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Calculated Auger, Coster-Kronig, super Coster-Kronig, and radiative transition rates
are used to compute atomic M-shell Auger, Coster-Kronig, and fluorescence yields. Com-
parison is made with five fluorescence-field measurements, with full width athalf-maximum
measurements of L-M x rays, and with Bhalla's relativistic radiative-yield calculations.

I. INTRODUCTION

Little experimental information is available on
atomic decay schemes for the M shell. Yet such
information is useful in interpreting L-M x-ray
transition half-widths, surface studies based on
Auger electron emission, studies of M-shell photo-
absorption, studies of final charge states following
inner-shell ionization, etc. The present author has
shown, semiquantitatively, how strongly the life-
time of a 3P hole affects the photoabsorption cross
section in the solids Ti to Co. In this paper, in
addition to comparing calculated and measured mean
M-shell fluorescence yields, measured and calcu-
lated L-M x-ray half-widths are compared. In
succeeding papers we will examine detailed Auger
electron emission spectra following ionization of the
M shell, and study final-charge-state production
following ionization of the K, L, and M shell for the
elements up to Kr. However, it must be empha-
sized that there is little experimental information

available on such gross quantities as fluorescence
yields, and none available on Coster-Kronig yields.
Thus, the reliability of these results is something
of an open question.

II. CALCULATED TRANSITION RATES

Before outlining the procedures used in the cal-
culation we need to supplement the definitions of
yields used in the case of L-shell decay. The need
arises because in the M shell for Z& 36 there exists
the possibility that 3s and 3p holes can decay with
the creation of two other M-shell holes. These have
been called super Coster-Kronig transitions. Par-
alleling the definitions used in L-shell decay we de-
fine to„. as the probability that an M;-subshell hole
will decay by a radiative transition from a higher
shell, but not from a higher M subshell (these latter
transitions are negligibly weak but are included in
the definition of the Coster-Kronig yield). We de-
fine as. as the probability that an M, -subshell hole
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TABLE I. M~ subshell width and yields.
a E —n isa&&30".

The notation TABLE II. 4P-3s transition rates in 10 4/a. u. (1 a.u.
=-2. 47&& 10" sec). The values of Bef. 11 are taken as the
standard in determining the percent difference.

r (eV) a&&& S@&,3

20
22
23
24
25
26
27
28
29
30
32
36
40
44
47
50
54
57
60
63
67
70
73
76
79
83
86
90

0.82
3.24
4. 18
4. 92
5. 92
6.90
7. 28
7.92
6.66
5.90
4. 59
6.11
6.47
7.89
9.62

10.85
10.18
9.30

12.87
14.95
18.3
20, 8
19.3
20. 4
20. 9
21.7
20. 2

22. 7

0.017
0.0040
0.0031
0.0
0.0019
0.0016
0.0013
0.0011
0.0
0.0016
0.0053
0.015
0.027
0.033
0.036
0.045
0.055
0, 065
0.053
0.055
0.056
0, 053
0.060
0.067
0.074
0.079
0.090
0.080

8.4 E —6
3.2 E —6
2. 9 E-6
2. 6 E —6
3.1 E —6

2, 8 E —6
2, 8 E —6

3.5 E —6
4. 1 E —6
4, 6 E —6

9.1 E —6

4. 9 E —5

7.0 E —5

1.2 E —4

1.7 E —4

2. 5 E —4

4. 7 E —4

8.4 E —4
8, 1 E —4

8.7 E —4

1.08 F —3

1.15 E —3

1.45 E —3

1.6i) F —3
2. 13 E —3
2. 89 E —3

3.95 E —3
4. 53 E —3

0.328
0.319
0.315
0.319
0.312
0.311
0.308
0.307
0.304
0.283
0.249
0.270
0.278
0.305
0.343
0.315
0.238
0. 195
0.236
0.338
0.266
0.272
0. 197
0.161
0.148
0.109
0. 143
0.072

0.655
0.639
0.631
0.638
0.623
0.621
0.616
0.614
0.608
0.566
0.522
0.540
0.475
0.457
0.461
0.475
0.505
0.506
0.489
0.485
0.527
0.525
0.561
0.594
0.594
0.650
0.593
0.690

0.314
0.335
0.397
0.357
0.371
0.376
0.381
0.406
0.374
0. 273
0.086
0. 108
0.065
0.065
0.067
0.081
0.094
0.092
0.070
0.061
0.056
0.065
0.067
0.067
0.065
0.069
0.063

0.471
0.503
0.596
0.538
0.556
0.564
0, 566
0.610
0.561
0.409
0. 127
0.163
0. 124
0.097
0. 101
0. 122
0. 140
0. 128
0. 100
0.090
0.091
0. 115
0. 109
0. 112
0, 095
0. 100
0.091

48
55
64
70
80
93

Present calculation

0.69
l. 80
4.55
7.50

14.4
33.5

Ref. 11

0.52
l.46
3.73
6.05

12.6
27. 8

/o Diff.

33
23
22
24
14
21

will decay by a radiationless transition not involving
any other M subshell. We slightly modify the def-
inition ot the Coster-Kronig yield using f~. as the

t
probability that an M;-subshell hole will decay by a
process leading to at least one other M-subshell
hole. Clearly f~. = 1 —a„.—&u„.. We introduce the
quantity S„,. defined as the average 'number of M&

holes occurring in the first step in the decay of an
M; hole. When super Coster-Kronig processes are
energetically forbidden f~. =g;S~.. and the S~,. are
similar to the quantities f;& used in discussing the
L shell. We emphasize the first step as we have
examined the first step only. For instance, it is
possible that an M, hole can decay by an M&-M, M4,

TABLE III. M2 and Ms subshell width and yields. The notation a E -n is a& 10"".

SM2, S SM2, 4 SM» I'Ms(eV) aMS MS SMS, 4 SMS, 5

20
22
23
24
25
26
27
28
29
30
32
36
40

47
50
54
57
60
63
67
70
73
76
79
83
86
90

0.0003
0.21
0.53
l.32
l. 52
2. 15
2. 85
3.80
5. 22
4. 70
5. 22
4. 14
2. 43
2. 91
3.74
3.69
4. 83
5. 76
6.69
8.37

10.4
ll. 8
12.0
13.9
14.7
14.6
13.9
15.5

0.938
0.0014
0.00066
0.0
0.00017
0.00014
0.00012
0.00005
0.0
0.00009
0.0017
0.015
0.069
0.099
0.098
0.126
0.128
0.127
0.127
0.117
0.106
0.096
0.104
0.110
0.114
0.135
0.157
0.159

0.062
3.4 E —5
2.3 E —5
1.6 E —5
1.6 E —5
1.6 E —5
1.7 E —5
1.5 E —5
1.6 E —5
2.2 E —5
2.6 E —5
6.0 E —5
1.4 E —4
2.6 E —4
3.9 E —4
7.0 E —4
9.0 E —4
1.10 E —3
1.32 E —3
1.47 E —3
1.85 E —3
1.97 E —3
2.64 E —3
3.25 E —3
4.23 E —2
6.52 E —3
9.75 E —3
1.40 E —2

0.032
0.067
0, 073
0.016
0.031
0.034
0.057
0.062
0.106
0.116
0.114
0.107
0.114
0.103
0.128
0.116

1.057
1.089
1.123
1.108
1.116
1.120
1.122
1.133
1.107
1.085
0.919
0.591
0.550
0.570
0.604
0.612
0.557
0.644
0.514
0.667
0.680
0.674
0.684
0.673
0.662
0.610
0.623

0.672
0.820
0.834
0.797
0.815
0.817
0.827
0.850
0.811
0.786
0.516
0.309
0.283
0.258
0.252
0.233
0.282
0.172
0.137
0. 120
0. 105
0. 106
0.098
0.095
0.083
0.093
0.088

4. 13
2.40
2.98
3.88
4.06
5.48
5.41
6.81
7.81

10.2
11.6
10.8
9.34
9.35

10.7
11.9
12.9

0.015
0.070
0.091
0, 089
0.107
0. 106
0.125
0.113
0. 114
0. 103
0.095
0.104
0.126
0.158
0.155
0.152
0.170

6.0 E —5

1.5 E —4
2.3 E —4
3.2 E —4
5.4 E —4
6. 8 E —4
9.9 E —4
1.05 E —3
1.26 E —3
1.45 E —3
1.66 E —3
2. 14 E —3
3.20 E —3
4. 20 E —3
5.33 E —3
6.30 E —3
8.10 E —3

0.509
0.558
0.612
0.589
0.600
0.602
0.609
0.623
0.597
0.580
0.395
0.252
0.236
0.223
0.213
0.206
0.198
0.174
0. 165
0.145
0.141
0.082
0.106
0.114
0.094
0.072
0.097

1.220
1.280
1.342
1.317
l.329
1.335
1.341
l.360
1.320
1.292
1.039
0.677
0.672
0.689
0.678
0.688
0.678
0.712
0.720
0.751
0.761
0.810
0.764
0.782
0.750
0.768
0.725
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TABLE IV. Mg, M3 and summed radiative transition rates
in 10 /a. u. (1 a.u. =2.42x 10 sec).

-1
10 I I I I I I I I I

j
I I I I I I I I 1

)
I I I I I I I I 1

Present
calculations

M2 Mp Tot
Hef. 11

M2 M3 Tot

48
55
64
70
80

0.66
1.81
5. 15
8. 55

25. 0

0.56
1.55
4. 00
7. 10

16.2

1.22
3.36
9.15

15.65
41.2

0.60
l. 80
5.01
7.93

19.2

0.57
1.79
4. 96
8. 25

20. 5

l. 17
3.59
9.97

16.2

39.7

LM 10

transition. It is possible that the M& hole in the
doubly ionized M shell can then decay by an M2-

M4 5M4, transition, but this possibility must be de-
termined with the energetics of the doubly ionized
M shell, and this we have not examined.

The procedures used in the computations are
similar to those in earlier work. However, be-
cause of the dominance of Coster-Kronig and super
Coster-Kronig transitions, the calculations were
done in j-j coupling. Tables of the j-j coupling
transition rates for d holes and f electrons are pub-

lished elsewhere. The transition rates and yields
do depend on the use of j-j coupling since for the

Coster-Kronig and super Coster-Kronig rates we

use a continuum electron energy determined from
the ESCA tables. That is, the continuum electron
energy is different in an M, -M~M4 transition than

in an M&-M3M4 transition. The intensities are not

necessarily in the ratio 1 to 2. As we did earlier,
we determined the one-electron orbitals by approxi-
mating the central potential of Herman and Skillman
for an ion with a 3P hole by a series of seven
straight lines. The bound and continuum orbitals

10 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

60 70 80 90

are then obtained in terms of Whittaker functions.
The one-electron eigenvalues obtained in the above
approximation differ from those of Herman and
Skillman. For the Auger and radiative transitions,
the model eigenvalues are used in forming energy
differences. These are raw calculations which we
plot as a function of the most significant model en-

FIG. 1. Mean M-shell fluorescence yield ~1M vs Z. The
points are from Hefs. 12 and 13.

TABLE V. M4 and M5 subshell width and yields. The notation a E-n is p x 10"".

32
36
40
44
47
50
54
57
60
63
67
70
73
76
79
83
86
90

r 4(eV)

0.048
0.089
0.073
0.24
0.44
0.52
0.68
0.73
1.39
1.86
2.41
3.10
3.25
4. 18
2. 80
2. 88
3.04
3.22

0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.722
0.627
0.585
0.558
0.575
0.567
0.928
0.932
0.900
0.874

2.7 E —3
2.7 E —3
2.7 E —3
2.9 E —3
2.7 E —3
2.7 E —3
2o7E 3
2.7 E —3
2. 6 E —3
4.1 E —3
6.7 E —3
8.6 E —3
0.0130
0.0137
0.0264
0.0330
0.0355
0.0582

f4, 5

0.267
0.369
0.408
0.479
0.411
0.418
0.046
0.035
0.065
0.066

~M 5

1.00
1.14
1.38
1.56
1.80
2. 25
2.66
2.74
2. 81
2. 92

0.997
0.994
0.989
0.985
0.979
0.977
0.974
0.967
0.964
0.950

~M5

3.2 E —3
5.9 E —3
0.0106
0.0149
0.0205
0.0232
0.0256
0.0325
0.0362
0.0497

L, M

0.0030
0.0052
0.0090
0.0124
0.0175
0.0194
0.0259
0.0327
0.0359
0.0531
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TABLE VI. M4 and M& total radiative transition rates in
10 /a. u. {1a.u. =2.42&& 10 ' sec).

Present
calculation

M4

Ref. 11
M4

48
55
64
70
80

3.55
9.80

29. 5

0.047
0.132

3.15
8.60

27.0

0.045
0. 139
4. 90
8.55

25. 6

0.040
0.118
4. 52
8.00

24. 1

ergy difference, e.g. , 4P-3s, 4d-3P, 4f 3d. -We

then obtain the "true" energy difference from the
ESCA tables and from the plot determine adjusted
Auger and radiative yields. With these we deter-
mine the yields.

III Af j SHELL TRANSITION RATES AND YIELDS

In column 1 of Table I we list the total transition
rate as a width in electron volts. The total transi-
tion rate A, is related to the lifetime by r = 1/A„
and by the uncertainty principle, to the width by
I'= h/r = hA, In co.lumns 3 and 4 we list a» and

~», and in columns 5-8, the quantities S«&.
There are no experimental data available on M~-
shell yields. However, Bhalla' has computed M-
shell radiative transition rates with a relativistic
Hartree-Pock-Slater routine. His calculations are
for Z=48, 55, 64, 70, 80, and 93. The dominant
radiative transition is 4p-3s. In Table II we com-
pare Bhalla's transition rates with our interpolated
values for these six Z values. Our results are
about 25% higher than Bhalla's.

IV. N2 AND N3 TRANSITION RATES AND YIELDS

In Table III we list the width and yields for the

Mz and M3 subshells. For 20 & Z ( 32 the width, flu-
orescence yield, and Auger yield are the same for
both subshells. Again, there are no experimental
data on M3 and M3 yields. In Table IV we compare

the interpolated total radiative yield for M~ and M3
transitions with Bhalla's calculations. From
Table IV it is clear that, while our calculations of
the sum of M~ and M3 radiative transition rates are
within 10/0 of Bhalla's, the distribution of the sum
between Mz and M3 is considerably different. We
compute the radiative rate in I--S coupling and de-
termine the M~ and M3 radiative rates from experi-
mental energy differences as discussed in Sec. II.
With this procedure the M2 radiative rate is always
greater than the M3 rate. In Bhalla's calculations
this is not found for Z=70 and Z=80, indicating that
the oscillator strengths depend significantly on the
energy differences.

V. N4 AND N~ TRANSITION RATES AND YIELDS

In Table V we list the widths and yields for the
M4 and M, subshells. For Z& 30 neither Auger nor
radiative transitions are possible if one neglects
non-Auger autoionizing transitions and outer elec-
tron configurations with 4P admixture. Between
Z= 60 and Z= 76 transitions of the form M4-M5%67
are energetically allowed, accounting for the large
f4, value. For Z) 79, these transitions are ener-
getically forbidden, accounting for the drop in f4,.
There are experimental data available for the M4 5

fluorescence yield. Jopson et al. have measured
M-shell fluorescence radiation following ionization
of the I- shell. They argue that the measured quan-
tity &u» is approximately

rug~= 0. 4(v~4+ 0. 6(@~5 .

In Fig. 1 we plot calculated values for col.& and com-
pare with the measurements. The calculated e»
values are listed in Table V. From Fig. 1 it is
clear the calculations are in good agreement with
the measurements of Jopson et al. The experimen-
talpointat Z = 90 is an old measurement of Lay for
which no error estimates are given. In Table VI
we compare our interpolated total M4 and M4 radia-
tive transition rates with Bhalla's values. ' Except
at Z= 64 the two sets of calculations agree to better

TABLE VII. Full width at half-maximum for several L-M x-ray transitions. The widths are in eV.

Transition
Z= 47

Expt C alc
C ale

Ref. 15
Z=74

Expt Cale
Z=79

Expt Cale
Z=83

Expt Cale Expt C alc

L,-M, )
E (L3-M()
0'g (L3-Mg)
~, (L,-M, )

P, (L,-M4)

P, (L,-M, )

P4 L,-M, )

PB (L)-M5)
8(0 (L(-M4)

10.8
10.7
2. 34
2. 2
2.4
6.6
5.9
5.6
6.0

12.2
11.7
2.56
2.56
3.01

12.9
12.8
9.5
9.5

11.4
11.3
8.0
8.0

7.16 6.45

7. 11 9.12

8.57

8.28

7.84

9.64

9.76 8. 28

9.57 10.7

13.2
14.4
14.3
18.8
32.3

9.8

10.1
14.5
33.3
35.9
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than 20%%uo.

VI. FULL WIDTH AT HALF-MAXIMUM FOR SOME
L-M X-RAY LINES

The full width at half-maximum of an x-ray emis-
sion line measures the sum of widths due to the two
levels involved in the transition, i.e. , 1"~@= Fp+ I"@.
This has proved useful in the analysis of K hole to-
tal transition rates since I'~» 11. and the width of
a K-L emission line is a measure of 1"~. One can-
not use the measured width of L-M emission lines
to determine 1"~ because Fl,- I"~. However, with
both I'I. and 1„calculated, we can compare the cal-
culated width, X'~+ FM, with measurements. This
is done in Table VII. The calculations are com-
pared with the measurements of Parratt on Ag,

'4 of
Williams on W, Au, and Bi, and of Williams on

U. The measurements for U are compared with
the calculations for Z=90. For transitions to 2P
holes the calculations are in reasonable agreement
with experiment, while for transitions to 2s holes
there is severe disagreement. Crasemann et al.
have computed L, shell widths using screened hy-
drogenic wave functions and find I"~,= 7. 56 eV for
Ag, while we have I'»=9. 03 eV. This leads t,o val-
ues of 7~~+1 ~ closer to the measured values than
ours, but still their results are significantly differ-
ent from experiment. There is a striking difference
between our calculated p, width for Z = 90 and Wil-
liams's measurements on U. Yet for the P~ width,

calculation and experiment are in excellent agree-
ment.

VII. DISCUSSION

We have presented transition rates and yields for
the decay of M-subshell holes. Fluorescence yields
for the M4 and M, subshells were compared with
measurements on five elements. Four of the mea-
surements were accurate to 20%%uo and the error bars
overlap the calculations in three of the four cases.
At Z= 76, the calculation and experiment agree to
25%. Comparison was made with x-ray full widths
at half-maximum. For L~M4 and L3M4, M5 transi-
tions, calculation and experiment agree to 20%%uo.

However, for the L,M~, M, x-ray full widths at
half-maximum there are significant differences.
Interpolated radiative yields were compared with
Bhalla's relativistic Hartree- Fock-Slater calcula-
tions with agreement, in general, to 25/~. Again,
we emphasize that while we have extensive yield
calculations for the M shell and while the calcula-
tions are in reasonable agreement with measure-
ments, the paucity of experimental data precludes
one from estimating the reliability of the calcula-
tions to better than 25'%%uo.
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