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Fluorescence and Coster-Kronig yields of theL 1 shell in gadolinium
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Using a Si~Li ! x-ray spectrometer, we have measured the respective fractions ofL1 , L2 , andL3 x rays in the
L x-ray spectrum emitted in the157Tb-157Gd electron-capture decay. Using, in addition, our previously mea-
sured value for the ratio ofL andK x rays, we deduce values for the fluorescence and Coster-Kronig yields of
the L1 subshell. These arev150.10160.005, f 1250.16660.020, andf 1350.28760.014. Thef 12 and f 13

values are significantly below the predictions of the independent-particle model~IPM!. The deducedL1 level
width of 3.7 eV is also significantly below the IPM width of 4.6 eV.@S1050-2947~98!01011-7#

PACS number~s!: 32.70.Fw
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I. INTRODUCTION

Vacancies in the atomicL1 or L2 level may deexcite via
characteristic x-ray emission, Auger-electron emission,
the Coster-Kronig process. The latter involves a nonradia
transition in which the vacancy is filled by an electron fro
a higherL subshell with simultaneous ejection of a weak
bound outer-shell electron. AnL3 vacancy may deexcite
only by the first two processes. The transition rates for
three processes have been calculated in the indepen
particle model~IPM! by Scofield and by Chenet al., who
presented their results in a number of publications during
1970s and 1980s. A full tabulation of these results, toge
with the relevant references, is given by Perkinset al. @1#.
While both the Dirac-Fock~DF! and the Dirac-Hartree-Slate
~DHS! potentials have been used to calculate radiative ra
the Perkinset al. compilation relies upon the DHS approac
for both radiative and nonradiative rates.

Two quantities of great practical importance are deriv
from these rates. The first is the subshell fluorescence y
(v i , i 51,2,3!, i.e., the probability ofLi x-ray emission. The
second is the Coster-Kronig probability (f i j ), i.e., the prob-
ability of nonradiative transfer of anLi vacancy to theL j
subshell. The widely referenced paper of Chen, Crasem
and Mark@2# presented IPM values of these sixL subshell
quantities based on DHS calculations. Accurate knowle
of the values ofv i and f i j as a function of atomic numberZ
is important in various contexts. One context is the extr
tion of inner-shell ionization cross sections by charged p
ticles from measured x-ray spectra@3#. Another is the whole
area of elemental analysis based upon x-ray emission s
troscopy techniques@4#.

While theory is one source of values ofv i and f i j , an
alternative and widely used source is a 1979 compendium@5#
based upon the then available experimental data. Given
improvement in measurement technique since the dat
that work, there is reason both to be cautious in adopting
recommendations, and to attempt improved measurem
Jitschin@6# has summarized more recent measurements,
accuracy of which is likely to be significantly better tha
those made before 1979. The situation for theL2 and L3
subshells appears moderately satisfactory. The meas
PRA 581050-2947/98/58~5!/3537~7!/$15.00
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fluorescence yields are in agreement with IPM theory at
3% level. The measured Coster-Kronig probabilityf 23 shows
a well-defined trend to run 5–10 % below theory at t
atomic numbers aboveZ560 where there are a large numb
of consistent measurements. In an earlier work@7# we have
shown that this small discrepancy may be attributed, at le
in part, to current data-reduction approaches, which neg
the effects of satellites and natural widths in extracting x-
intensities from the spectra recorded by energy-disper
Si~Li ! x-ray detectors. We can thus conclude thatf 23 lies
between 92 and 100 % of the IPM prediction. The situat
for theL1 subshell is much less clear. The theoretical valu
of f 12 and f 13 are not monotonic as a function ofZ, because
various Coster-Kronig transitions become energetically p
sible or impossible in particular atomic number ranges. E
perimental values are few and their accuracy is difficult
discern.

A recent study@8# of L1 deexcitation in xenon sugges
that there is a large discrepancy between the IPM predic
and experiment forf 12 and a smaller one forf 13. This sug-
gested to us that we should expand our earlier work@9,10# on
K andL x-ray emission from gadolinium in order to provid
a further test in the atomic number region 50,Z,74 where
the L1L2M4 and L1L2M5 transitions are energetically for
bidden.

II. OUTLINE OF THE METHOD

The method is similar to that of Marques, Martins, a
Ferriera @11#. It involves measuring theL x-ray spectrum
from a radionuclide undergoing decay by orbital electr
capture. A simple decay scheme connecting the nuc
ground states of the parent and daughter nuclides is desir
so that the relative numbers of vacancies arising in theLi
subshells are accurately known. The spectrum is recorde
energy-dispersive fashion using a well-characterized Si~Li !
detector, and the relative intensities ofLi x rays are obtained
by a nonlinear least-squares fit to the spectrum.

The symbolseK , eL1
, etc. are used to denote the relati

numbers of subshell vacancies produced directly by orb
electron capture.L subshell vacancies also arise indirec
from the deexcitation of the primaryK shell vacancies
3537 ©1998 The American Physical Society
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through bothKa x-ray emission andKLL andKLM Auger-
electron emission. The quantitiesnKLi ( i 51,2,3) represen
the probability of anLi subshell vacancy resulting from a
initial K vacancy. The fluorescence yields arevK , v1 , v2 ,
andv3 . TheL-subshell Coster-Kronig probabilities aref 12,
f 23, andf 13; the overall probability that anL1 vacancy shifts
to the L3 subshell is f 138 5 f 12f 231 f 13. The symbolsXK ,
XL1

, etc. denote the relative numbers of x rays emitted.

Determination ofv1 . We have

XK5eKvK ,

XL1
5~eL1

1eKnKL1
!v1 .

Therefore

vL1
5

vK

A
S XL1

XK
D , where A5S eL1

eL

eL

eK
1nKL1

D . ~1!

Determination of v1 from Eq. ~1! requires independen
knowledge ofvK .

Determination of f12.
This is based upon theL2 contribution to the x-ray spec

trum,

XL2
5~eL2

1eL1
f 121eKnKL2

1eKnKL1
f 12!v2 .

Therefore

f 125

S XL2

XK

vK

v2
D 2

eL2

eL

eL

eK
2nKL2

A
. ~2!

Evaluation of f 12 from this equation demands independe
values forv2 andvK .

Determination of f13.
The L3 x-ray contribution is

XL3
5@eL2

f 231eL1
f 131eKnKL3

1eKnKL2
f 23

1eKnKL1
f 138 #v3 ,

where f 138 5 f 131 f 12f 23. Therefore

f 138 5

S XL3

XK

vK

v3
D 2

eL2
f 23

eK
2nKL3

2nKL2
f 23

A
. ~3!

Evaluation off 13 using Eq.~3! requires the existence of in
dependent values forvK , v3 , and f 23, together with thef 12
value determined from Eq.~2!.

Equations ~1!–~3! define the necessary experiment
comprising measurements of the four x-ray intensity rat
XL /XK , XL1

/XL , XL2
/XL, and XL3

/XL , from which the
necessary ratios on the left-hand side of each equation ca
derived. We have reported earlier@9# an accurate measure
ment ofXL /XK , and so the present work focusses upon
threeL x-ray intensity ratios.
t

s

be

e

III. MEASUREMENT DETAILS

The radionuclide source consisted of approximately
MBq of 157Tb deposited on a 50-mm-thick beryllium foil and
covered with an aluminum film of thickness approximate
100mg/cm2. Details of the manufacture of the source and
its purity were given by us in Refs.@9# and @10#.

The L x-ray spectrum was recorded using an Oxford
struments lithium-drifted silicon detector@Si~Li !# that was 3
mm thick and 6 mm in diameter and that was equipped w
a 0.025-mm-thick beryllium window. The resolution, as d
termined for manganeseKa x rays~energy 5.9 keV! using a
55Fe source, was 140 eV~full width at half-maximum!. A
tantalum collimator restricted x rays to a central circular
gion 2 mm in diameter. The aluminum-covered side of t
source faced the detector. The counting rate during the157Tb
experiments was 400 counts per second. In order to h
excellent definition of even minor details of the spectru
the total recorded intensity in the gadoliniumL x-ray region
was about 87 million counts.

Before measurements were taken, the resolution func
~line shape! of this detector was determined in the 2–8 ke
energy region by recording monoenergetic photon spe
provided by a double-crystal monochromator installed at
LURE storage ring at Orsay, France@12#. The same collima-
tion conditions were used in that work.

IV. SPECTRUM FITTING

Because of the complexity of theL x-ray spectrum, in
which there is significant overlap among theL1 , L2 , andL3
series, the spectrum fitting is the most critical part of t
experiment. This fitting was done with the nonlinear lea
squares code GPPV, which is a general-purpose derivativ
the Guelph PIXE software package GUPIX@13#. The main
component of the spectrometer response was taken, a
customary, to be Gaussian. The parametersp1 andp2 in the
linear relationship of Gaussian peak centroid to x-ray ener
i.e.,

c5p11p2E, ~4!

were variables to be determined by the nonlinear lea
squares procedure. Similarly, the parametersp3 andp4 in the
relationship of the Gaussian peak width to energy, i.e.,

s5~p31p4E!0.5, ~5!

were determined by the fit. Each peak in the spectrum
accompanied by a siliconKa x-ray escape peak displaced b
the channel equivalent of 1.74 keV; the relative intensity
this escape peak was taken from the parametrization of
hansson@14#.

Figure 1 displays the spectrometer response to monoe
getic x rays at 6 keV energy, together with the result o
least-squares fit of our model resolution function. The pe
model comprises the Gaussian mentioned previously; an
ponential low-energy tail; a long flat shelf extending to lo
energy; and an additional elevated shelf between the m
line and the escape peak. The physical origins of these c
ponents are discussed by Pappet al. @15#. The parameters
varied in this fit are listed in Table I.
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From a set of such fits to monoenergetic photons in
2–8-keV energy region, smooth functions were obtained
the energy-dependence of the coefficients of the tail
shelf functions.

Figure 2 displays the measured gadoliniumL x-ray spec-
trum. Each peak in this spectrum is, in fact, the convolute
the Gaussian response function with the intrinsic Lorentz
distribution of x-ray energies. In fitting this spectrum, the
fore, a Voigtian representation was used for each line,
the natural linewidths were taken from a recent compilat
of measured and theoretical widths@16#. These widths, along
with the line energies@17#, are shown in Table II. The x-ray
satellites were modeled in the same way as was describe
Ref. @7#. Each of the 23L x-ray peaks in the spectrum ha
associated with it one exponential tail and two shelves

FIG. 1. Si~Li ! spectra of 6 keV x rays: the upper panel sho
the measured spectrum and the best fit~continuous curve!; in the
lower panel the residuals of the fit are displayed in units of o
standard deviation.

TABLE I. Parameters varied in the least-squares fit of the 6-k
x-ray spectrum.

Feature Parameters

Energy calibration p1 ,p2

Width calibration p3 ,p4

Gaussian Height
Exponential tail Relative height

Relative slope
Long shelf Relative height
Short shelf Relative height
Background Height
Escape Gaussian Height
e
r
d

f
n
-
d

n

in

s

prescribed by the resolution function measurements
LURE. A very small amount of additional high- and low
energy tailing was visible on the mainLa and Lb lines, a
finding that we attributed, on the basis of prior experience

e

FIG. 2. Spectra of GdL x rays: the continuous curve is the be
fit to the data; the dashed curve is the background determine
described in the text.

TABLE II. Energies@17# and natural widths@14# of Gd L x-ray
lines; the lines are divided here into seven groups; the height of
principal line ~* ! of each group was a variable of the fit.~In the
energy column, bracketed values indicate values adopted to
mize the spectrum fit.!

Group Line Energy~keV! Width ~eV!

1 * L3M1 5.3621 ~5.355! 14.6
2 * L3M5 6.0576 ~6.054! 4.49

L3M4 6.0256 4.87
L3M2 5.5545 8.24
L3M3 5.6988 11.04
L3N1 6.8671 8.44
L3N4 7.0933 4.70
L3N5 7.1083 4.70
L3O1 7.2067 3.70
L3O4 7.2374 3.70

3 * L2M1 6.0495 11.90
4 * L2M4 6.7131 ~6.716! 5.03
5 * L2N4 7.7808 ~7.789! 4.90

L2N1 7.5545 4.90
L2O1 7.8942 3.70
L2O4 7.9250 3.70

6 * L1M3 6.8316 ~6.831! 11.90
L1M2 6.6873 9.10
L1M5 7.1904 5.70
L1M4 7.1584 5.70

7 * L1N3 8.1047 9.60
L1N2 8.0871 ~8.075! 7.40
L1N4,5 8.235 4.40
L1O2,3 8.355 ~8.352! 4.40
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noise effects; this noise contribution was described by
additional exponential tails~of very low intensity! common
to all peaks in the spectrum. An additional short step w
associated with theL1N2,3 lines, in order to represent th
distortion from normal Lorentzian profile observed by Oh
and Lavilla @18#; this arises from many-body effects.

The continuum observed to the left of theL x-ray region
is at least two orders of magnitude more intense than
expected flat shelves of the resolution function, and m
therefore, be associated with something other than theL x
rays. The spectrum shown in Fig. 3 covers a much wi
energy range set to include theK x-ray lines and theg-ray
peak in the 40–55-keV region. It is clear that degradedK
x-ray events are responsible for the continuum that unde
the L x rays. To isolate this continuum, an 0.35-mm-thi
aluminum absorber was interposed in front of the detec
thus effecting a strong reduction in theL x-ray intensity
without significantly altering the continuum. This spectru
which is shown in Fig. 4, is~apart from residualL x-ray
contributions! the continuum component that must be i
cluded in the fit of the mainL x-ray spectrum; it appears t

FIG. 3. Si~Li ! spectra of Gd, spanning both theL and K x-ray
regions. The lower spectrum was recorded with a 0.35-mm-th
aluminum absorber between source and detector.

FIG. 4. Fit to the continuum component induced in the Si~Li !
detector by the GdK x rays and the 54.5-keVg ray. The GdL x-ray
contribution has been minimized by use of a 0.35-mm-thick alu
num absorber.
o
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have an approximately exponential dependence upon ph
energy.

Inflections in the continuum are apparent at energies
approximately 5.7, 6.7, and 9.3 keV. These represent
Compton scattering at 180°, on the bound electrons of s
con, of Ka, Kb, and 54.5-keVg rays respectively. Fel-
steiner, Kahane, and Rosner@19# have, much earlier, demon
strated using a Si~Li ! detector the downward energy shift o
such Compton features relative to the values calculated
scattering on free electrons. In each case there is a distr
tion of approximately constant intensity going leftwar
from the inflection~corresponding to the kinetic energies d
posited by the scattered electron when the scattered ph
angle ranges between 0° and 180°!, and an exponential fall-
off going rightwards. To fit the spectrum of Fig. 4, we m
nipulated the capabilities of GPPV, using three peaks of v
low intensity, each having an associated low-energy sh
and a high-energy exponential tail, each of much higher
tensity than the peak itself. In addition, residualL x-ray lines
were included as simple Gaussians. For this fit, the calib
tion parametersp1–p4 were fixed at values determined from
the main spectrum fit. As shown in Fig. 4, the quality of fit
very good; the artifice of introducing the three weak lin
does not cause serious distortion.

The continuum expression obtained in this manner w
then employed as one component of the model used in
main L spectrum fit, with only one variable parameter, v
the overall intensity of the continuum feature. This analy
of the continuum is clearly superior to the common appro
mation of assuming that the intensity varies linearly w
photon energy across theL x-ray region.

We have shown elsewhere@10#, using coincidence spec
trometry, that the relative x-ray intensities within each of t
L1 , L2 , andL3 series agree very closely with Scofield’s D
predictions@20#. In principle, therefore, we could~a! select
only the three major lines (L1M3 , L2M4 , andL3M5! to be
variables of the fit and~b! normalize all subsidiary lines
within each series to bear the appropriate intensity ratio
the main line. This approach would be simpler than allowi
all 23 lines to be variables. In practice, however, we chose
approach intermediate between these two extremes to d
mine the thickness of the aluminum absorber covering
source, and to effect the requisite corrections for x-ray
tenuation. Seven line groups were defined, as summarize
Table II; within each group the line whose intensity w
varied in the fit is marked by an asterisk. The main fit w
repeated using various thicknesses for the aluminum abs
ing film. For each assumed film thickness, the intensity ra
L2M4 :L2N4 and L3M4,5:L3N4,5 were compared to the DF
theoretical values@20#. The agreement was excellent at
thickness of 100mg/cm2, and this value was subsequent
adopted.

Examination of the residuals between the measured
model spectra indicated that the fit could be improved
permitting small adjustments to the energies assumed
some of theL x-ray lines of gadolinium. The third column o
Table II shows both the tabulated energies taken from
literature@17# and the adjusted energies that were employ
in generating the final fit. Most of the adjustments are in
range 1–3 eV. The 7-eV change for the weakL3M1 line may
partly occur because that line is very close in energy to

k

i-
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escape peak of the much more intenseL3N4,5 line. It is not a
matter of concern in our case. However, it is our opinion t
such deviation is also possible from the Bearden or Se
energy values, because we have observed larger devia
between measured energies and the values given in the a
tables. We will return to this question later. TheL2N4 line
energy to optimize the fit is 8 eV above the Sevier val
however, it is only 3 eV above the value recommended in
tables of Bearden@21#. The 12-eV shift necessary for th
L1N2 line probably results from the non-Voigtian shape
that line, as discussed by Ohno and LaVilla@18# and Ana-
gostopoulos, Borchert, and Lenz@22#.

Concerning the energy values, our first question
whether the x-ray energy data obtained from electron imp
ionization or photoionization measurements could be use
work on electron capture processes. There are two opin
in the literature. The first is that considerable differences~up
to 10 eV or more! exist between the x-ray energies in ele
tron capture processes and in ionization@23–25#. The other
opinion is that the energy differences are in the range of 1
or a fraction of an electron volt@26,27#. Our second question
concerns the accuracy of the available energy tables. Un
tunately, this is a significant question that we cannot add
in a general sense here. However, good internal consist
could be expected within any particular overall data set. T
internal consistency was checked and reported upon by
gam and Agnihotri@28#, who examinedL2Y-L3Y x-ray en-
ergy differences for various shells denoted here byY; they
observed up to 5 eV variation in theL2-L3 differences de-
rived from different x-ray energy pairs. The situation is pr
sumably further complicated by chemical shifts of the x-r
energies. Overall then, the energy adjustments that we i
cate in Table II are in the same range that has been discu
in the literature.

The reduced chi-square value of the final least-square
is 1.00 per million counts. An additional weak line had to
introduced at energy 7.2235 keV; this energy correspo
closely to theL3O3 line, whose intensity in the IPM is very
low. It is possible that valence or solid state effects resul
the intensity exceeding the predicted value. Such increas
not uncommon in x-ray spectra, examples being theKb5
@29# andKb4 @30,31# transitions. Table III presents our fina
x-ray intensity ratios; corrections for attenuation in the d
tector window, the intervening air, and the aluminum-cov
foil have been made. Because of the very high overall int
sity of the spectrum, the statistical errors in the final valu
for the intensity ratiosXL1

/XL , XL2
/XL, and XL3

/XL are
negligible. To generate an estimate of the uncertainty

TABLE III. Measured GdL x-ray intensity ratios.

XL1

XL
50.43760.018

XL2

XL
50.21960.016

XL3

XL
50.34460.003
t
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these intensity ratios, the fit was repeated with theL2N4
energy fixed at the Sevier value. This fit was visibly ve
poor, and the reduced chi square increased to 133. Rela
to the best fit, the changes inL1 , L2 , andL3 x-ray intensities
were, respectively,20.7%,12.5%, and10.4%.

V. ANALYSIS OF THE DATA

Evaluation of Eqs.~1!–~3! demands values for the variou
quantities other than the measuredL x-ray intensity ratios.
These values are summarized in Table IV.

The K-shell fluorescence yieldvK is taken as
0.93260.004 from Bambynek’s fit@32# to selected experi-
mental data; this agrees with the IPM prediction~0.932! of
Chen and Crasemann@33#. The quantitiesnKLi

are described
in detail by Bambyneket al. @34#; each of these contains
radiative contribution and a nonradiative contribution. B
cause the radiative width of theK shell is negligible,nKL1

is
determined essentially by Auger decay of theK vacancy. In
the other two cases, the radiative component dominates.
radiative component involvesvK , and the intensity ratios
XKa2

/XKa1
andXKb

/XKa . We have used Scofield’s DF pre
dictions for these two ratios; these appear to be accurat
the 1% level in this region of the periodic table@35#. We
have used the IPMK Auger rates of Perkinset al. @1# for the
nonradiative components. The resulting values for the th
quantitiesnKLi , and their sumnKL , together with uncertain-
ties, are given in Table IV.

The value foreL2
/eL1

was derived from electron captur
theory in Ref.@9#, and from it we obtain the necessary rati
eL1

/eL and eL2
/eL . We take the quantityeL /eK from our

own previous work@9#, where it was derived from the mea
sured ratioXL /XK using the equation

eL

eK
5 bXL

XK
2

nKLvKL

vK
c vK

vLL
. ~6!

This involves the two meanL-shell fluorescence yields fol
lowing K capture andL capture,vKL andvLL , respectively.
These two mean yields have to be obtained by assumin
complete set ofL subshell fluorescence and Coster-Kron
yields. In general, the meanL-shell fluorescence yield is
given by

TABLE IV. Auxiliary quantities required for derivingL1 sub-
shell yields from the measured x-ray intensity ratios.

Quantity Value Source

vK 0.93260.004 @21#

nKL1
0.0328 See text

nKL2
0.293360.004 See text

nKL3
0.519360.0052 See text

eL2
/eL1

0.0428 @9#

XL /XK 0.93260.030 @9#

eL /eK 3.88 @9#; see text
v2 0.177 IPM@2#

v3 0.169 IPM@2#

f 23 0.160 IPM@2#
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v̄5N1n11N2n21N3n3 , ~7!

where N1 :N2 :N3 is the subshell vacancy distribution in
volved, and

n15v11 f 12v21~ f 12f 231 f 23!v3 ,

n25v21 f 23v3 ,

n35v3 . ~8!

In Ref. @9#, adoption of the IPM predictions of Chen, Cras
mann, and Mark@2# to derivevKL andvLL gave the value
R53.88, with a 3% uncertainty at the 90% confidence lev
In Ref. @9#, we noted that currently available measureme
of f 13 and f 23 in this region of atomic number tended to l
about 10% below the IPM predictions. We therefore deriv
an alternate value ofR, based on ‘‘experimental’’ rather tha
IPM Coster-Kronig probabilities, by adjusting all three Che
Craseman, and Mark Coster-Kronig values downwards
10%. This adjustment gaveR54.12. We then presented a
average of these twoR values as our final result. For th
present purpose, we use the value 3.88.

The uncertainties in the three measured intensity ra
XLi

/XL have been propagated through Eqs.~1!–~3! to gen-

erate the corresponding uncertainties inv1 , f 12, and f 13. In
addition, the uncertainties in the various auxiliary quantiti
as given in Table IV, have been propagated through the
lution. The resulting uncertainties in each of the sought-a
L1 yields have then been added in quadrature to provide fi
estimates of experimental error. The results are collected
shown in Table V.

A new pair of values forvKL and vLL may now be de-
rived from these results, and when these are substituted
Eq. ~6! there is insignificant change in the derivedeL /eK
value. The results presented here are, therefore, entirely
sistent with the work of Ref.@9#.

TABLE V. Present results and other recent measurements@8,36#
of f 12, f 13, andv1 in the atomic number region 50<Z<70.

f 12 Z Measured IPM@2#

54 0.12 60.03 @8# 0.196
62 0.19 60.03 @36# 0.212
64 0.16660.020 0.215

f 13 54 0.23 60.04 @8# 0.328
62 0.18 60.03 @36# 0.332
64 0.28760.014 0.333

v1 62 0.06760.010 @36# 0.075
64 0.10160.005 0.084
J.
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s

,
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to

n-

VI. CONCLUSIONS

In common with other carefully conducted experiments
this region of the periodic table, our measurement indica
that the IPM theory overestimates theL1 subshell Coster-
Kronig yields quite considerably. Recent results in t
atomic number region 50,Z,70 are summarized in Tabl
V. It is a straightforward matter to apply the current a
proach to several other simple decay schemes in orde
generate improvedL1 subshell yields at other values o
atomic number.

It follows from our results that the overallL1 width is also
overestimated by the IPM. Atomic level widths have recen
been reviewed by Campbell and Papp@16#; while there are a
large number of width measurements for theL1 subshell and
most of these fall below the IPM predictions, there is
dearth of data in the atomic number region 50,Z,70. The
Perkinset al. tabulation@1# indicates that 39% of the nonra
diativeL1 width atZ564 is from Auger processes and 61
from Coster-Kronig processes. If we accept these IPM p
dictions for the Auger and for the radiative widths, then w
can obtain a better estimate of the Coster-Kronig width fr
the equation

GCK

GCK1GR1GA
5 f 121 f 13. ~9!

This givesGCK51.68 eV, and, in turn the overall width fo
theL13 level is 3.71 eV. This finding may be compared wi
the IPM prediction of 4.6 eV.

Finally, the current result provides the opportunity to r
fine the decay energyQEC relative to the value reported b
Ramanet al. @9#. The former value was the average of tw
numbers. The first of these was obtained by assuming
IPM yields for all threeL subshells and the second was o
tained via some estimates of the degree to which the la
might be in error. Using theL1 yields determined herein
together with the IPM yields forL2 andL3 , theL/K electron
capture ratio is 3.8860.15, and the decay energy isQEC
560.260.2 keV. These two values may be compared w
the corresponding results ofR54.060.2 and QEC560.0
60.3 keV, as found in Ref.@9#. The conclusion of Ref.@9#,
viz. that L capture to the excited state at 54.5 keV is en
getically impossible, remains unchanged.
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