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Using recently calculated values of radiative, Coster-Kronig, and Auger transition rates,
and the hypothesis that the satellite structure arises from doubly ionized atoms (with L and N
holes), and an assumed incident x-ray spectrum, we calculate the relative intensities of the
Ag L-series x-ray spectrum. The calculations are in best agreement with Parratt's measure-
ments when Ag L~-L3M4 5 Coster-Kronig transitions are forbidden. Comparison of the calcu-
lations with the satellite components leads to unsatisfactory agreement. Reasons for this are
discussed. Modified values of f~2, f&3, and ~& for the Ag and Sn L shells are reported.

I. INTRODUCTION

In a 1937 review article on x-ray satellite struc-
ture, Richtmyer pointed out that while a multiple-
ionization theory could adequately account for the
Kn satellite spectrum it was unable to predict the
peculiar phenomena associated with L-shell satel-
lite spectra. To account for the latter, Richtmyer
argued that Auger processes were necessary. How-
ever, it is only recently' that reliable calculated
Auger transition rates have become available. In
the future, we plan an extensive comparison of
calculated and experimental satellite structure but
for the present we confine our examination to sil-
ver. Parratt' has made a precision measurement
of the Ag L-series x-ray spectrum. As an indica-
tion of the sensitivity involved, Parratt measured
the intensity of the L~-Nj line as 0. 28 compared to
the Lz-M, line with intensity 100. As we shall see,
the calculation leads to 0. 30 for the intensity of
La-Nj when L,-M, is set equal to 100. The motiva-
tion for this study arose neither from the diagram
line intensities nor from the satellite structure but
rather from the value of the width (lifetime) of an
L, hole. Parratt measured an average width for the
L&-M2 3 transition as 6. 25 eV, while for the much
weaker L~-M4 ~ transition (a nondipole transition)
he found a width of 5. 8 eV. The author has recently
calculated the M4, and M2, widths as 0. 44 and 3. 80
eV. ' Thus, from the measured L&-M, , width one
deduces 2. 45 eV as the width due to the lifetime of
the L, hole; yet from the L&-M4, width one deduces
an L, width of 5. 4 eV. In addition, the author has

e, (Z) =- E„,(Z)+E„,(Z)+E„:,„(Z+1),

e, (Z) = —E„,(Z)+ E„,„(Z+ 1)+E„„,„(Z),
e, (Z) = —E„,(Z)+-,'[E„., (Z)+ E„., HZ+1)

(2)

(3)

+ E&aqra(Z)+E&~ei(z+ 1)] (4)

For instance, estimate (1) would allow a large
Ll -L3M5 Coster-Kronig transition rate at Z = 73.
The other estimates indicate such a transition is en-
ergetically forbidden. Experimental measurements
on f, ~ indicate the transitions do not occur. For the
silver L,-Ls(M4, M5) transition estimate (2) leads to
e2 = (+ 44 eV, + 51 eV) for the continuum electron
energy, where we use the ESCA tabulation of ion-
ization thresholds. Estimate (3) leads to e, = (-105
eV, —99 eV), while estimate (4) leads to e 4

= (- 31
eV, —27 eV). Thus two of the estimates predict
the transition is energetically forbidden, one pre-
dicts it is allowed. The point of this paper is to
examine the effect of the presence or absence of

calculated an L, width of 9.03 eV while Crasemann
et al. obtain 7. 56 eV. The calculated values are
so large because it is assumed L&-L,M4, Coster-
Kronig transitions are energetically allowed. An
inaccurate way of estimating the continuum electron
energy in an nl-n l n / Auger transition is to use

~,(z) =-E„,(z)+E„„.(z)+E„, (z),
where E„, is a one-electron ionization threshold
and c& is the estimated energy of the continuum
Auger electron. Three more accurate procedures
are
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Case

(i)
(ii)
(iii)
Ref. 6

fi, 2

0.167
0.074
0.052
0.064

0.313
0.692
0.786
0.695

I,, (eV)

2. 81
6.31
9.01
7. 56

TABLE I. Four sets of parameters for f( 2, f( 3, and 1'g(
for the L& shell of Ag.

bly ionized atoms to which we attribute the satellite
spectrum. For the analysis in terms of gross sat-
ellite structure we add N3, and N3 p.

In Parratt's x-ray tube electrons of 15 keV strike
a gold anode producing an x-ray beam. This x-ray
beam strikes the silver target and x rays emitted
from the silver target are observed. However, the
Au x-ray spectrum is not given, and to determine
the initial Ag L-shell hole distribution we assume

the L&-L3M4 5 transition on the L& width and on the
relative intensities of both the diagram and satellite
lines. In fact, we will also examine the possibility
that the L,-L3M4 transition is forbidden while the
L$ L3M5 transition is al lowed.

II. CALCULATIONS
Line Transition ~ (eV) Satellite designation

Measured
intensity

TABLE II. Ag L-series x-ray line designations, identi-
fications, energy differences, and measured intensities,
from Ref. 8.

In Table I we list the Coster-Kronig yields and

L, width for three cases: (i) Both L;L,M, and
I,, I.,M, tra-nsitions are forbidden; (ii) the L, L,M4-
transition is forbidden but the Lj-L3M5 transition
is allowed; and (iii) both transitions are allowed.
We also include the results of Crasemann et al.
From Table I it can be seen that the L, width for
case (i) 2. 81 eV is in reasonable agreement with
the value derived from the L&-M2 3 width, 2. 45 eV.
However, the width obtained for case (ii) 6. 31 eV
is reasonably close to the value 5.4 eV derived from
the weak L&-M4 5 line. Thus, the comparison of the
three cases with the experimental width determina-
tions is not entirely conclusive.

Because Parratt's article is perhaps not readily
available and because we introduce gross satellite
definitions, we reproduce Parratt's identifications
and intensities in Table II, along with the energy
difference associated with the measured wave-
length. The symbol $ is used to indicate a satellite
line and the S, are defined in the table. We reserve
the examination of the details of the satellite struc-
ture for Sec. III.

In Parratt's experiment the silver target was
bombarded with an x-ray beam created by 15-keV
electrons striking gold. Photoionization leads to
an initial hole population of N&Lj holes, N2L2 holes,
and N3L3 holes. We assume that the initial popula-
tion decays by Coster-Kronig transitions to a final
I.-shell hole population before radiating (the Coster-
Kronig rates in all cases are at least five times the
total radiative rates). Thus, we have a population
after Coster-Kronig transitions given by

N1 ——N1(1 -f13-f13), N3 ——N3(1 -f3 3))

N2 1 = N1f13(1 —f33), N3 = N3

Y2, 3"

Y2 3'

Y2.3

Y Ital

Y1'

YIII

P1O

pIV

pV

P2. i

P2J II

pVI

P2

P2

pIV

PI"

Pfie

Pfi

L 1N3

L 1N2

LIM)

L 1M4

L3N1

LIM3

L IM2

L2M4

3815

3790

3760

3758

3755

3562

3558

3525

3440

3400

3398

3395

3392

3385

3380

3262

3240

3211

3187

3180

3173

3164

3158

3020

3012

3004

3002

3000

S, =- S(L, -N, )

S2:—S (L3 —N,-))

S3 —= S(L, —M4)

S,-=S(L3-u, „-)

0. 06

1.04

0.66

0. 16

4. 36

0.074

0.043

0. 13

1.78

11.9
0.56

7. 2

3.9

2. 06

49. 1

11.7

N3 1=N1f13 N3 3 ——N3f33

Here, f3 3 is taken as 0. 152, and we have neglected
small terms (e. g. , N331 N1f13f33). The quantities
N~ » N, » and N, ~ are populations of at least dou-

L3M5

L3M4

2996

2980

100

8.61

L 2M1

L3M1

2820

2640

2. 0

4 4
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FIG. 1. Photoionization cross section for the 2s and

2p shells of Ag, where g~=hc/Eo and Eo is the ionization
threshold for the particular shell.

the x-ray output of the Au target, N(v), has a Kra-
mers spectrum, [i.e. , N(v) ~(vo —v)e(v, —v),
where hvp = 8+p and Vp is the voltage across the x-
ray tube]. Given this shape, subshell photoion-
ization cross sections computed by the author"
shown in Fig. 1, and the ionization thresholds,
we compute an approximate initial distribution
Nq/N2/N3 = 1.00/l. 48/2. 83. With this initial hole
distribution we obtain the final hole distribution
shown in Table III. The column labeled (ia) is the
final hole distribution following renormalization
of the initial hole distribution. This is discussed
below. After we have accounted for the Coster-
Kronig transitions, we have two channels left,
radiative and Auger transitions. The total tran-
sition rates due to the sum of these two process-
ses (A) are 539, 805, and781(x10 '/a. u. )where
1 a. u. = 2. 42 && 10 sec. Normalizing the radiative
transition rates of Rosner and Bhalla' or Scofield'
with these modified total transition rates produces
the normalized radiative transition rates listed in
the second column of Table IV. Combining these
with the final hole populations leads to the relative

III. DETAILED SATELLITE STRUCTURE

We have advanced a hypothesis concerning the
origin of the L satellites in silver. In addition to

TABLE III. Final hole populations after Coster-Kronig
transitions but prior to radiative and Auger transitions.
Cases (i), (ii), and (iii) assume an incident Kramers
spectrum and no L&-L3M4 ~ transition, no L&-L3M5 transi-
tion, and both L&-L3M4 ~ transitions, resepctively. Case
(ia) is case (i) with a renormalized incident spectrum.

n case

nf
n2

n2i
n3

n3f

n32

0.520
1.26
0, 142
2.83
0.313
0.225

(ia)

0.316
1.26
0.086
2.83
0.190
0.225

0.234
l. 26
0.063
2. 83
0.692
0.225

0.162
1.26
0.044
2. 83
0.786
0.225

intensities (normalized to the Ls-M, diagram line)
listed in columns 3, 5, and 6 in Table IV. The col-
umns are labeled by case numbers. We do not re-
peat entries in Table IV unless they change. Sever-
al features stand out. The calculated intensities for
the L2 and L, diagram lines are in good agreement
with the measurements. This indicates the calculat-
ed radiative transition rates' ' are accurate. The
calculated intensities for the L, diagram lines agree
best with experiment for case (ii). However, if we
examine the computed intensity for the strong sat-
ellite S~ =S(LS-M4, ) we see that the calculations for
case (ii) lead to a satellite intensity almost four
times greater than the measurement.

However, if we argue that the assumed x-ray
spectrum may be incorrect (the initial hole popula-
tion is wrong) and normalize to experiment the com-
puted intensities for transitions to the L, hole, we
find a new initial population N, /Na/N~ = 0.607/1. 48/
2. 83. With this we recompute the final hole popula-
tions [the column labeled (ia) in Table III] and the
relative intensities (column 4 of Table IV). The
strong satellite S4 is now in good agreement with
the measurement, all the diagram lines are in good
agreement with the measurements, but the weaker
satellites differ from experiment by as much as a
factor of 2. If we attempted the above renormaliza-
tion for cases (ii) and (iii) we would be forced to in-
crease the intensity of the satellite S4. Since this
is already almost four times larger than the experi-
mental value, the disagreement would be increased.
Thus, we conclude that, if L,-L3M4, transitions are
not allowed, the measured and computed line widths
are in agreement to 15% the diagram lines and the
strong satellite agree to 25%, while the calculated
intensity for the weaker satellites differs from ex-
periment by as much as a factor of 2.
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TABLE IV. Relative intensities for Ag L-series x-ray lines for four final hole populations and experimental values.
The case designations are the same as in Table EII.

Transition

LiM2
M3

M4

Mg

N3

Radiative rate/A' (10 )

18.2
30.1
0.21
0.31
3.37
5. 61

6.72
11.1
0.08
0.11
1.24
2.07

4.07
6.73
0.05
0.07
0.75
1.26

Calculated relative intensity
(ia) (ii) (iii)

3.03 2. 10
5.02 3.46
0.03 0.02
0.05 0.04
0.56 0.39
0.93 0.65

Expt

3.9
7. 2
0.04
0.07
0.66
l.04

L2Mg

M4

N(
N4

S(L,M4)
S (L3N4)

L3M)
M4
M5

N&

S(L3M4 5)

S(L~,}

l. 66
56.7
0.33
5. 85

56. 7
5. 85

2. 06
5.61

49. 8
0.40
5.02

55.4
5.02

1.48
50.6
0.30
5.24
5.72
0.59

4. 14
11.3

100
0.80

10.1
21.2
1.92

3.47
0.36

16.3
1.48

2.54
0.26

36.2
3.27

1.77
0.18

39.6
3.60

2. 0
49. 1
0.28
4.36
2.06
0.16

4, 4
8.61

100
0.56

11.9
ll. 7
l.78

determining the intensities of the satellite groups
relative to the diagram lines, Parratt' has attempted
a detailed analysis of the intensity of the components
of the satellites. Here we compare the results of
his analysis with calculations based on the hypothe-
sized model for the satellite structure. We do not
include the very weak satellite S,. Parratt finds
five components for the satellite S4, four for the satel-
lite S „and six for the satellite S3. With our hypoth-
esis for the origin of the satellites we would ex-
pect five components in each corresponding to an
L hole and one N, hole (i = 1-5). Thus, we assume
the weakest line in S3 was not resolved, while the
sixth (weakest) line in S2 is due to the analysis (it
is less then 3/p of the total intensity for S2). Thus,
we argue that to 5% Parratt's analysis is consistent
with five component satellites. The satellite com-
ponents of L, lines arise from both L~-L3N and
L,-I.SN transitions. For both sets of Coster-Kronig
transitions the rates are available and coupled with
the assumed initial hole distributions allow one to
compute the relative populations of L¹doubly ion-
ized atoms. We assume that the energy shifts of
the satellites from the main lines decrease with
increasing i. Thus, the most strongly shifted com-
ponent occurs in the ion with L-N, holes. With these
assumptions, we obtain the relative intensities
shown in Table V. Generally, the calculations and
experiment differ in that the calculations underes-
timate the relative intensity of the (I.N4, N, ) satellites
and overestimate the (LN, 2 3) satellites. This could
be an indication that Coster-Kronig transitions of
the form LN, -LN4, ,N, ~ occur in the doubly ionized

TABLE V. Calculated and measured relative intensi-
ties for the components of three satellites. The notation
ck 7 (LQ $) indicates the satellite (e&) and the hypothesized
hole distribution leading to the satellite.

Satellite

~, (L,N, )

~, (L~,)

~4 L,N4)

~, (L,N,„)

p2 L3N&)

ppnti (L3N3)

P2- L3N4)

P2 «3N5)

P', L~,)

pap�ist

L2N2)

p|i (L2N4, N5)

Relative intensity
(calc)

0.178

0.154

0.179

0.267

0.222

0.178

0.154

0.179

0.267

0.222

0.269

0.175

0.282

0.275

Relative intensity
(me as)

0.040

0.140

0.266

0 wan0 ~ C J k

0.146

0.127

0.064

0.156

0.364

0.279

0.049

0.136

0.407

0.407

atom, i.e. , that some portion of the satellite spec-
trum arises from triply ionized atoms. However,
this requires N- shell transition rates in the pre sence
of an I.-shell hole which are not available. Were
such N-shell transitions to occur, one would not an-
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ticipate that the satellite wouM have exactly five
components. However, without an accurate treat-
ment of the energetics involved one cannot rule out
such a possibility. Two alternative explanations for
the difference are available. First, the calculated
Coster-Kronig rates are in error and overestimate
the L,-L3N, and La-L3N, transition rates. Ideally
one would like to compare the calculations with mea-
sured Coster-Kronig L,-LSN and L3LSN electron
spectra for Ag. We would expect such peaks to be
in the 250-350 eV range. However, one expects
such peaks to overlap the inevitable M-shell Coster-
Kronig and Auger electron spectrum. The second
explanation is that the differences lie in the resolu-
tion of the experimental data into satellite compo-
nents. ' Note that in Table V the two most shifted
components of Sa are reversed in intensity relative
to the two most shifted components of S, and S4.

IV. L, COSTER-KRONIG AND FLUORESCENCE YIELDS
FOR Sn

In our original calculations of L-shell yields
we used criterion (2) to determine the continuum
electron energy for the I &-LIM4, transitions. This
proved inaccurate for Z =47. For Z =54 criteria
(2)-(4) do not allow the LgLSM4 g transition( and it
was not included in the calculations. For Z =44
criterion (3) forbids the L~ LsM4, , tran-sition while
criteria (2) and (4) permit' it, the latter by only
(+5, +10) eV. For Z=50, however, criteria (3)
and (4) forbid the I.,-LSM4, transition. This leads
to newva. lues for Sn, namely, f, 2=0. 154, f, ,
=0.354, co, =0.0388. The old values, computed
assuming L,-L3M, 5 transitions were allowed, were
f, ,,=0.052, f,s=0. '/84, and ~, =0.0130. For Ag the

new (old) value of &u, is 0. 0329 (0.0102).

V. CONCLUSIONS

Using recent calculations of radiative, Coster-
Kronig, and Auger transition rates, and a hypothe-
sis on the origin of x-ray L-series satellite lines,
we have computed the silver L -series x-ray spec-
trum. , We have compared the results with experi-
ment, arbitrarily assuming an incident x-ray spec-
trum. We find that the diagram lines can be reason-
ably reproduced by allowing the L,-L,M, Coster-
Kronig transition but not allowing the I &-L3M4
transition. However, for this case the L3 M4 5

satellite is computed to have an intensity four
times the measured satellite strength. Since this
is a large satellite, we reject the above descrip-
tion. Rather we forbid both I.,-L3M4 and L,-L3MS
transitions and readjust the assumed incident
spectrum (initial hole distribution) to bring the
total L, intensity into agreement with experiment.
The intensities of the satellites are then in satis-
factory agreement with the measurements.

We have compared the calculated satellite com-
ponents with those obtained by Parratt from a
decomposition of the satellite structure. Agree-
ment is not satisfactory but this may be due to an
overestimate of the computed L-LN& transition
rate, to the decomposition of the satellites, or to
further Coster-Kronig transitions involving the
N& hole in the doubly ionized atom.
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