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Average L- and M-shell-vacancy distributions produced in the deexcitation of atoms that
have been singly ionized in the K shell or one of the L subshells are derived from a compre-
hensive set of available experimental and theoretical data on radiative- and Auger-transition
rates. The data are supplemented by new calculations in j-j coupling from nonrelativistic
screened hydrogenic wave functions of the following radiationless transition rates: K-LL,
K-LM, and K-LN for selected elements with 20 =Z =81, and L;-MM, L;-MX, and L;-XY for
26 =z =93. Experimental and theoretical data on Auger- and radiative-transition probabilities
are critically compared. Auger-electron intensity ratios and Koy/Ka and KB/Ka x-ray inten-
sity ratios from a best fit to experimental data are tabulated for even atomic numbers from
20 to 94. The probability, per initial K vacancy, of vacancy production in each L; subshell is
derived from experimental data and tabulated for 20 =Z = 94; components due to Auger and x-

ray transitions are listed separately. These probabilities agree well with purely theoretical
vacancy distributions also derived here. The probability of M-shell—vacancy production in
the decay of K and L; vacancies is derived from theory and tabulated for selected atoms with

16=2Z=93.

I. INTRODUCTION

When an atom has been ionized in an inner shell,
it is deexcited through radiative or Auger transi-
tions; owing to the latter, a multiplication of va-
cancies takes place. The average characteristics
of such vacancy cascades are important for the ex-
perimental determination of fluorescence yields in
cases where individual x-ray lines cannot be re-
solved with coincidence spectrometers. Knowledge
of average vacancy distributions is also important
for the study of such processes as nuclear electron
capture, the internal conversion of y rays, the
photoelectric effect, and generally, whenever pri-
mary vacancies produced in outer shells must be
distinguished from multiple ionization due to the
decay of an inner vacancy. In the present paper,
we draw upon existing data from Auger-electron
spectroscopy and x-ray intensity measurements,
supplemented by theoretical radiative- and radia-

tionless-transition probabilities, to derive average
L- and M-shell-vacancy distributions following K
ionization, and M-vacancy distributions following
ionization of any one of the L subshells.

II. BASIC RELATIONSHIPS

Following Listengarten,! Wapstra et al.,% and
Fink ef al.,® we denote by ngr, the average num-
ber of primary L;-subshell vacancies produced in
the decay of one K vacancy through radiative tran-
sitions and through Auger transitions of the types
K-L,L; and K-L;X. Excluded from this definition
are additional L vacancies produced through Coster-
Kronig transitions of the type L;-L;X, hence the
word “primary” in the preceding sentence.

The quantities ngy, are related as follows to the
pertinent radiative K-shell partial widths T'r(KL,),
radiationless partial widths I',(KL;L;) and
T'4(KL,X), and the total K-level width I'(X):

-
KL,L,)+T,(KL,L KL,Lg) + T, (KL, X
nxL1=rR1£§{L)‘)+2FA( LiL))+T,( }(lz{);m( yLg) + T, (KL, ):nKLl(R)+nKL1(A), )
L,Ly) + T, (KL, X
nnz:l;f((KK)Lz)’fer(KLsz“ FA(KL;‘I&'); Ty (KL,Lg) + Ty (KL, )=71KL2(R)+"KL2(A)’ (2)
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_ TR(KL,) V2T, (KLgLg) + Ty (KL, Ly)+ T,

o

(KL,Lg) + T, (KL3X)

"kLsT T (K) (&)

Here, X symbolizes M, N, O, ...; "KL,(R) stands
for the contribution to 7, , due to radiative transi-
tions; and n,{Li(A) denotes the contribution from
Auger transitions. The average vacancy numbers
ngr; can therefore be derived from theoretical par-
tial widths. Pertinent radiative widths have re-
cently been calculated by Scofield®; Auger widths
for the transitions with which we are concerned
here have been calculated by Kostroun, Chen, and
Crasemann®~" and by McGuire.®1°

We define ng, as the average total number of pri-
mary M-shell vacancies produced when a K vacancy
decays through a radiative K-M transition or through
an Auger transition of the type K-LM, K-MM, or
K-MX. Specifically excluded from ny, are M va-
cancies produced in two-step processes in which the
decay of a K vacancy first leads to production of an
L vacancy which then decays producing one or more
M vacancies. In terms of partial widths, the aver-
age number of primary M;-subshell vacancies pro-
duced per K-vacancy decay is

Nger;

_ TR(KM,)+ 2T, (KM;M,) + T, (KLM,) + T, (KM, X)
- (K) ’
(4)

where X stands for M; (j#i), N, O, .

The average number of A;-subshell vacancies
produced in the decay of an L; vacancy is the sum
of the number ny, y, (R) of vacancies produced
through L;-M; radiative transitions, the number
1 i, (A) of vacancies produced through L;-M; M and
L;-M;X Auger transitions, and the number nLjMi(CK)
of vacancies due to Coster-Kronig transitions of the

(®)

= nKLa(R) +n[(L3(A) .

-

type L;,-LM;. These three terms are giveu by the
following equations:

1y iy (R)= T (L;M;)/ T(L)) (5)
gy (4) = 2Ead %jﬁ)ﬁ)m L,

X= Mj (]':#i), Nr Oy (6)
nLjMi (CK)= FA(LijM1)/F(L]) ) k>] . (7)

The L;-L,M; Coster-Kronig transitions (j=1, 2)
occur only in regions of the periodic table where
the binding-energy difference between the L, sub-
shell (in the presence of an M, vacancy) and the L;
subshell exceeds the M; binding energy.

The average number of M vacancies produced in
the decay of an L;-subshell vacancy is

(8)

It should be noted that we have excluded A, vacan-
cies due to the decay of L, vacancies produced by
transitions of the type L;-L,M;; in this respect, our
definition differs from the approach of McGuire.®

In some practical situations, the quantity of in-
terest is the fofal average number of M;-subshell
vacancies that arise when a K vacancy decays. This
number includes primary vacancies as well as va-
cancies produced through cascade (two- and three-
step) processes; we denote it by h'KMi. Similarly,
we define 7, as the total average number of M,
vacancies produced in the decay of an L; vacancy,
including vacancies that arise from the decay of the
second L vacancy due to L;-L,X Coster-Kronig
transitions. The quantities # are easily calculated

\
g =2y

TABLE I. Theoretical K~-LL Auger-transition probabilities in j-j coupling (in multiples of 10~ a.u.).?

zZ Element K—L1L1 K—LILZ K—L1L3 K—L2L2 K—L2L3 K—L3L3 Total

20 Ca 2.881 2.434 4,860 0,171 4.469 2.5872 17.387
30 Zn 2.694 2.654 5.291 0.261 6.578 3.794 21,272
35 Br 2.667 2.683 5,344 0.281 7.143 4.120 22.238
40 Zr 2,637 2.689 5.349 0.310 7.630 4.396 23.011
47 Ag 2.601 2.698 5.354 0.333 8.127 4.669 23.782
49 In 2.592 2,701 5.356 0.339 8.250 4.735 23.976
50 Sn 2.588 2.702 5.355 0.341 8.305 4.764 24.055
52 Te 2.581 2.701 5.350 0.346 8.406 4,817 24,201
55 Cs 2,571 2.702 5.344 0.354 8.550 4.892 24,413
60 Nd 2.550 2.701 5.332 0.363 8.750 4.986 24,682
70 Yb 2.511 2,688 5.279 0.377 8.994 5.079 24,928
71 Lu 2.507 2.687 5.273 0.378 9.010 5.082 24,937
75 Re 2,493 2,683 5.251 0.382 9.061 5.088 24.958
78 Pt 2.482 2.677 5.230 0.384 9.081 5.080 24,934
80 Hg 2.476 2.673 5,215 0.385 9.088 5.070 24,907
81 Tl 2.473 2.672 5.208 0.386 9.088 5.064 24.891

21 a.u. =4.134x 1016 sec~1=27.212 eV/7.
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TABLE IV. Theoretical Auger-transition probabilities to the three L subshells, computed in j-j coupling (in multiples
of 107% a.u.).

Z  Element L;~MM Li-MX  Ly-XY Ly-MM  Ly-MX  Ly-XY L3-MM  Lg-MX Ly-XY
26 Fe 44,618 2. 863 0.0 45. 627 2.920 0.0
28 Ni 45.343 3.314 0.0

29 Cu 46.563 3.638 0.0 47.805 3.682 0.0
32 Ge 47.421 5.005 0.089

33 As 36.609 6.484 0.260 47.815 7.561 0.263  49.481 7.752 0. 280
34 Se 48.560 10.069 0.538

35 Br 49,746 12.994 0.947

36 Kr 37.732 14.138 1.197 50.927 16.162 1.486  52.781 16.960 1.590
37 Rb 51.362 18.561 1.923

40 Zr 38.499 18.818 2.048 53.694 22. 227 2.650  56.196 23.348 2.702
42 Mo 39.053 19.336 2,212 55. 283 23.140 2.794  57.577 24,532 2,857
47 Ag 40,737 20. 823 2,642 59,244 25. 833 3.343  62.736 27.713 3.337
50 Sn 42,655 22.849 2,932 61.309 28.576 3.680

51 Sb 41.726 23.924 3.182 65.985 82,422 4.419
56 Ba 40.972 28,492 4.624 63.528 33.576 5.465  68.269 40,670 6.513
60 Nd 43.428 28. 840 4.502 65.751 37.481 5.658  72.007 41.778 6.490
65 Tb 66.185 39.623 6.977  74.864 45,094 7.601
67 Ho 44.063 30.352 4.928

70 Yb 42.937 30.419 4.921

74 w 44,334 31.413 4.956 68.030 41,289 6.517  178.561 48,672 8.007
80 Hg 44,251 31.688 5.499 67.961 43.059 6.910 80,784 52.181 8.779
85 At 43,932 32,191 5.609 67.571 44,223 7.349 82,496 55,178 9.620
93 Np 66.164 45.728 7.619 85,021 59.837 10.116

from the vacancy distributions ng,, and n; , defined
above and from the pertinent L-shell Coster-Kronig
transition probabilities.®"® It should be noted,
however, that the Coster-Kronig transition prob-
abilities may in some cases be drastically different
for an ion with a doubly ionized L shell, compared
with the transition probability for an atom with a
single L-shell vacancy. This is due to the fact that
strong radiationless transitions that can occur in
singly ionized atoms may be energetically forbidden
in doubly ionized atoms.

III. THEORETICAL K AND L AUGER RATES

We compute Auger-transition rates to an initial
K-shell vacancy as done by Kostroun ef al.,® but in
j-j coupling. Specially screened nonrelativistic
hydrogenic wave functions are used to describe the
initial- and final-state vacancies. Details of the
calculation and an analytic expression for the radial
matrix element are contained in Ref. 5. The angu-
lar factors in j-j coupling, for final vacancy con-
figurations through fy,,f7,2 have been reported
elsewhere.!! Results are listed in Tables I-III.

Auger-transition rates to the three L subshells
are listed in Table IV. These were computed in
the course of fluorescence-yield calculations,®”’
but had not been published. In Fig. 1, (L,MX)/
(L;-MM) and (L;-XY)/(L,-MM) ratios are plotted
as functions of atomic number.

In Sec. IV, we compare suitable ratios of Auger-
transition probabilities from the present work

and from the calculations of Asaad,!?'!* Mehlhorn
and Asaad,!* Ramsdale,!® and McGuire® with ex-
perimental data.

IV. COMPARISON WITH EXPERIMENT

Experimental information on Auger-transition
rates is available in the form of intensity ratios.
In particular, relative intensities have been mea-
sured for (a) major K-Auger-electron groups, such
as K-LL, K-LX, and K-XY; (b) K-L,L; Auger lines;
and (c) K-L,X lines. A thorough search of the liter-
ature reveals that suitable experimental information
is contained in Refs. 16-96.

A. Comparison of K-LL Auger-Electron Intensity Ratios b,

We define b; as the probability of producing an
L; vacancy per K-LL Auger transition. For ex-
ample, for the L, subshell we have, in terms of in-
tensities I or widths T,

_2I(KL\Ly) + (KL, Ly) + (KL, Ly)

by I(KLL)

_2T(KL,L,) + T(KL,L,) + T(KL,Ly)

TKLL) . (9)

In Figs. 2—-4 we compare the measured ratios b;
derived from information contained in Refs. 16-96
with theoretical ratios calculated from nonrelativ-
istic wave functions in j-j coupling in the present
work, by Asaad,'? and by McGuire® in intermedi-
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FIG. 1. Ratios of theoretical
Auger-transition probabilities to
the three L subshells, as functions
of atomic number.
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ate coupling by Asaad'? in intermediate coupling
with configuration mixing by Asaad'® and by Mehl-
horn and Asaad!%; and from relativistic wave func-
tions in j-j coupling by Ramsdale. Clearly, none
of the theoretical estimates of the ratios b; agree
well with experiment over the entire range of
atomic numbers. Only the relativistic calcula-
tions of Ramsdale!® agree fairly well with measure-
ments at high atomic numbers (Z>55). However,
at lower Z where the Auger effect plays a dominant
role in creating L vacancies, the relativistic cal-
culations are far off. McGuire’s b, agrees reason-
ably well in magnitude for 20< Z< 40, and some of
the nonrelativistic results for b, and b; follow the
trend of measured ratios, but they obviously are
not sufficiently accurate for the purpose of calcu-
lating vacancy distributions.®” A best fit to the ex-
perimental data, indicated by the broken curves in
Figs. 2-4, is therefore used below in the calcula-
tion of nyy .

B. Comparison of K-LL, K-LX, and K-XY
Auger-Transition Probabilities

All available experimental data'®% on the Auger-

electron intensity ratios I(KXY)/I(KLL) and I(KLX)/
I(KLL) are plotted in Fig. 5. Earlier summaries
of these ratios have been prepared by Listengarten,
Wapstra et al.,? Hornfeldt,®® Gray,*® and Erman

et al.®* There is considerable scatter in the exper-
imental points, overshadowing the errors in indi-
vidual results; error flags have therefore been
omitted from Fig. 5. Theoretical ratios based on
the present work and on the calculations of
McGuire® % are indicated; these predict a plateau
in the region 18 < Z <28 because 3d electrons con-
tribute relatively little to the K Auger-transition
rates. Unfortunately, experimental information

is lacking in this region. Thus, in fitting a smooth
curve to the data, this aspect has been ignored.
Values read from the fitted curve (broken line in
Fig. 5) in this region should therefore be used with

1
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FIG. 2. Probability b; of L-vacancy production per K-LL Auger transition, as a function of atomic number. The
points are experimental ratios from Refs. 16—-95; probable errors range from 10 to 15%. Solid curves indicate theoreti-
cal ratios: 1, present work; 2, nonrelativistic calculations in j-j coupling by Asaad (Ref. 12); 3, nonrelativistic calcu-
lation in intermediate coupling by Asaad (Ref. 12); 4, nonrelativistic calculations in intermediate coupling with configura-
tion mixing by Asaad (Ref. 13) and by Mehlhorn and Asaad (Ref. 14); 5, relativistic calculation in j-j coupling by Rams-
dale (Ref. 15); and 6, nonrelativistic calculations by McGuire in LScoupling (Ref. 8). The broken curve is a least-squares
fit to the experimental points.
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z
FIG. 3. Probability b, of L,~vacancy production per K-LL Auger transition, as a function of atomic number. The
points are experimental ratios from Refs. 16—96; probable errors are 10—15%. Solid curves indicate theoretical ratios,
keyed as in Fig. 1. The broken curve is a least-squares fit to the measured points.
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by solid curves, keyed as in Fig. 1.

caution. The K-XY transition rates are approxi-
mately ten times smaller than the K-LX rates,
hence the large uncertainties in K-XY rates do not
significantly impair the calculation of vacancy dis-
tributions ngy .

C. Comparison of K-L; X, K-L, X, and K-L; X
Auger-Transition Probabilities

Experimental data on Auger transitions to indi-
vidual L subshells are limited in number and also
in reliability, owing to difficulty in resolving elec-
tron lines. Only for Z=35, 47, 49, 52, 55, 71,

75, 78, 80, and 81 could relative K-L,X intensities
be deduced from data in Refs. 16-96. In some
cases, measured intensities had to be allotted
among several unresolved lines. Experimental
ratios are plotted in Fig. 6; a best fit to the data
and theoretical predictions based on the present
work are also indicated. The best fit to the experi-
mental data is used below for the calculation of L-
vacancy distributions. It should be noted that ear-
lier estimates by Listengarten,! based on fewer ex-
perimental data, do not agree well with the present
fit.

D. Comparison of K-LM and K-LN Auger-Transition
Probabilities

The remarks in Sec. IV C concerning experimen-

Theoretical ratios are indicated

The broken curve is a least-squares fit to the experimental points.

tal data apply here as well. In Fig. 7, the few
available measured ratios!®-%® are shown and com-
pared with predictions from the present work and
from that of Bhalla ef al.,®'% and of Asaad and
Burhop.!® For comparison, Listengarten’s esti-
mates of average values! are also included.

In summary, a review of the data on Auger inten-
sities indicates that further theoretical work is very
much needed, especially for atomic numbers below
Z =55 where radiationless transitions dominate in
the deexcitation of K-shell vacancies. Consequent-
ly, we have used best fits to experimental data for
the calculation of L-vacancy production following
K Auger transitions, i.e., of ng;,(A). However,
experimental information on M-vacancy production
is so scarce that we have had to rely on theoretical
‘estimates alone. Most M vacancies are produced
in Auger transitions to the L subshells. Experi-
mental data are available for only nine ele-
ments?®68:76:91,94,102-110 (7 - 49 52 71, 78, 80, 81,
83, and 92). Published data on 8 other elements
‘provide only qualitative information on Auger-elec-
tron intensities,! 3% 33 40,67,9L,111-113 mhe ghectra
are complicated even at the highest atomic numbers;
only major Ls-MM groups of relatively low energy
are resolved. The high-energy end of the spectrum
contains composite peaks that include contributions
from transitions to the L, and L, subshells as well
as from Lg-MN and L;-NN transitions.
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o

Q.10

FIG. 5. Auger-electron in-
tensity ratios I(KXY)/I(KLL)
and I(KLX)/I(KLL), as functions
of atomic number. The data
points are from Refs. 16-96.
Probable errors in the experi-
mental KXY/KLL ratios range
L * LT e i from 10% at high Z to 25% at
i low Z. Solid curves indicate
theoretical predictions (curve
1) from the present work and
(curve 2) from the calculations
L ° i of McGuire (Refs. 8 and 99).
The broken curves are best fits
to the measured ratios.
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FIG. 6. Auger-elect on intensity ratios I(KL;X)/I(KLL). Experimental data points are from Refs. 16—96; probable
errors are 5—10%. The solid curves represent theoretical predictions from the present work. The broken curves are
best fits to the data.
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FIG. 7. Auger-electron intensity ratio I(KLM)/I(KLL) as a function of atomic number. Experimental data (Refs. 16—
96) are compared with predictions from the present calculations (curve 1), from the relativistic calculations of Bhalla,
Rosner, and Ramsdale (Refs. 15 and 100; curve 2), and from the work of Asaad and Burhop (Ref. 101; curve 3). Curve
4 is the estimate of Listengarten (Ref. 1). Probable errors in the experimental ratios are ~ 20%.

V. RADIATIVE TRANSITION PROBABILITIES we compare measured Ka,/Ka, x-ray intensity ra-
tios with the theoretical results of Scofield.* Clear-
Relative x-ray emission rates are required, in ly, there is very good agreement between theory
addition to Auger rates, to compute vacancy dis- and experiment over the entire range of atomic
tributions. Theoretical radiative transition rates numbers. On the other hand, measured KB/Ka x-
have recently been calculated by Scofield* and by ray intensity ratios consistently exceed theoretical
Rosner and Bhalla,!!* with virtually identical re- values (Fig. 9). This discrepancy has already been
sults. A number of measurements of relative x- pointed out by Rao ef al.'*® For the calculation of
ray intensities have recently been performed with vacancy distributions, we use a best fit to mea-
the aid of solid-state detectors.'’®¥" In Fig. 8, sured x-ray intensity ratios, also indicated in
08 T T— T T L T T
L+ HANSEN, FREUND & FINK i
- a dePINHO 5

F « SALEM & WIMMER 4
- ¢ NELSON & SAUNDERS —
07 « EBERT & SLIVINSKY -
o v MISTRY & QUARLES E

- x SCHULT 4

- — SCOFIELD (THEORY) -7

o ---FIT TO EXPERIMENTAL RESULTS - g
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<
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FIG. 8. Ko,/Ko, x-ray intensity ratio as a function of atomic number. The measured points are from de Pinho (Ref.
120), Salem and Wimmer (Ref. 122), Nelson and Saunders (Ref. 115), Ebert and Slivinsky (Refs. 116 and 117), Mistry

and Quarles (Refs. 123 and 124), and Schult (Ref. 121). The solid curve indicates the theoretical ratio computed by
Scofield (Ref. 4); the broken curve is a least-squares fit to the experimental data.
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FIG. 9. KB/Ka x-ray intensity ratio as a function of atomic number. Experimental data are from Hansen et al.

(Refs. 118 and 119), Slivinsky and Ebert (Refs. 116 and 117), Mistry and Quarles (Refs. 123 and 124), Middlemanetal.
(Ref. 126), de Pinho (Ref. 120), Richard et al. (Ref. 127), and Schult (Ref. 121), The solid curve is the theoretical
KB/Ka ratio from the work of Scofield (Ref. 4), and the broken curve is a best fit to the experimental points.

Figs. 8 and 9.
VI. CALCULATION OF VACANCY DISTRIBUTIONS »n KL

For the purpose of computing average vacancy
distributions 7, defined in Sec. II, we can ex-
press the Auger and radiative contributions ”KL,-(A)
and "KLi(R) in terms of experimentally measured
ratios. For example, the following relations hold

for the L, subshell:
-8 -2 -0
10)

-1
1= )+ LALaE  JUS, e
11)
The pertinent Auger-electron intensity ratios, de-
rived from the best fit to the experimental data,'%-%
are listed in Table V. The relevant x-ray inten-
sity ratios from a best fit to measured quanti-
ties!!5-127 are listed in Table VI. Fluorescence
yields wy for the calculation of n;, are taken from
a best fit to selected “most reliable” experimental
values.!28
The average vacancy numbers ny,, as defined
in Sec. II, were calculated from the experimental
Auger-electron and x-ray - intensity ratios of Ta-
bles V and VI and are listed in Table VII for even
atomic numbers 20< Z<94. The quantities ny;, ,(R)
have been omitted; they are negligible throughout

because the L,-K electric dipole transition is for-
bidden.
Vacancy distributions . (A) and

Ngr (R) = nKLz(R) ‘f'nKLs(R)

computed from experimental data (Table VII) are
compared in Fig. 10 with distributions derived
purely from theory. The theoretical distributions
were calculated from the Auger rates of the pres-
ent work, the x-ray emission rates of Scofield,*
and the K-shell fluorescence yields of Kostroun

et al.® Agreement between theoretical and experi-
mental ny; (R) is seen to be good; the slight dis-
crepancy in KB/Ka x-ray intensity ratios does not
appear to contribute a significant error to ng; (R).
The agreement between theory and experiment in
the case of ny, (4) is remarkable, especially in view
of the fact that relative Auger rates to the individual
L subshells do not agree well (Sec. IV). The fact
that theoretical total Auger rates are so close to
measured rates is reassuring, since M-shell-va-
cancy distributions computed in Sec. VII must of
necessity be based on theory alone, due to the
dearth of experimental information (Sec. IV D).

VII. M-VACANCY PRODUCTION FOLLOWING DECAY OF
K AND L VACANCIES

The probabilities ng,(A) and ngy,(R) that a pri-
mary M-shell vacancy is produced in the radiation-
less or radiative decay of a K vacancy has been
calculated from Scofield’s x-ray emission rates*
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TABLE V. Auger-electron intensity ratios derived from a least-squares fit to the experimental data of Refs. 16—96.

KLX KL.X KL3X KLX KXY

z by ® by? by? KLL KLL KLL KLL KLL
20 0.281 0.972 0.614 0.046 0.042 0.074 0,161 0.0096
22 0,293 0.938 0.670 0.054 0.048 0.087 0.189 0,0135
24 0.305 0.906 0.716 0.062 0.054 0.098 0.215 0.0173
26 0.317 0.876 0.753 0.070 0.060 0.109 0.239 0.0210
28 0.329 0.846 0.783 0.078 0,065 0.119 0.262 0.0246
30 0.342 0.818 0.808 0.085 0,071 0.128 0,284 0,0280
32 0.355 0.791 0.828 0.081 0.075 0.138 0.304 0.0314
34 0.368 0.766 0.845 0,098 0.081 0.144 0.323 0,0347
36 0.382 0.741 0.858 0.105 0.085 0.152 0.342 0.0379
38 0.395 0,717 0.869 0.111 0.089 0,158 0,359 0,0410
40 0.409 0.695 0.878 0.116 0,094 0.165 0,375 0,0440
42 0.424 0.673 0,886 0.122 0.097 0,170 0.390 0,0470
44 0.438 0.652 0.892 0.127 0.101 0,176 0,404 0.0498
46 0.453 0.632 0.897 0.133 0.104 0.180 0.417 0.0526
48 0.468 0.613 0.901 0.138 0.107 0.185 0.430 0.0553
50 0.483 0.595 0.897 0.142 0.111 0.189 0.442 0,0579
52 0.499 0.580 0.888 0.146 0.114 0.193 0.453 0.0604
54 0.515 0.581 0.879 0.151 0,116 0.196 0.463 0.0629
56 0.531 0.583 0.869 0.154 0.119 0.200 0,473 0,0653
58 0.547 0,584 0.857 0.159 0.122 0.202 0,483 0.0677
60 0.564 0.586 0.845 0.163 0.124 0.206 0,492 0.0699
62 0.581 0.587 0.832 0.166 0.126 0.208 0.500 0.0721
64 0.598 0.589 0.817 0.170 0.128 0.211 0.508 0.0743
66 0.616 0.591 0.802 0,173 0.130 0.212 0.515 0.0764
68 0.633 0.592 0.786 0.176 0.132 0.214 0.522 0.0784
70 0.651 0.594 0.769 0.179 0,134 0.215 0.528 0,0804
72 0.670 0.596 0,751 0.182 0.135 0.218 0.535 0.0823
74 0.688 0.598 0.732 0.185 0.137 0.219 0,540 0.0841
76 0.707 0.599 0.712 0.187 0.138 0.220 0.546 0.0859
78 0.726 0.601 0.691 0.190 0,140 0.222 0,551 0.0877
80 0.746 0.603 0.669 0.192 0,142 0.223 0.556 0.0894
82 0.765 0.605 0.647 0.195 0,142 0.223 0.560 0.0911
84 0.785 0.607 0.623 0.197 0,143 0.225 0.565 0,0927
86 0.805 0.609 0.598 0.199 0.145 0.255 0.569 0,0942
88 0.826 0.611 0.572 0.201 0,145 0.226 0.572 0.0958
90 0.846 0,613 0.546 0.203 0.145 0.226 0,576 0.0972
92 0.867 0.615 0.518 0,205 0,147 0.227 0,579 0.0987
94 0.888 0.617 0.489 0.207 0.148 0.228 0.583 0,100
*As defined in Sec. IV A, b, is the probability, per K-LL Auger transition, that an L; vacancy is produced.

and the theoretical Auger-transition probabilities I(KB;) I(Ka,) IKR\ !

of the present work. The results are indicated in ngu(R) =g 1(Kay) 1 +I(Ka1)> (1 +I(Ka)>

Table VIII, which also contains the theoretical prob- (12)

abilities ny,(A) +n;,,,(CK) and n;,,(R) for selected and

elements.
The predicted M-vacancy production due to radia- nyu(R)=w; /(1+s,) , (13)

tive transitions can be compared with distributions
calculated from measured fluorescence yields and
x-ray intensity ratios. We have

J

S2

where s; stands for x-ray branching ratios as de-
fined by Venugopala Rao, Palms, and Wood'?:

_I(L,~N)+IL,~0)+... Intensity of Ly x rays originating from L, vacancies

1

(L= M)

" Intensity of LB x rays originating from L, vacancies

b

_ILy~N)+I(L,~0)+--- Intensity of Ly x rays originating from L, vacancies

" Intensity of Ln and LB x rays originating from L, vacancies’

(14)

(15)
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FIG. 10. Average number of L-shell vacancies due to Auger transitions [ngz (4)] and radiative transitions [ng (R)] to
the K shell, per K vacancy. The broken curves are computed from experimental data; the solid curves are derived from
theory.

KLy~ N)+I(Lg=~0)+--- _ Intensity of LB x rays originating from L; vacancies
3" I(Ly~ M) " Intensity of LI and La X rays originating from L; vacancies

r

If we take wy from a best fit to experimental data,?® TABLE VL. X-ray intensity ratios derived from a least-
the KB{ /K «, intensity ratio from the review of Nel- squares fit to the experimental data of Refs. 115-127.
son, Saunders, and Salem,'?® and the Ka,/Ka, and
KB/Ka ratios from the fit to experimental data )
listed in Table VI, and substitute these in Eq. (12), [y IGG) Loy LKP)
e . " z I(Kay) IKa) z IKoy) IKa)
we find “experimental” values of n,(R) that agree
to within 7% or better with the theoretical results

(16)

listed in Table VIII. For example, we find 7y (R)ey: 20 0.503 0.128 58 0.545 0.241
=0.0347 for Z=26, 0.0857 for Z=36, 0.123 for 22 0.504  0.133 60 0.548 0.246
24 0.505 0.133 62 0,552 0.250

Z=47, 0.140 for Z=56, and 0.151 for Z=65. 26 0.507 0134 64 0.555 0. 954
Experimental data that permit calculation of 28 0.508 0.135 66 0.559 0.257
ng, iM(R) are only available for a few elements. Tak- 30 0.510 0.135 68 0.563 0.261
ing the branching ratios s; from Venugopala Rao, 32 0.512 0.148 70 0.567 0.264
Palms, and Wood™ and fluorescence yields w; 34 0,514 0.158 72 0.571 0.267
from McGeorge, Freund, and Fink,'® Eq. (13) 36 0.516 0.168 74 0.575 0.270
yields 1y (R),pe = 0. 1330, 030 and 15y (R)y ot 38 0.518 0.177 76 0.579 0.272
=0.161+0.029 for Z=65. For Z=73, with the w, 40 0.520 0.185 78 0.583 0.275
of Mohan ef al.,"™ we find ng , (R) ey, = 0. 209+ 0. 016 42 0.522 0.193 80 0.588 0.277
and 7, gy (R)egye =0.192+0.016. For Z=80, we have 44 0.525 0.201 82 0.592 0.279
measurements of w; due to Palms et al.'3® that 46 0.527 0.208 84 0.597 0.281
lead to 717y (R)egpe = 0. 260+ 0. 014 and 71y 3 (R) oyt ‘;3 gggg 8;23 gg 3283 gggg
=0.247+0.014. Only for Z=82 have the fluores- 59 0. 536 0. 226 90 0:612 0: 287
cence yields of all three L subshells been mea- 54 0.539 0.231 92 0.617 0.288
sured,?® leading to ny y(R)eype = 0. 087+ 0. 057, 56 0.542 0.236 94 0.622 0.290

1 g (R)oxpt = 0. 201 £0. 024, and ny, gy (R) eyt = 0. 258
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TABLE VII. Average number of primary L; subshell vacancies produced by transitions to the K shell: ng; ‘(A) due to

Auger transitions and ny;, (R) due to radiative transitions.
duced by Auger transitions [ngy (4)], by radiative transtions [ng; (R)], and by all transitions ;) to the K shell.

Also listed is the total number of primary L vacancies pro-

zZ nKLI(A) nKLZ(A) nKLZ(R) nKL3(A) nKL3(R) ngr (4) Ny (R) Nnkr
20 0.234 0.725 0.048 0.492 0,096 1.451 0.144 1.595
22 0.223 0.640 0.065 0.491 0.129 1.354 0.194 1.548
24 0.214 0.559 0.083 0.474 0.165 1.247 0,248 1.495
26 0.201 0.485 0.103 0.447 0.203 1.133 0.306 1.439
28 0.185 0.415 0.123 0.410 0.242 1.010 0.365 1.375
30 0.170 0.353 0,142 0.372 0.279 0.895 0.421 1.316
32 0,154 0.298 0.159 0,333 0.311 0,785 0.470 1,255
34 0.139 0.252 0.175 0.294 0.340 0.685 0.515 1.200
36 0.125 0.212 0,188 0.259 0.365 0.596 0.553 1.149
38 0.112 0.178 0.200 0,227 0.387 0,517 0.587 1.104
40 0.0999 0.150 0.211 0.198 0.405 0.448 0.616 1.064
42 0.0897 0.126 0.220 0.173 0.421 0.389 0.641 1.030
44 0.0805 0.107 0.227 0.152 0.433 0.340 0.660 1.000
46 0.0722 0.0906 0.234 0.133 0.443 0.296 0.677 0,963
48 0.0653 0.0775 0.240 0.117 0.452 0.260 0.692 0,952
50 0.0588 0.0664 0.245 0.102 0.460 0.227 0.705 0.932
52 0.0533 0.0573 0.249 0.0893 0.465 0.200 0.714 0.914
54 0.0484 0.0507 0.253 0.0782 0.469 0.177 0,722 0.899
56 0.0441 0.0452 0.256 0.0688 0.473 0.158 0.729 0,887
58 0.0405 0.0405 0.259 0.0608 0.475 0.142 0.734 0,876
60 0.0372 0.0364 0.261 0.0538 0.477 0.127 0.738 0.865
62 0.0342 0.0327 0.264 0.0475 0.479 0.114 0.743 0.857
64 0.0320 0.0299 0.266 0.0429 0.479 0,105 0,745 0.850
66 0.0298 0.0272 0.268 0.0382 0.480 0.0952 0,748 0,843
68 0.0278 0.0249 0.270 0.0344 0.479 0.0871 0.749 0.836
70 0.0258 0.0226 0.272 0.0306 0.480 0.0790 0.752 0.831
72 0.0243 0.0208 0.274 0.0276 0.479 0.0727 0.753 0.826
74 0.0231 0.0195 0.275 0.0252 0.478 0.0678 0.753 0.821
76 0.0214 0.0176 0.277 0.0223 0.478 0.0613 0,755 0.816
78 0.0207 0.0168 0.278 0.0206 0.477 0.0581 0.755 0.813
80 0.0194 0.0154 0.280 0.0185 0.476 0.0533 0,756 0.809
82 0,0186 0.0145 0.281 0.0169 0.475 0,0500 0,756 0.806
84 0.0178 0.0136 0,284 0.0153 0.474 0.0467 0,758 0.805
86 0.0169 0.0127 0.285 0.0139 0.473 0.0435 0.758 0,802
88 0.0160 0.0118 0.286 0.0124 0,472 0,0402 0.758 0.798
90 0.0151 0.0109 0.288 0.0111 0.470 0.0371 0.758 0.795
92 0.0147 0.0105 0.289 0.0102 0,469 0.0354 0,758 0,793
94 0.0150 0.0105 0.290 0.0098 0.467 0.0353 0,757 0,792

analysis) techniques.

+0.021. In summary, there is satisfactory agree-
ment between theoretical and experimental values
of n;,u(R).

Auger-electron intensity ratios from which em-
pirical M-vacancy production rates could be de-
rived have unfortunately not yet been measured.
Estimates of n; ,(A) by Freund and Fink,'*® based
on data of Haynes, Velinsky, and Velinsky'!? for
Z =83, seem to indicate reasonable agreement with
theory. However, a detailed comparison will only
be possible when the high-resolution L -Auger elec-
tron data become available that are to be expected
from ESCA (electron-spectroscopy-for-chemical-

VIII. CONCLUDING REMARKS

This work pertains to vacancy distributions that
arise in the decay of single inner-shell vacancies
only. Multiple inner-shell ionization produced, for
example, by heavy-ion bombardment,'* leads to
different decay processes that are not yet well un-
derstood.!®® Furthermore, only ordinary radiation-
less transitions are considered, in which a single
Auger electron is emitted. However, a double
Auger process is known to occur with considerable
probability, resulting in the ejection of two elec-
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TABLE VIII, Probability of producing a primary M-shell vacancy through Auger transitions [ngy (A + CK) =nyy (A)
+ngyu(CK)] and radiative transitions [ng,(R)] to a K~shell vacancy, and through Auger transitions [nLiM(R)] to an L;-sub-

shell vacancy, derived from theory.

z nKM(A+CK) nKM(R) VLLIM(A+CK) nLlM(R) anM(A+CK) anM(R) nLgM(A‘FCK) anM(R)
16 0.201 0.0033

20 0.221 0.0149

22 0.212 0.0216

24 0,197

26 0.180 0.0371 1.863 1.937

28 0.162 1.828

29 1.819 0.0036 1.922 0.0039
30" 0.144 0.0532

32 0.128 0.0624 1.840

33 1.084 1.764 1.839

34 1.696

35 1.612

36 0.102 0.0806 1.167 0.0020 1.542 0.0118 1.697 0.0122
37 1.488 0.0132

40 0.0790 0.0967 1.031 0.0034 1.415 0.0187 1.616 0.0197
42 0.0693 0.104 1.014 0.0054 1.402 0.0236 1.602 0.0250
47 0.0499 0.119 0.942 0.0084 1,349 0.0392 1.560 0.0409
50 0.0411 0.126 0.905 0.0105 1.304 0.0502

51 0.762 0.0255 1.284 0.0545 1.497 0.0560
54 0.0318

56 0.0281 0,137 0.673 0.0350 1.212 0.0779 1.384 0.0713
58 0.0249

60 0.0221 0,143 0.666 0.0468 1.145 0.102 1.360 0,103
65 0.0166 0.149 1.074 0.141 1.284 0.137
67 0.614 0.0625

70 0.0132 0.154 0.582 0.0865

74 0.561 0.106 0.936 0.227 1.138 0,212
80 0.707 0.0730 0.819 0.288 1.024 0.265
85 0.681 0.721 0.929

93 0.629 0.782

trons from the outermost valence shell.'®*® For ACKNOWLEDGMENTS

light elements, this process can be expected to
modify the probability of M-vacancy creation pre-
dicted in the present work to an extent that cannot
yet be accurately assessed.

The survey of experimental and theoretical infor-
mation included in this article clearly shows the
need for much further work on this interesting sub-
ject.
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