition rates it was necessary to find
formal expressions in I.S coupling for the Auger transition rate with initial f holes. In so
doing it was found that some expressions previously given for Auger transition rates involv-
ing initial f holes were in error. The corrected expressions are presented herein. Because
there exist no data on h'-shell fluorescence yields, all comparisons with experiment are
comparisons of level widths obtained in most instances from x-ray linewidth measurements.
For Z —57 the calculated values are in reasonable agreement with experiment. However,
when the 4f shell begins to be filled the calculated A'-shell level widths appear to be signifi-
cantly larger than the experimental level widths. Some of the discrepancy can be attributed
to the sensitivity to Auger-electron energy of the (4/}-(4l'}(4f) super-Coster-Kronig-process.

I. INTRODUCTION

Calculations of Auger transition rates and fluo-
rescence yields have been done for the K, ' 'I.,

and M shells. "There are extensive measure-
ments on K-shell fluorescence yields, consider-
ably fewer on the I. shell, and a small number on
the M shell. There are none on the N shell. Con-
sequently comparisons between N shell yield cal-
culations and experiment are limited to compari-
sons of widths. There is one measurement of
«V-shell Auger electron spectra, the N4, 00 spec-
trum of Xe.' We plan to discuss it in a later paper
on X-shell electron spectra. " Measurements of
N-shell widths can be found from K- and L-shell
hard-x-ray emission spectra, " "M- and N-shell
soft-x-ray emission spectra, ""and N-shell
photoelectron spectroscopy. " Some of the N-shell
data were obtained to examine multiplet splitting
in ions with partially filled «V subshells. In such
eases the multiplet splitting is an additional factor
that must be accounted for in determining a mea-
sured width. We have treated this elsewhere. "
For Z& 57, decay of 4s, 4P, and 4d va. cancies is
dominated by Coster-Kronig and super-Coster-
Kronig'-transitions involving 4f electrons. In
addition 4f vacancies can decay by Auger transi-
tions and it was necessary to determine expres-
sions for the Auger transition for initial f holes.
In so doing it was discovered that expressions
given earlier" by the author for the Auger transi-
tion rate for initial s and P holes and f electrons
contain errors. The corrected values are given
in See. II. Because of the complexity of the Auger
transition rates for initial f holes calculated in

j-j coupling, the transition rates were calculated
in I.S coupling only. This precludes any calcula-
tion of Coster-Kronig transitions of the form
NG-XVX.

II. TRANSITION RATES, ENERGETICS, AND

ORBITALS

Expressions for the Auger transition rates in
I.S coupling for initial f holes are given in the
Appendix. If the Auger transition rate for an ion
whose initial state has an /, hole, and whose final
state has l, and /4 holes and an /, electron in the
continuum, is written W(/, /, /, /, ) then W(/, /, /, /, )
=[(2/, +I)/2/, +1]W(/, /, /, /, ). Thus one can com-
pare transition rate expressions for initial f holes,
with expressions involving final-state f holes. In
comparing the results in the Appendix with those
earlier found by the author, several errors in
Ref. 24 were discovered. For transitions s ff'-
the Auger transition rate is

Wi~(s, ff')
= 2m x 147'jD(3, 0)'+E (3, 0)' —D(3, 0)E(3, 0)

+ ~3[D(3, 2)'+E{3,2)' —D(3, 2)E {3,2)]

+ r'r [D(3, 4)'+ E(3, 4)' —D(3, 4)E(3, 4)]

+ '~~ [D(3, 6)' +E(3, 6)' —D(3, 6)E(3, 6)]],

where D(E., l), E(K, /), and ~' are defined in the
Appendix. In addition in Ref. 24 the expression
for the p ff transition contai-ns the terms
+~»D(2, 1)E(2, 1) + ~ ~ ~ +~a(4 3)E(4, 3). The cor-
rected terms are -PD(2, 1)E(2, 1) + ~ ~ ~ -~D(4, 3)
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xE(4, 3). With these exceptions the expressions
given in the Appendix are consistent with those in
Ref. 24. Since 3s-(4f)' and 3p-(4f)' transitions
are weak, the above-mentioned errors have no
significant effect on earlier work. It has been
pointed out to the author" that three other errors
occur in Bef. 24. The expression for the d-dd
Auger transition rate contains a term 4(A, +D, )
which should be 4(A, + C, ), and that the coefficients
of D(4, 4) and E(4, 4) in the expressions for B, and
D„respectively, should be» instead of, . These
errors are not negligible and led to calculated 3d
widths' that were as much as ten percent too large.
The Auger transition rate calculations reported
here used the j-j coupling expressions given by
Asaad" and by the author, "and the I.S coupling
results listed in the Appendix.

The decay of N-shell holes is dominated by
Coster-Kronig transitions of the form N-NX and
super-Coster-Kronig-transitions of the form
W-N¹ In such transitions a low-energy electron
is ejected from the ion. The computed transition
rate is sensitive to the choice of ejected electron
energy, and there are few measurements of the
energy of the ejected electron. In these calcula-
tions the energy of the ejected electron was esti-
mated using

e =E„...(Z) ——,'[E„...(Z) +E, (Z+ I)

+E„, (Z)+E„, (Z+I)], (2)

where E„,(Z) is the binding energy for the nl sub-
shell of the neutral atom with nuclear charge Z.
Red'kin et a/. "have measured the low-energy
Auger electron spectrum of osmium (Z= "I6), ex-
citing inner-shell vacancies with 1.0-0.4-keV
electrons. The observed spectra were indepen-
dent of the exciting electron energy in the energy
range studied. They observed three peaks at 158,
163, and 172 eV, and peaks at 9 and 21 eV. They
assign the high-energy peaks to N, N, Q, , tran--
sitions. Using Eq. (2) and the electron spectros-
copy for chemical analysis (ESCA) tabulation of"
binding energies we find e = 161 eV, in good agree-
ment with the measurements. For N2-NP, and

N, N,O, transitions E-q. (2) leads to +5 and + I'I
eV, respectively, in agreement with the measured
values of +9 and +21 eV. Our calculations indicate
that +,-N, y~, , transitions are comparable in
strength to N, -N, ,N, , transitions and occur at
e = 174 eV. The ESCA tabulation of binding ener-
gies shows at N, -N, splitting of 2-3 eV near
Z= 76. Thus it appears the structure seen by
Red'kin et aL. between 158 and 172 eV should be
assigned to N4, -N, ,N, , transitions, not merely
to N, -N, ,N, , transitions.

As in previous work, '4' I determined the dis-
crete and continuum orbitals by approximating
the central potential of Herman and Skillman" for
an ion with a 4p hole by a series of seven straight
lines, varying the parameters of the approxima-
tion until the eigenvalues are in reasonable agree-
ment with the eigenvalues of Herman and Skill-
man. ' The bound and continuum orbitals are then
obtained in terms of %hittaker functions. For
Z=96, 100, and 103 the ESCA tabulation" of bind-
ing energies has no entries for N. .. 0, and P
shells. For these cases we used the model eigen-
values in determining the Auger-electron energy.

III. CALCULATED YIELDS

In Table I we list the calculated N, yields for
38 = Z «103; in Table II we list the X, and 5',
yields for 38 & Z «103; and in Table III we list
the N4 and, V, yields for 50 «Z «103, and the ~V, .
fluorescence yields and level widths for 70- Z
«103. The fluorescence yield ~; is the ratio of
the total radiative decay rate to the total decay
rate. The Auger yieM a; is the ratio of the total
decay rate via Ã, -XY transitions, where X, Y ~ iV,

to the total decay rate. Because of the occurrence
of super -Coster-Kronig-transitions of the form
N&-N;N» the first step in the decay of an X,- va-
cancy can lead to two other N vacancies. The
quantity S(N, , N, ) is the average number of N,
vacancies produced in the first step of the decay
of an N; vacancy. %e emphasize the first step
because it is possible for several N, , vacancies
to be created in the decay of an N, vacancy. In
general,

v, +a", + gS(N;, N, ) ---2, (3a)

and when super -Coster -Kronig-transitions are
forbidden,

u)'; +a ( + Q S(N;, N) ) = I .

The total transition rate is listed in terms of
widths I'. The total transtion rate is I'/h.

The N, , w'idths are less than 1 eV for all the
elements up to Z = 100. This is due to the absence
of Coster-Kronig transitions. The N4 and N,
widths are less than 1 eV until the 4f shell begins
being filled. The ESCA tabulation of binding ener-
gies does not list a splitting of the N, and N, bind-
ing energies until Z = 70. For Z:-- 73 the N, -N,
splitting is less than the N, , binding energy, and
for Z = 73 we neglected N, -N,N, , transitions.
For Z=70 the listed N4-R, splitting is greater than
the N, , binding energy and the N, -N, N, , transi-
tion rate is large. The possibility exists for
N4-N, .V, , transitions in the other rare earths but,
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TABLE I. Calculated &~ yields and widths (in eV) for 38 && «103. The width values in

parentheses are obtained using an alternate Auger-electron energy estimate as discussed in

the text. The notation A-8 is A x 10"+.

+& yields
S {l,3) S(1,4) S(1, 5)

38 1.2-5
40 2.1-6
42 1.3-6
44 1.1-6
47 8,0-7
50 6 2-7
54 1.5-5
57 2.3-5
58 2.2-5
60 2.2-5
63 2.8-5
65 3.3-5
67 3.7-5
70 4.9-5
73 6.1-5
74 7.5-5
77 1.0-4
79 1.3-4
83 2.4-4
86 3.6-4
90 6.1-4
92 7.1-4
96 8.3-4

100 0.0012
103 0.0016

0.33
0.31
0.33
0.32.
0.32
0.33
0.20
0.22
0.23
0.24
0.25
0.25
0.25
0.25
0.20
0.19
0.19
0.27
0.26
0,22
0.31
0.36
0.42
0.53
0.46

0, 66
0.63
0.66
0.65
0.64
0.65
0.40
0.43
0.47
0.48
0.50
0.49
0.50
0.50
0.56
0.56
0.57
0.50
0.46
0.47
0.33
0.33
0.25
0.18
0,20

0.36
0.40
0,41
0.41
0.40
0.23
0.20
0.15
0,14
0.11
0.11
0.10
0,080
0 ~ 073
0,062
0,059
0.049
0.055
0.053
0.059
0.049
0.051
0.04S
0.048

0.53
0.59
Q.61
0.62
Q.60
0.35
0.30
0,23
0.21
0.16
0.16
0.15
0.12
0,11
0.092
0.091
0.074
0.083
0.080
0.088
0.074
0.077
0.072
0.073

0.17
0.38
0.48
0.59
0.64
0.65
0.63
0.59
0.56
0.45
0.38
0.41
0.27
0.25
0.23
0,19
0.24

0.017
0.0017

0.0003
O.Q14

o.o17
0.012
0.011
0.007
0.008
0.006
0.005
0.007
0.008
0.013
0.013
0.021
0.026
0.034
0.029
0.040
0.036
0.040

0.70
6 44

14,8
22.9
41.9
78.2
5.49
6.87
8.28

1Q.O

11.4
12.6
14.8
15.1
16.3
15.0
16.0
15.9
14.1
12.3
11.2
11.8
14.0
15.3
14.7

(6.2)
{S.o)
(S.o)
{7.O)

(3.1)

TABLE II. Calculated X& and N& yields and widths (in eV) for 38 «Z «103.

N& yields
S{3,4) S(3, 5) S(3, 67)

&2 yields
S{2,3) S(2, 4) S(2, 5) S(2, 67) 8~4 I'(eV)

38 0.013
40 2.3-5
42 7.2-6
44 6.2-6
47 8.4-6
50 7.0-6
54 5.5-5
57 8.5-5
58 5.9-5
60 5.6-5
63 5.6-5
65 5.6-5
67 5.9-5
70 5.2-5
73 5.9-5
74 6.9-5
77 7 7 5
79 9,0-5
83 1.4-4
86 1.2-4
90 4.5-4
92 5.9-4
96 6.9-4

100 1.03-3
103 1.32-3

0.52
0.62
0.63
0.63
0.62
0,20
0.21
0.18
0.17
0.16
0.16
0.15
0.14
0.15
0.14
0.15
0.14
0.14
0.14
0.13
Q, 13
O.].3
0.12
0.12

1.25
1.35
1.36
1.36
1.34
0.77
0.745
0.76
0.75
0.76
0.75
0.76
0.75
0.74
0.73
0.74
0.71
0.65
0.72
0.57
0.55
0.55
0.49
0.48

0,41
0.57
0.71
0.77
0.80
0.86
0.87
0.82
0.80
0.74
0.62
0.66
0.34
0.29
0.25
0.31
0.32

1.0
0,0006

~ 0 t

O.0007
0.03
0.045
0.023
0.018
0.012
0.011
0.009
0.007
0.009
0.011
0.012
0.017
0.033
0.021
0.054
0.062
0.080
0.092
0.103

6x lo ~

0.27
2.03
4.82
9.69

162
2.56
2.72
3.90
5,48
7.14
8.80
9.86

12,1
12 9
12,3
12.8
12,9
11.9
16.3
7.49
6.63
7.59
7.20
6.96

0.013
2.3-5
7.2-6
6.2-6
S.4-6
7.0-6
5.5-5
1.1-4
8.1-5
7.3-5
7.2-5
7.0-5
7.0-5
6.5-5
7.5-5
S.0-5
1.0-4
1.2 4
1.9-4
2.0-4
6.7-4
9.0-4
1.05-3
1.6-3
2.2-3

0.018
0.061
0.065
0.134
0.127
0,142
0.122
0.118
0.114
0.119
0.090
O. 144
0.047
0.092
0.111
0.113
0.183
0.174

1.08 0.69
1.12 0,85
1.12 0.86
1.12 0.87
1.11 0.85
0.76 0.21
0.73 0.21
0.72 0.16
0.72 0.15
0.68 0.11
0.6S Q.ll
0.67 0.10
Q. 69 0.10
0.68 0,10
0.67 0.10
0.68 0.10
0.67 0.10
O. 58 0.10
0.72 0.11
0.53 0.11
0.49 0.11
0.50 0.10
0.39 0.10
0.40 0.10

0.44
0.59
0.70
0.75
0.81
0.84
0.84
0.79
0.77
0.68
0.53
0.63
0.30
0.26
0.22
0.25
0.25

1.0
O.0006

0.0007
0.029
O. 042
0.022
0.017
0.011
O. 009
0.008
0,006
0.008
0.010
0.011
0.016
0.028
0.020
0.048
0.055
O.071
0,075
0.085

6xM '
0.27
2.03
4.82
9.69

16.2
2.56
2.83
4.15
5.86
8.25

10.1
11.2
13.7
14.6
13.8
14.5
14.2
13.9
17.1
8.27
7.46
S.54
8,81
8.44
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N5 yields
8E~N

5
QN

4 S(5, 67)S(4, 5)

TABLE III. Calculated&4, N&, and+6, yieMs and widths (in eV) for 38 «Z «103.

N4 yields
S(4, 67) I (eV) r(ev)

Ne yields
~N p( v)

50
54
57
58
60
63
65
67
70
73
74
77
79
83
86
90
92
96

100
103

4.2-6
6.3-5
1.4-4
1,9-4
1 ~ 3-4
1.1-4
1.1-4
1.1-4
0.7-4
1.2-4
1.2-4
1.3-4
1.5-4
2.3-4
2.8-4
4.7-4
7.0-4
7.9-4
1 0 2 3
1.3-3

0.45
0.015
0.021
0.034
0.049
0.003
0.004
0.002
0.016
0.021
0.032
0.030

1.02
1.40
1.62
1.72
1.75
1.41
1.74
1.70
1.61
1,51
1.63
1.07
1.02
0.871
0.849
0.813
0.832

1.0
1.0
1.0
0.20
0.080
0.029
0.015
0.016
0.004
0.012
0.012
0.024
0.032
0.048
0.056
0.094
0.113
0.130
0, 153
0.138

0.14
0.082
0.133
0.34
0.89
2.07
3 ~ 16
4.34
9.35
7.73
7.89
8.63
8,83
7.56
7.02
5.27
4.23
5.36
5.86
6.66

4.2-6
6.3-5
1.4-4
1.9-4
1.3-4
1.1-4
1.1-4
1.1-4
0.9-4
1.2-4
1.3-4
1.4-4
1.6-4
2.3-4
2.8-4
4.7-4
7.2-4
8.1-4
1.2-3
1.4-3

1.02
1.40
1.67
1.72
1.75
1.82
1.77
1.73
1.80
1.59
1.63
1.07
1.02
0.886
0.868
0.841
0.857

1.0
1.0
1.0
0.20
0.080
0.029
0.015
0.016
0.005
0.012
0.013
0.027
0.033
0.048
0.057
0.094
0.114
0.132
0.158
0.142

0.14
0.082
0.133
0.339
0.892
2.07
3.16
4,34
7.24
7.61
7.72
8.34
8.40
7.54
6.99
5.25
4.17
5.25
5.68
6.46

0.0
3.6-6
7.2-6
2.1-5
3.9-5
1.8-4
4.4-4
4.6-4
3.1-4
2.5-4
2,9-4
2.9-4

2.-4
0.053
0.070
0.154
0.232
0.128
0.098
0.152
0.288
Q. 571
0.876
1.12

in the absence of data on the N, -N, splitting we

neglected such traasitioas at Z=63, 65, and 6V.
For 40 &Z &50 the N, and N, widths are dominated
by N»-N», N», super -Coster -Kronig-transitions.
Again, in the absence of data on the N, -N, splitting
we neglected N, -N, N», transitions. For 50& Z & 57
the dominant transitions are N, ,-N», O, and above
Z=58 Coster-Kronig transitions involving 4f
electrons are dominant in determining the N, and

N, widths. The N, widths follow a pattern similar
to the N, , widths, except that for Z & 50 super-
Coster-Kronig-transitions of the form N, -N, ,N»,
lead to enormous widths, 42 eV for Ag and 78 eV
for Sn. The reality of such enormous widths is
discussed in Sec. IV.

IY. COMPARISON WITW EXPERIMENT

In comparing the calculations with experiments
we take four segments of Z; 38&Z&50, where
the 4d shell il being filled; 54 & Z & 57; 58 & Z & VO,

where the 4f shell is being filled; and Z~ 73.
a. 88 & Z & 50. In the region 38 ~& Z & 50 early

work in soft x-ray spectroscopy" was concerned
with energy levels, and no width measurements
are reported. Parratt's study" of the L-shell
emission spectrum of Ag provides a complete set
of L, M. , and N subshell widths. The recent mea-
surements of Krause, Wuilleumier, and Nestor"
on the L-emission spectrum of Zr is the only other
study of many level widths in a single element.
The width of the L,-N, , emission line for 41 & Z
& 50 has recently been studied by Estig and

Kallne. The widths of the M, -N, line in a number
of elements between Z=38 and 4V have been studied
by Lukirskii and Zimkina, "DannhKuser and
Wiech, "and Krause. " The measured widths are
in essential agreement. In Fig. 1 we have con-
nected with a solid line our N, widths calculated at
Z=40, 42, 44, and 47-50. From the experimental
M, -N, widths of Dannhauser and Wiech" we sub-
tracted the M, widths of the author' to obtain the
open circles in Fig. 1. From the measurements
of Estig and Kallne~ at Z=47-50, we have sub-
tracted a calculated L, width" (essentially 3 ep
in each instance) and obtained the open squares in
Fig. 1.

At Z = 47 both experimental width determinations
and the calculated value are in excellent agreement.
At Z=50 the calculated and measured N, widths
are in good agreement. They differ, however, at
Z=48 and 49. The widths a"e dominated by
N, -N, ,N, , super-Coster-Kronig-transitions, and
the increase in width between Z=47 and 50 is due
to the contraction of the 4d orbital and not to the
additional 0-shell electrons. The difference be-
tween calculated and measured N, widths at Z=48
and 49 could be due to inaccuracy in the 4d orbital
used in the calculation or to the estimate of Auger
electron energy.

In a study of the effect of multiplet-splitting on
Auger transition rates we" examined the variation
of N3 widths with Auger electron energy. For the
Nz shell tee found the widths increased as the Auger
electron energy decreased. In comparing the esti-
mate in Eg. (2) with the energy difference found
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from spectroscopic data, "for cases in which the
necessary spectroscopic data are available in
Moore's tables, "we find Eq. (2) consistently over-
estimates the energy of the Auger electron by 10-15
eV. Using the spectroscopic data to determine the
energy of the final state and the ESCA binding
energy tabulation to determine the energy of the
initial state, leads to widths substantially larger
than those shown in Fig. 1. However, for Z=42,
44, and 45, the widths calculated with Auger elec-
tron energies from Eq. (2) are larger than the
measured values. I.ower values of Auger electron
energy wouM increase the disagreement.

There are at least two possible explanations for this.
First there is the possibility of multiplet effects. A

4p hole added to a partially filled 4d shell produces
six final-state terms in the M~, ,-N2, 3 radiation
process. Characteristically in a 4P-(4d)' transi-
tion the high-spin final-state term has a smaller
transition rate and smaller width than the 1ow-
spin term. In fact, for the 4d shell half-filled or
less than half-filled the Auger transition rate is
zero." Multiplet splitting has been used in an
attempt to account for the EP satellite structure
seen in the first transition series. " The calcula-

I I 1 1 I & 1 t I

18—

40 41 42 43 44 45 46 47 48 49 50 51
Z

FIG. 1. Calculated and experimental 4P level widths
for 40 ~Z ~ 50. The extraction of experimental level
widths from experimental linewidths is discussed in the
text. The open circles are from Ref. 20 and the open
squares from Ref. 32. The dashed line results from
reducing the number of 4d electrons in the Auger transi-
tion rate as discussed in the text.

tions in Ref. 35 are in qualitative but not quantita-
tive agreement with the measurements. A second
explanation for the difference between calculated
and measured N, widths at Z =42, 44, and 45 might
lie in the approach to bonding in solids advanced by
Brewer. " Brewer correlates a body-centered
cubic structure with a (4d}" ' (5s) configuration,
hexagonal closed packed with a (4d)" ' (5&)(5P)
configuration, and cubic close packed with
(4d)" ' (5s)(5P)' configurations. The structure of
the solid is correlated with the number of valence
electrons, as is the number of d electrons avail-
able for a 4P-(4d)'. Auger transition. Our calcula-
tions were done assuming a (4d)" ' 5s configura, —

tion. The dashed line in Fig. 1 was obtained by
shifting the solid line by one or two units in Z, de-
pending on the solid-state structure, i.e., hexagon-
al close packed at Z= 43 and 44, and cubic close
packed at Z =45-4~." The resultant curve is
closer to experiment at Z =44 and 45, but ls too
low by 3 eV at Z =47. If the disagreement between
theory and experiment is due to solid-state structure
then an observation of the M4, -N, 3 radiative transi-
tion in a free atom should indicate a width twice as
large as in the solid at Z =44 and 45.

From the L,-N, 3 width measurements of Estig
and Kallne" and the N3 width derived from the mea-
sured M, ,-N, 3 transition one finds I'~, =5.5 at
Z=41 and I'~ =5 9 at Z =42. These values are
lower than the values calculated by the author, ' 8.3
eV atZ =40 and 8.1 eVat Z = 42. Crasemann, Chen,
andKostroun' calculate 7.9eVatZ =40and 6.5eV
at Z =42. The difference can be accounted for by the
inclusion in the calculations of the L, -L, M, ,
process, which is probably forbidden by energetics
at Z=40 and 42 and contributed 1.0 eV to the
author" s calculated widths, and the sensitivity of
the L,-L3M4, transition rate to the estimate of
Auger electron energy.

In Table IV we compare the estimates of level
widths of Krause, Nuilleumier, and Nestor for
Zr (Z =40}"and Parratt for Ag (Z =47) with cal-
culated values. %e have determined the M- and
N-shell widths from the data of Krause et aL."by
using the value I'~, = 5.5 eV determined in the pre-
ceding paragraph and the theoretical L, and L3
widths. ' The calculated M„M4, and M, widths
are then in good agreement with experiment. The
experimental N, widths are lower than the calcu-
lated value by 1.9 and 1.2 eV but Krause ef al
indicate the measured L,N, and L3N, widths can be
in error by 1 eV. There appears to be a signifi-
cant discrepancy in the M~ and M, widths. The
width of a 3P hole at Z =40 is dominated by
3P-(3d)(4P) transitions with emission of an Auger
electron at about 100 eV. An error of 10-15 eV
in the estimated Auger electron energy should not
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TABLE IV. Comparison of calculated and derived
level widths for zirconium and silver.

Z =40 & =47
Level Meas. {eV) Calc. {eV) Meas, {eV) Calc. {eV)

L2
L~
M)
M2

M)
M4

M)
N(
N2
N)
N4
N~

1.8
1.5

6.9, 6.2
0.4
0.0
0.2
0.2

4.5, 5.2
~ ~

7.3
1.8
1.5
6.5
2.4
2.4
0.07
0.07
6.4

2,8{5.3)
2.2
2.0
8.6, 8.7
3.1{0.6)
3.8 {1..3)
0.2, 0.7, 0.2
0.34
6.6
8.2{5.7)
7.4 {4.9)
1.8
1.7

2.8
2.6
2.1
9.6
3.7
3.9
0.44
0.44
{42j
9.7
9,7
0,0
0,0

significantly change the calculated width. Krause
et aI,. estimate the error in the Ly Mg and L,-M,
width as 0.6 eV, which cannot account for the dif-
ference between calculated and experimental M,
and M, widths. A possible explanation could be
the choice of I'~, =5.5 eV. For the silver data
there are two possible sets of level. widths depend-
ing on the choice of I'~, . Parratt uses 5.3 eV,
which leads to the values in parenthesis in Table
IV. Ne have argued elsewhere3~ that the correct
value should be I"~, =2.8 eV. Using this value in
place of Parratt's choice we have the experimental
values used in the table. The calculated and mea-
sured widths are in excellent agreement except
for the N, and X, , The 1.7-1.8-eV width for the
X, and N, levels obtained from the measurements
indicates a narrow (4d) band rather than a sharp
4d level. The discrepancy between calculated and
measured 4s widths is due to the choice of Auger
electron energy. In Fig. 2 we show the Auger
electron energy and calculated 4s widths for three
different energy estimates. " Energy estimate (3)
uses the expression of Asaad and Burhop37 and
should be the most reliable. However, the ioniza-
tion thresholds used were taken from the ESCA
tabulation' and do not include a work-function cor-
rection. Such a correction would lower ~, by 4-5
eV so that c, is close to ~, and the width I'„, is in
the 6-8-eV region. %'idths calculated using energy
estimate (2) are shown in parenthesis in Table I.
Figure 2 indicates the enormous change in I'„,
with Auger electron energy. Consequently the
widths of the L,,-N, and J,-N, lines should be a
useful monitor in these materials of 4d electron
energy shifts relative to core levels.

b. 50& Z ~ 5T. For Z = 54 and 57 the calculations
indicate relatively small widths. That is, the
(4s)-(4p)(4d) and (4p)-(4d)* super-Coster-Kronig-

20 g
15—

e (eV)
10~
0

l"(eV)

40 44
Z

46

FIG. 2. Calculated 4s level widths for 40 —Z «50 for
three choices of Auger electron energy. in the
{4s)-{4P){4d) super-Coster-Kronig-process.
shown are the Auger electron energies.

transitions are forbidden. This is probably not
entirely correct. At Z =50 the calculated N, and

N, widths are large, and at Z =54 they are a fac-
tor of 10 smaller. Thus one expects that between
two intermediate Z values there will be a narrow-
ing of the N, and N, widths. In fact the effect of
this is clearly seen in the Xe 4P photoelectron
spectrum, "where one sees a narrow N, line and
a broad weak structure where the N, line should
be. However, the ESCA binding-energy tabulation"
lists the N, value for both N, and N, levels. The
calculations were done with the listed energy val-
ues, and consequently we made no estimate of the
N, width. One is led to the question: If the width
of the Xe N, is large and the N, small, how will
this affect the Auger spectrum'P Vi?e discuss this
elsewhere. '

c. Aare earths, 58 ~ Z ~ 70. Recent measure-
ments on the 4d photoabsorption cross section"
has stimulated calculations~ ~ on the spectra of
inner-shell excitations of the rare earths. At the
same time the rare earths have been examined for
multiplet splitting due to the high-spin values at-
tainable with a partially filled 4f shell. "'" Char-
acteristically, if the width of an inner-shell va-
cancy is dominated by Auger transitions involving
electrons from a partially filled shell, and if mul-
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TABLE V. Comparison of calculated and measured L2 &-M4 5 line widths for 58 ~ Z ~ 71.
The experimental data is from Ref. 13. The value in parenthesis at Z = 70 is obtained by ex-
cluding the N 4-N 5N &, super-Coster-Kronig-process.

I'(L )-M()
Expt. Theor.

r(L, ,-M4)
Expt. Theor.

1 (L 2-M4)
Expt. Theor.

I'(L ~-X 5)

Expt. Theo r.
l {L2-N4)

Expt. Theo r.

5,6
5.5
7.0
7.9
9.7
9.1
6.2

3.9

5.0
5.3
5.8
5.8

5.2
5.5
6.5
7.7
7.3
7.2
5.8

3.9
4.8
5.4
5.9
6.3
7.3
7.3

5.7
7.8
8.8
7.5
7.8
7.7
7.2

4.6
5.5
6.2
6.8
7.2
8.4

5,9
6.9
7.8
8.3
9 4

14.6
10.2

3.4
4.3

7.0
8.2

11.4
11.4

5,8
7.2

10.2
11.0
20.1
17.3

4.1
5,0

4
7.9
9.3

14.7(12.5)

tiplets are formed by adding the quantum number
of an inner-shell vacancy to those of the partially
filled shell, then the widths of the multiplet com-
ponents will differ and will depend on the initial
term value of the partially filled shell. In gen-
eral, this leads to a complex calculation. The
widths listed in Tables I-III neglect multiplet ef-
fects. Demekhin, Platkov, and Lyubivaya" exam-
ined the I., ~-M~, and I, ,-N~, x-ray emission
spectra of the rare earths to see lf these emis-
sion lines were broadened due to multiplet struc-
ture in the final state. They estimate that M, and
M, multiplets can lead to broadening by a few eV,
and N, and N, multiplets to broadening by as much
as 10 eV. In Table V we compare the measured
linewidths of Ref. 13, with those calculated from
Table III and Refs. 4 and 7. The results listed in
Table V tend to support the hypothesis of addition-
al broadening due to mul. tiplet splitting in the final
state. At Z =70 our calculations include the
.V, -N,N, , transition; the calculated width with the
~V, -N,N, , transition omitted is listed in parenthe-
sis: Thus, it appears one cannot determine ex-
perimental M, „M~„N, „or N, , level widths
for the rare earths without properly correcting
for multiplet splitting. The situation should be
simpler for the M, and N, levels as multiplet split-
ting lea, ds to a doublet only. In Ref. 23 we show
that the calculation of the widths of the M, doubl, ets
in the iron group transition elements is a complex
problem. In Fig. 3 we show the calculated 4s width
averaged over the doublet for three different val. -
ues of Auger energy in the (4s)-(4P}(4f) transition.
The major contributions to the 4s widths come
from the (4s)-(4P}(4f) transition and the (4s)-(4P)(5P)
transition. For these transitions the partial widths
are extremely sensitive to Auger electron energy,
but the total width is less sensitive. ~3 %e also
show the data of Cohen et aE." The calculated
widths are a factor of 1.5-3.0 larger than the mea-
surements. Fadley and Shirley43 have also exam-
ined the rare-earth photoelectron spectrum, spe-
cifically the 4d photoelectrons. At Z =54, Fadley

and Shirley" measure a 4d width of 1.07 eV, which
is consistent with a narrow 4d width and 1.0-eV
resolution for their apparatus. At Z =63 they mea-
sure a 4d width of 3.8 eV. %e calculate a width of
2.1 eV and can attribute a 1.7-eV broadening to
multiplet splitting of the N, and N, . This is con-
sistent with the difference between the calculated
and measured I.,-N, width in Table V, but is con-
siderably smaller than L, -N, width difference.
However, at Z =70 and 71 Fadley and Shirley"
measure 4d widths of 5.4 and 4.2 eV, respective-
ly, while we calculate a width of 7.2 eV. Thus

125

18-

gN1(eV}-

12

10—

I l I J j i I i I i I

2 4 6 8 10 12

4f ELECTRQNS

FIG. 3. Calculated 4f level widths for 58 —Z —70 as a
function of number of 4f electrons in the (4s)-(4p)(4 f)
super-Coster-Kronig-transition for three choices of
Auger electron energy. The experimental points are
from Ref. 22. The line called residual are our calculated
widths neglecting the (4s) -(4p) (4f}transition.
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near Z = VO our calculated 4d width is 50% higher
than the measured value. The 4d widths for 65
& Z & 79 are dominated by 4d-(4f )' super-Coster-
Kronig-transitions. If instead of the energy esti-
mate in Eq. (2), we use the procedure of Asaad
and Burhop ' to find an alternate energy estimate
we have for the Auger electron energy e:

c =E(4d) —2E(4f ) +I(4f, 4f ),
where E(nl) is the binding energy and f(nl, sl) is
the interaction energy of a pair of nl electrons. '4

Using Mann's tables" to evaluate I(4f, 4f) we found
that the above energy estimate was 25% lower than
Eq. (2) for 60 «Z & 70, and within 10% for 72 & Z
~ 79. In each instance the Auger electron energy
was about or greater than 100 eV. Thus, for 60
~ Z ~ 83, it appears that the difference between
experimental and calculated 4d widths cannot be
attributed to the sensitivity to energy estimate in
the 4d-(4f)' Auger transition rate.

d. Z~ 70. In Table VI we list the L-M and L-N
widths measured by Richtmyer, Barnes, and Ram-
berg for gold, "and determine the level widths by
using 5.2 eV for the L, width. This is the value
calculated by the author. ~ Chen, Crasemann, and

Kostroun, ' and %'alters and Bhalla' calculate an L,
width of 5.'7 eV at Z =80, so that at Z =79 three cal-
culated L, widths are within 10% of one another.
Richtmyer, Barnes, and Ramberg" also deter-
mine M and N level widths, but they use an L,
width of 4.4 eV obtained from an analysis of the
L, threshold photoabsorption cross section. From

threshold photoabsorption they find the L, width is
1.4 eV greater than the L, width. However, they
disregard this, as the analysis of the x-ray emis-
sion widths leads to an L, width 0.7 eV smaller
than the L, widtht Our calculations indicate an L,
width 1.6 eV greater than the L, width for gold.
Thus there appears to be a basic difficulty in de-
termining linewidths in x-ray emission spectra.
Neglecting this point, we find the experimental
level widths in the fourth column of Table VI. The
data of Ref. 15 lead to an M, width smaller than
the M3 width by 1.4 eV. Cooper, '~ whose results
we discuss later, finds the situation reversed with
the M, width larger than the M, width by 2.5 eV.
Thus for the M shell of gold it appears the calcu-
lated and experimental values are in reasonable
agreement. For the N shell, however, the calcu-
lated widths are a factor of 1.3-2.0 larger than the
measured values. For the N, and N, the difference
between calculated and experimental widths is al-
most identical to the difference seen in comparing
the calculated width with electron photoemission
data at Z = VO. Cooper" made systematic mea-
surements of selected linewidths in the 70 ~ Z & 81
range. Cooper's measurements do not permit a
direct evaluation of the L,-L, level width differ-
ence. However, as his experiment was performed
at a comparable wavelength and with the same ap-
paratus as Richtmyer, Barnes, and Hamberg, "
for purposes of analysis we assume his measured
L,-L, width difference would be zero or negative.
As a result we used the computed L, width for both

TABLE VI. Comparison of calculated and derived level widths for gold.

Transition

L (-M2
L)-M3
L (-M4
Li-Ms
L)-N2
L ~-&3
L)-M(
L2-M4
L )-N(
L ~-N4
L~-M(
L ~-M4
L ~-M5
L3-N(
L3-N4
L ~-N~

Width
(eV)

19.4
20.8
13.1
12.1
17.2
15.2
19.3
7.8

15.1
10.8
19.8
8.5
8.1

16.3
11.0
10.3

ct
1

b

L3

Mo

M3
M4

M)
N)
N~
N~
N4
N~

Expt.
{Ref. 15)

9.8, 9.2
4.7, 4.5, 4.0, 5.0

~.2 '
14,6'
9.9"

11 3'
3.3b
2 9b

77'
57'
5.8 b

5 1b

Width (eV)
Expt.

(Ref. 14)

11.4
8.9
2.2

8.3
6.6
4.9
4.9

Calc.

6.8
5.2

20.9
14.7
9.7
2.8
2.7

15.9
14.2
12.9
8.8
8.4

Obtained using widths found by using footnote d.
bObtained using M4 and M5 widths found by using footnote d.
'We use the calculated L z width.

Obtained using Il = 5.2.
3

'Obtained using I', = 9.5 eV from footnote b.
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TABLE VII. Comparison of calculated and derived
level widths for 70~Z ~ 79. Al.so shown are measured
and calculated M~ l.ine widths for tungsten.

TABLE VIII, Comparison of derived and calculated
level widths for uranium. The experimental values are
from Ref. 17.

Level
Level width (eV)

73 74 76 Line
Measured
width (eV) Level

Measured
width (eV)

4.2

4.2

4.2

7.5
11.6

4.6
4.6

4.6
4.6

7.0
10.8

4.8
4 8

11.1
13.9

8.7
9.3

5.0

5.0

11.3
14.2

8.5

9.3

5.2
5.2

11.4
14.7

8.9
9,4

L)-M2
L (-i%1)
L )-N2

L 2-M)
L2-X(

A 4

L ~-M4
L, ~-M5
L )-N)

32.2
18.8
39.4

14.3
32.4
16.0

14.4
13.1
19.4
16.1

M2
3I4
N2

M4

N(
N~

M4

M)
N(
N)

12.9
—0.5

20.1

3.4, 2.2

21.5, 20.3
5.1, 3.9

7.1
5.8

12.1
S.H

20.2
12.6

4.5
11,8
4.2

4.5
4.2

11.8
iQ

3.2
3.1

5.9
14.6

4.2

6.3 8.0
13,8 14.0

1,8
3.7

8.2
14.5

2.2
2.8

N4

4.8
12.1

Line

4.5 5.2 6.6
12.9 12.3 12.5

5.2 5.1 5.0
7.6 7.7 7.9

Line %'idths (eV) atZ =74
width Width

(Ref. 18) {Ref. 14)

6 ' 9
12.8

4, 6
8.6

4.7

8.3

Calc.

6.6
12.9

4.9
8.8

M5-N 6

M~-N,
M4-N 6

M4-N~
M5-N)
M4-N~

0.3
1.7
2.1
0.8

12.5
2.3

1.8
7.0

1.9
1.9
3.6

15.9
14.2
17.4

the L~ and L~ widths. The theoretical L3 widths
are in good agreement in this range. For the L,
width we used an eyeball fit to the experimental.
values tabulated in this range. " The theoretical
estimates" of L, widths near Z = 79 are uncertain
because it is not clear if the L,-L,M, and L,-L,M„
transitions are allowed or forbidden. Using these
L-shell widths we obtain the M- and N-subshell
widths listed in Table VH, where the first entry
is the value derived from the measured linewidth
and the second is the ca,lculated value. As in the
comparison with the measurements on gold, the
calculated M-shell widths are in reasonable agree-
ment with experiment, while for the N shell the
calculated widths are a factor of 1.5-2.5 larger
than the measured values. Cooper's 4d widths are
consistent with the measurements from photoelec-
tron spectroscopy. " Munier, Bearden„and Shaw"
have measured the width of various M-N lines in
tungsten. The lines and their widths are listed in

the second-half of Table VH. We also list calcu-
lated linewidths from Cooper's measurements (the
first-half of Table VII} and our calculated line-
widths. The measured M, -N, and M4-N, widths
are at least a factor of 4 smaller than either cal-
culation, while the measured M, -N, linewidth irn-
plies an N, level width of about 10 eV. Clearly the
results of Munier, Bearden, and Shaw" are puz-
zling and indicate serious difficulty in interpreting
linewidths in x-ray emission spectroscopy. We
have seen that there is an inconsistency in gold
between the L,-L, level width difference found by
x-ray emission spectroscopy and by threshold
photoionization.

Williams" has measured the widths of various
L-M and L-N lines in uranium. In Table VIII we
list the measured linewidths, and level widths ob-
tained using L-shell widths calculated by the a.u-
thor (I'~, =19.3 eV, I'~, =10.9 and 12.1 eV, and
I"I, =7.3 eV). Two entries are given for I I, be-
cause while the L, -L,M, transition appears for-
bidden in uranium using Eq. (2), it was found nec-
essary~ to include the L,-L,M4 transition to bring
the calculated. f, 3 value into reasonable agreement
with experiment. With the exception of the ~V5 level
the level widths derived from tra.nsitions involving

L, are in good agreement with experiment. The
M, and.V, widths derived using the calculated L,
widths are in reasonable agreement with experi-
ment, while the calculated N, level width, which
is in excellent agreement with the value obtained
from the L,-N, linewidth, is only one-half the val-
ue obtained from the L,-N, linewidth. There ap-
pears no way to reconcile the calculated M» M„
and N, level widths with the measured L, line-
widths. If I I, were 9.3 rather than 19.3, the com-
puted and derived M, and M,, widths would then be
in reasonable agreement. However, the derived
N, width would then be 30 eV, while the calculated
value is 7.5 eV. Thus, again we find anomalies in
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Initial
Electrons

S, S

s,p

S,d

p,p'

p, d

TABLE IX. Auger transition rates for initial f holes.

Transition rate (Per a.t.u. )

27[x 2& [0{3 3) +E(3 3)2 —O(3, 3}E(3 3)]

2«f{3[D(3,2)'+E(2, 2)'-D(3, 2)E(2, 2)] +4[D(3, 4)'+z(4, 4)'- D{3,4}E(4,4}]}

2m{ ([D(3, 1)~+E(1,l)2 —D(3, 1)z(1,1}] +y~[D(3, 3)2+Z{3,3}2 D(3 3)Z(3 3)]

++[D{3,5P+z (5, 5)'-D{3,5}z(5, 5}j}

2&{2[D{3,O)'+Z(O, O)'-D{3,0)Z(0, O)] +II[D{3,2)'+Z{2, 2)' D{3,2}z{2,2)]

+ [D{3 4}'+E(4 4)'-D(3 4)z(4 4)] + —[D(3 6)'+E(6, 6)'-D(3, 6)z(6, 6}]}

+ ( } — { ) (2, }j +55[D(2, 3) +Z{2,3)'-~D(2, 3)Z(2, 3)]

@ D{4,3)'+&{4,3)'--,SD(, 3)E(4, 3)] +~[D(4, 5)' E(4, 5)2 D(4 5)E{4 5}]

—79[D(2, 3)E(4, 3) +D(4, 3}E(2,3)]}

2& x 30{333'[D(2, 0) + E (1,0) —D (2, 0)E (1, 0)] ++g[ 7E (1,2) 2+ 5D (2, 2}2 D(2, 2)E(—1, 2)]

+6K ~
+ { ~ } ( i )E {3~2)] -~2[2D{2,2)E(3, 2)+3E(1,2)D(4, 2}J

+735[81D(2,4)2~ 56E(3, 4) —6D(2, 4)E(3, 4)] -~[D(2, 4}E(5,4) +~D(4 4)E(3 4)]

+[10/(77x 63)][72D (4, 4) +105E{5,4) -2D(4, 4)E (5, 4) ] +P[D(4 6)2+E(5, 6)2-D(4 6) {E(5 6)]}

27I'x 42{245D{2& 1) +~D (2 3) +2 D(2 5)2+ D{4 1)2

+ 77 D(4, 3) +[80/(13x 49}]D{4,5)2+~D(4 7}2+-E{p 1)2

+~E(2 1)2+—E(2 3)2+~E{4 3)2+—E(4 5)2

+ [200/{13x 77)]E (6, 5}2+[100/(13x 33)l E (6, 7) 2 —49D {2,1)E (0, 1)

—~)~D {2,1)E{2,1)—
~~~ D (2, 3)E(2, 3) —

49 D(2, 3)E(4, 3)

—[100/ {11x 49)lD (2, 5)E (4, 5) —[100/(11x 49)] D{2,5)E (6, 5) —
49 D (4, 1)E(0, 1)

—
f47 D (4, 1}E(2, 1}—49D(4, 3)E(2, 3) —[12/(11x 49)]D {4,3)E(4, 3)

—[60/(ll x 49}]D(4,5)E (4, 5) —[100/(49x 143)]D(4, 5)E (6, 5) —[100/{11x 39)]D (4, 7)E(6, 7}}

2mx 50v'~{ )qg[D(1, l)2+E(l, 1) —
5 D(1, 1)E(1,1)] + (12/175)[D{3,1)

+E {3,1)2 —
5

D (3, 1)E{3,1)] —~8[D (1, 1)E{3,1) +D (3, 1)E(1, 1)l
2 38

+ —[D(1 3) E{1 3) —~D(1 3)E{1 3)] + —[D{3 3) +E(3 3)

—
~8

D{3,3)E(3.3)] + [100/(2? x 33)]fD(5, 3) +E(5, 3)2 —~2D(5, 3)E(5, 3}]

—~()[D(1,3}E(3,3)+D(3, 3)E(1,3)] —49[D(1 3)E(5, 3) +D(5, 3)E(1,3)]

—
f89 [D {3,3)E(5, 3) + D(5, 3)E(3, 3)l +

~63 D(3, 5)2+E(3, 5) —yD(3, 5)E(3, 5)l

+ [100/(13x 63)][D (5, 5) +E (5, 5) —f5D(5, 5}E(5, 5)l —
789 [D (3, 5}E{5,5) +D (5, 5)E(3, 5)l

+
~i~ [D (5, 7) ~+ E (5, 7) 2 D(5, 7)E (5, 7)]}-

2mx 70{~q[—.
, D(1, 2)~+

7 D(1, 4)2+
~ D(3, 0)2+ s D(3, 2)2+ ii D(3, 4) I

+ —[—D(3 6}'+T-D(5 2)'+ ~D(5 4)'+ —,D(5, 6)'+ ~D(5, 8)'l

~ —, [E(0,2)2+ ~)E(2, 0}2+~2E(2, 2) +~E(2 4) + —E(4 2)2l

+ —»[77«4 4)'+VE{4 6}'+ 743«6 4}'+ 33 «6 6}'+ 39E(6 8)'l

—[9/{35x 49}]D {1,2)f 7E (0, 2) + 8E{2,2) - W (4, 2)l —
f {}5D{3,0)E {2,0)

—[12/(11x 35x 49}lD (1,4)[11E(2,4) + 45 E {4,4) + 175E (6, 4)l —[20/(63 x 121)]D (3, 6)[9E (4, 6)+35E (6,6)l

—[4/(21 x 105)l D {3,2)[21E (0, 2)—11E (2, 2) + 18E (4, 2}l —[10/(9 x 121)l D (5, 6)[9E (4, 6) + 2 E(6, 6) l

—[4!{121x 245) l D (3, 4)[242 E (2, 4) + 45 E (4, 4) + 175E{6,4)l —
f 47 D (5, 2)[E (0, 2) +

3 E (2, 2) + f f E (4' 2)l

—[80/(13 x 33)]D (5, 8)E (6, 8) —gggD (5, 4}[E(2, 4) + 77{E (4, 4) +
~gp E (6, 4)]}
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TABLE Ix. (Continued)

Initial
Electrons Transition rate {Per a.t.u. )

3wx 987~(-[D(0 3)~+E(0 3)2 — D(0-3)E(0 3)l

+ 245 [D (2, 1)2+ E {2,1) ——.
,

D (2, 1)E(2, 1)j + ))) [D {2,3) -E {2 3)-'——D {2 3)E {2

+,4, [D(2, 5)'-E(2, 5)'-—„D(2, 5)Z(2, 5)]+~,[D(4 1)'+E(4, 1)'-,~„D{4,1)E(4, 1)j

+ —,",, [D(4, 3)2+E(4, 3)'- —,'„D(4, 3)E(4, 3)j

+ [360/(49x143)j[D(4, 5)2+ E(4, 5)'+ —„„D(4,5)E(4. 5)j

+ [150/(13x121)][D(4,7)'+E(4, 7)-' ——„D{4,7)E(4, 7)j

+ [(100x100)/(21x 39x 121)][D(6.3)'+E(6, 3)'- »4D(6, 3)E{6,3)]

+ [100/(33x 39)1[D {6,5)' -'- E(6, 5)2 —~()D(6, 5}E(6,5)j

+ [2400/(143x 187))[D (6, 7)'+E(6, 7)'- —„D(6,7)E(6, )]

+ [400/(17x143)) [D(6, 9)'-+E{6,9)'- D(6, 9)E(6, 9)j

~gy [D (0 3)E(2, 3) +D (2, 3)E (0 3) j ~re [D (0 3)E (4 3) D {4 3)E (0 3)]

—[100/(49x 33)][D(0)3)E(6) 3) +D(6, 3)E(0, 3)j —),)[D(2, 1}E(4,1) +D(4, 1)E(2, 1)j

+ —„9[D(2,3)E(4, 3) +D(4, 3)E(2, 3}j—[500/(27x 539)j[D 2, 3)E(6, 3)j +D (6, 3)E(2, 3)j

—[120/(77 x 49)] [D (2, 5)E (4, 5) +D (4, 5)E (2, 5)] —[100/{'33x 63)][D (2., 5)E (6, 5) +D (6, 5}E(2, 5)]

—t 300/(121x 539)][D(4, 3)E(6, 3) +D(6, 3)E(4, 3)) —[300/(77 x 143)]tD (4, 5)E (6, 5) +D (6, 5)E (4, 5)]

—[1300/(121x 143))[D (4, 7)E {0,7) +D (8, 7)E {4,7)] j

level widths determined from x-ray emission spec-
troscopy.

V, CONCLUSIONS

For 40 ~ Z ~ 50 the calculated and measured 4P
widths are in reasonable agreement if one uses
Brewer' s" model for binding in the solid at Z =42,
44, and 45. The 4s widths are in a.greement with
experiment providing a judicious choice is made
for the Auger electron energy. Our calculations
indicate that for xenon one can account for the non-
appearance of an N, peak in photoelectron spec-
troscopy because the N, level width is large due to
the N, -(4d)' transition, while the N, level width is
relatively narrow as the N, -(4d)' transition is en-
ergeticaQy forbidden. At the onset of 4f electrons
with the rare earths we begin to find significant
discrepancies between calculated and experimen-
tal level widths. To some extent this is due to
sensitivity to Auger electron energy of super-
Coster-Kronig-transitions involving 4f electrons.
The discrepancies, however, occur not only in the
ra, re earths, where the 4f shell is being filled and
Eq. (2) significantly overestimates the Auger elec-
tron energy, but al.so the discrepancy persists up
to gold (Z =79). The energy estimate of Eq. (2) is
in reasonable agreement with a, more accurate es-
timate ror 70 ~ Z ~ 79. Thus we do not attribute all
the discrepancy to the energy sensitivity of the

Auger transition rate. Most of the comparisons
of calculated and experimental level widths used
linewidths measured in x-ray emission spectros-
copy. Systematic comparison of such linewidths
indicated discrepancies between experiments in
different spectral regions, and discrepancies be-
tween level widths measured with different tech-
niques. However, at Z = 70, the 4d width measured
by x-ray spectroscopy was in good agreement with
the 4d width measured by photoelect:ron spectros-
copy. Extensive measurements of photoelectron
widths for the N shell should be performed. Auger
transitions are the dominant decay mechanism for
N-shell holes, and the fluorescence yields in Ta-
bles I-III can be multiplied by a factor I" &„~I TR„F
to find improved cV-shell fluorescence-yield values.

APPENDIX

The Auger transition rates for an initial f hol. e
a.re written in terms of direct and exchange inte-
grals D(K, L, ) and E(K, L, ), where

D(K, /.„)= . R„~(r,)R. ..(r, )

:&R„, (r, )R„, (r, )r', r', dr, dr, ,

where R„,(r) is a one-electron eigenfunction and 4

is the energy of the electron in the continuum.
E(K, l, ) is obtained by interchanging n„ l, and n„ l,



ATOMIC N-SHELL COSTER-KRONIG, AUGER, AND. . . 1851

in the above expression for D(E, l, ). When the con-
tinuum electron is normalized to one per Hartree
(27.2 eV) and r is in units of Bohr radii the Auger
transition rate is per atomic time unit (1 a.t.u.

=2.42@10 "sec). The factor T' is & if t,, and l4

are equivalent electrons, and unity otherwise. The
transition rate expressions for various I,, and L4

are listed in Table IX.
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