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We have employed newly developed graphite mosaic crystals to observe the I x-ray
spectrum from the decays of ' Cd and ' I. From the measured values of the subshell
Quorescence yields, we conclude that either one or both of the Coster-Kronig transitions
L f L3M4 and L ~-LsM& is forbidden in both the silver and tellurium daughters.

Much of the recent progress in the measure-
ment of L-subshell fluorescence yields may be
traced to improvements in the resolution of lith-
ium-drifted silicon, Si(Li), detectors. ' Interest
in these measurements stems from the sensitiv-
ity of the calculated values of the radiative and,
particularly, of the radiationless transition prob-
abilities to the proper choice of atomic wave func-
tions. The Auger yields depend quite critically
on the value chosen for the continuum-electron
energy. A number of calculations of radiative
and Auger yields have appeared recently in the
literature which are in good agreement with ex-
periment for high-Z atoms. ' However, the reso-

lution of the Si(Li) detector is not sufficient for
study of atoms with Z ~50.

High-resolution crystal diffraction techniques
are also inapplicable for the following reason.
To deduce the Quorescence yields from the ob-
served x-ray spectrum, knowledge of the primary
vacancy distribution is necessary. This require-
ment is difficult to fulfill in x-ray or charged-
particle excitation experiments since it is gen-
erally the photoelectric cross section or the ex-
citation cross section that is itself the object of
study. The primary vacancy problem has been
solved by using radioactive sources, usually
electron-capture P decays or excited nuclear lev-
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els which have high internal conversion coeffi-
cients, for which the decay scheme is well known.
Carrier-free sources (to minimize absorption)
of strengths equal to hundreds of millicuries
would be required to measure the L-subshell
x-ray yields mhieh are of the order of only a few
percent for Z-50.

We have circumvented both of these difficulties,
that of resolution and of efficiency, by exploiting
newly developed graphite mosaic crystals. 4 The
full width at half-maximum resolution of these
crystals in first order for the intense Le transi-
tion in silver and tellurium is 65 and 110 eV, re-
spectively. In second order the resolution for
the tellurium line is reduced to only 40 eV.
Moreover, the efficiency of these crystals is be-
tween 1 and 2 orders of magnitude higher than
for perfect crystals normally used for this range
of x-ray energies. These unique properties
should make the graphite mosaic crystals inter-
esting to many physicists. In particular, the
crystals are ideally suited to the task of extend-
ing the measurements of L-subshell fluorescence
yields to the medium-Z region.

A second noteworthy feature in the x-ray spec-
tra of elements with Z- 50 is the predicted dis-
continuity in the Coster-Kronig yields. A Coster-
Kronig transition is an Auger transition in mhich
a vacancy moves between subshells of a given
shell. Thus, for example, a vacancy transfer
between L, and L, with the ejection of an M, elec-
tron, or, alternatively, the ejection of an L,
electron during a vacancy transfer between L,
and M„ is denoted as Ly L3M5

' Such transitions
are energetically possible if the separation be-
tween the subshells is greater than the binding
energy of the M, electron. This condition is ful-
filled for atoms with Z &50, but fails to be met
by atoms with slightly higher atomic number.
McGuire' has recently analyzed the silver x-ray
spectrum recorded by Parratt in 1938.6 He con-
cludes that the experimental results are in better
agreement with calculations if the Coster-Kro-
nig transitions L, LPI, and L, L~, -are forbid--
den for silver (Z=47). In addition, McGuire
points out that the prediction of the Coster-Kro-
nig yields depends strongly on the procedure used
to estimate the continuum-electron energy from
the known ionization thresholds.

Our experiment consisted essentially of mea-
suring the intensities of the transition lines in

the L-shell x-ray spectrum of the radioactive
isotopes 'a'I and "'Cd. Samples of cyclotron-
produced "Cd and ' 'I were deposited on copper
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FIG. 1. Portion of the second-order tellurium L
x-ray spectrum. The laboratory angle is equal to 2(90
—es), where es is the Bragg angle.

and silver foils, respectively, and covered with
1-mil beryllium foils. The sources were mount-
ed on a vertical rod which could be rotated to
any angle and also translated both horizontally
and vertically. The emitted x rays were colli-
mated to approximately 0.25' by a set of nickel
slats and impinged on 6 in. ~ of graphite crystals
in the detection chamber. The crystals had a
mosaic spread of 0.8 . Diffracted x rays were
detected by an all-beryllium proportional counter,
8 in. high with a 2-in. -diam cylindrical detection
volume, and a 1-mil beryllium window. Both
crystals and counter were mounted on a 8-28
goniometer mechanism. Source and detection
chambers mere both parts of a single vacuum
system, separated by a &-in. -thick aluminum
mall which served as the collimator holder.

The 20 angle was advanced in steps of 0.25,
and data mere accumulated at each position for
intervals ranging from 5 min to 1 h, depending
on the source strength. A 4-mCi iodine source
was used to obtain the first- and second-order
spectra. The second-order spectrum is shown
in Fig. 1. An earlier run with a 1-mCi source
had yielded essentially identical results for the
first-order spectrum. For the cadmium work, a
1-mCi source was used, and the spectrum was
observed in first order only. The Bragg condi-
tion in second order cannot be met for Cd L x
rays and graphite. The results are shown in

Fig. 2. The data were analyzed by superposing
Gaussian functions, of width determined by the
experimental resolution, at the positions pre-
dicted by Bragg's law. The measured height of
each transition was corrected for transmission
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TABLE II. Electron capture probability ratio P1 /PK
and internal conversion coefficients for & and E shells,
required for the calculations of the primary vacancy
distribution.

i25I

20—
LS

100 102 104 106 108 IIO 112 114 116

LAB ANGLE {DEGREES)

FIG. 2. Silver L x-ray spectrum in first order ob-
tained with a 1-mCi ' ~Cd source.
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TABLE I. Corrected relative intensities of L x-ray
transitions observed in the decays of ~ ~Cd and

Transition
Intensity in

silver
Intensity in
tellurium

through the beryllium of source and detector, for
absorption in the argon of the proportional coun-
ter, and for the variation of the integrated reflec-
tivity of the mosaic crystal with Bragg angle and
wavelength. Cur final results are given in Table
I, where the intensity of each transition is ex-
pressed relative to the Le, 2 composite. The
numbers in parentheses for the weakest silver
transitions are not measured values. Since these
transitions were too weak to be observed, we
estimated their intensity relative to the stronger
transitions to the same subshell, using the theo-
retical results of Scofield. '

Both "'Cd and 122I decay by 100'%%uo electron cap-
ture to the first excited state of the daughter
nucleus. The L to K capture ratios in iodine' and
in cadmium' have been measured. The multipol-
arity of the y transition in the daughter, as well
as its internal conversion coefficients, are well
known. For iodine we use the values given by
Karttunen, Freund, and Fink" and Geiger et al. ,"
while the values for cadmium are from Diethrich. "

The average number of vacancies in the L,. (i=1,
2, 3) subshell created in the filling of a K-shell
vacancy is denoted by a~i . These numbers have
been computed most recently by Veaugopala Rao,
Chen, and Crasemann" and are given in Table II
along with the other parameters required for cal-
culating the primary vacancy distribution. The
results of the vacancy calculation are presented
in the first line of Table III.

Appropriate to the resolution of the work pre-
sented here, we may deduce the fluorescence
yields co,. from the following set of formulas:

LS ( L/ L)~ l(flS fl2fSS) 2f2S 2] 2&

IL = (IL/o1L)(Nl f12+MS)4@2,

I1, = ILNlo11/(uL)

where I~ is the total intensity of all L x rays,
Ii. is the intensity of L x rays from transitions to
the L, subshell, f, , are the Coster-Kronig transi-
tion probabilities, and Qi is the average L-shell
fluorescence yield. Hohmuth, Muller, and Shintl-
meister' have measured Q~ precisely for the de-
cays investigated in our work and have found the
values given in Table IG. If their experiment for
silver is reanalyzed in terms of the more recent
PL/P» ratio given in Table II, 4uL = 0.046 is ob-
tained. " It is clear from the above equations that
the individual subshell fluorescence yields are

q I.2M&

p g L2M4
&l &SAI'4

L3M i
n2 LsM4
nl L~s
PS LSNS

P4 L )M2

p3 I iM3

72 LgN

&3 &i&3

(0.02)
0.88
0.14
(0.03)

1.00

0.27
0.12
0.16

(0.05)

0.04
0.60
0.14
0.04

1.00

0.23
0.12
0.23

0.10

Ag Te

N(.N2Pf3
GDI,

CV 2/Q&L

(d S/COL

0.17:0.82:0.51
0.046 + 0.008
0,74+ 0.07
1.11+ 0.10
0,76 + 0.08

0.21:0.28:0.51
0.078 + 0.007
0.85 '+ 0.09
0.97 + 0.10
0.76 + 0.08

TABLE III. Primary vacancy distributions and Quo-
rescence yields for the silver and tellurium i x rays.
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proportional to Q» and our results are best giv-
en as co,./re~.

As of this writing, values for 'tile f;~ are not
availabl. Based on theory and on experiments
at higher Z, the f, , may be restricted to the fol-
lowing ranges: 0.1 &f» &0.3, O. l &f» &0.2, 0.3
&f» &0.8. Note that the value of v, is indepen-
dent of the f,, We may evaluate minimum and
maximum values of ~2 and v~ corresponding to
the limits of the f„, noting that the largest prob-
ability, f», is mulhplied by the smallest vacancy
number, N, . Our results are summarized in
Table III, where the errors span the minimum
and maximum values.

For direct comparison with recent theoretical
calculations, we multiply our results by the val-
ue of P~ determined by Hohmuth, Muller, and
Shintlmeister to obtain the individual I.-subshell
fluorescence yields. For silver we find ~,=0.034
+ 0.003, am= 0.051+0.005, ms= 0.035 + 0.004. For
iodine we deduce +,=0.062 +0.006, ~,=0.071
+0.007, ~,=0.056+0.006.

The results for ~2 are midway between the
theoretical values predicted by Chen, Crasemann,
and Kostrouns and by McGuire. 2 The high values
of v„roughly twice those tabulated in Ref. 1, are
consistent with the recent re-evaluation of this
quantity for silver by McGuire. '

For ~, we obtain experimental values lower
than those calculated by Chen, Crasemann, and
Kostroun and by McGuire. This may have the
following explanation. In approximately 25% of
the cases (for tellurium as well as for silver)
the Le, ~ transitions occur in the presence of
another I.-shell hole (double ionization). The ex-
istence of this additional hole increases the ef-
fective nuclear charge so that I-e„ transitions in
the doubly ionized species may overlap Lp, tran-
sitions in the singly ionized atoms. Similarly,
some LP, x rays are shifted into the LP, group.
The net effect is that I~ is reduced, while I~ is

S 'R
simultaneously increased. Corrections of rough-
ly 15%% to our measured intensities, to compen-
sate for the effects of doubly ionized atoms,
would bring the experimental values of (o~ and +2
into very good agx'cement with the theoretical x'e-

sults of Chen, Crasemann, and Kostroun. A

cumulative effect of this redistribution of x xays

is that the ratio of I P, to La» x rays is increased.
In fact, the measured value for this ratio is con-
siderably higher than that predicted by Scofield, '

%e interpret our results for v, as indicating
that the Coster-Kronig rates assumed for L,—

L,,M, and L,-I.,M, are too large. The fluores-
cence yield ~, is computed from the equation

(e, = I"a(L,)/I'(L, ),

where I'„(L,) is Scofield's radiative width, ' and
I'(L, ) is the total width, including that due to
Coster-Kronig transitions. A decrease in the
calculated value of I'(L, ) by roughly a factor of
2 is required to explain our results for both sil-
ver and tellurium. A decrease of this magnitude
would be obtained if eithex one ox both of the
Coster-Kronig transitions I.,-I.SM~ and I.,-I ~M,
wexe forbidden fox these elements.
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