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Method of determining the value of the Coster-Kronig parameter„f 23…

Sumita Santra, Debasis Mitra, Manoranjan Sarkar,* Dipan Bhattacharya, and Prasanta Sen
Saha Institute of Nuclear Physics, 1/AF, Bidhannagar, Kolkata 700064, India

Atis Chandra Mandal
Department of Physics, University of Burdwan, Burdwan 713104, India

~Received 26 August 2003; published 27 February 2004!

The present work demonstrates the utility and efficacy of a technique to measure the Coster-Kronig param-
eter (f 23) of elemental targets. For this purpose a pure gold foil was irradiated in a beam of 88-keVg rays from
a radioactive109Cd source. The photoinducedK andL x rays emitted from the gold foil were then measured
in coincidence, with the data collected in the list mode. On analysis, thef 23 value of gold was found to be
0.11960.003. The technique demonstrated here is different in the sense that, in contrast to the earlier coinci-
dence methods, where the x rays emitted directly from a radioactive source are detected in coincidence, in the
present method the x rays of the elements under investigation are obtained by photoionization.
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I. INTRODUCTION

Precise determination of all the atomic parameters suc
fluorescence yields (v i), Coster-Kronig rates (f i j ), and Au-
ger yields (ai) is very important because these are used
~1! converting x-ray production cross sections to ionizat
cross sections and to compare the same with the predic
of different theoretical models,~2! to compare the measure
values with the Dirac-Hartree-Slater~DHS! calculations for
the same, and~3! in the elemental analysis such as proto
induced x-ray emission, and x-ray fluorescence, etc.

All the measurements performed so far to determine
values of the different atomic parameters for theL subshells
can be broadly classified into two categories:~1! Single spec-
trum method and~2! coincidence method. In the single spe
trum method characteristic x -rays of the target elements
detected when target atoms are ionized by x rays,g rays,
electrons, or protons or when processes like electron cap
or internal conversion occur in a radioactive atom. In ord
to evaluate the different atomic parameters, one has to
the theoretical values of the ionization or photoelectric cr
sections of the different subshells where, a built-in unc
tainty of a few percent always exists. Compounded with
other errors present in a particular measurement, the ov
uncertainty of the values of the atomic parameters obtai
in this method cannot be brought down below a few perce
In the coincidence experiments done to date, a long-li
radioactive isotope was used directly as the source and tL
x rays coming from it were measured in coincidence with
K x rays or internal conversion electrons. With prior know
edge of the geometry and the efficiency of the detector,
coincidence x-ray yields were used to obtain the values
the different atomic parameters. It is a very powerful tec
nique where, in favorable cases, the atomic parameters
pecially the values off 23, can be measured with an overa
uncertainty of 1% or less@1#.

The limitations of both, the single spectrum and coin
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dence methods are that in the first method, the uncertaint
the measured values cannot be brought down below a
percent while in the second method, a long-lived radioact
source is required which is not possible for all elements.
alternative approach to such measurements would be to
cite an elemental target with an x ray org ray source to
ionize its K shell and subsequently measure theK and L x
rays of the target element in coincidence. As we have
plained later, this method would be almost entirely free
the limitations and uncertainties mentioned above. So fa
our knowledge goes, no such effort has ever been made
lier. Here we would like to demonstrate that with mode
x-ray detectors and data acquired in the list mode, eleme
targets excited with a suitable radioactive source can be u
to obtain the values off 23 with high precision. The radioac
tive source is used here only to excite theK shell of the
element being investigated. It should be emphasized tha
method demonstrated here is quite a general one, in
high-precision values off 23 of almost all elements can b
obtained.

It should be noted that the values of the atomic parame
measured before 1970 had shown large errors and also
scatter among themselves@2#. Precision measurements usin
high-resolution solid-state detectors and list-mode data
quisition started in the mid 1970s only. It was observed t
the data for different atomic parameters, especially those
the Coster-Kronig transition probabilities show large dev
tions ~in the range of 70<Z<90) from the theoretical as
well as the semiempirical predictions@1#. Moreover, the val-
ues obtained by the synchrotron radiation method were
ways found to lie below the values determined by the co
cidence technique@1#. One possible reason for this could b
that in all previous coincidence experiments radioisoto
had been used as the source of x rays and thef 23 values
measured were for the daughter atom. It is possible that
nuclear cascades present in such sources would give ris
some unwanted coincidence events. To remove all such
biguities a more general, cleaner, and high-precisionmea-
surement of Coster-Kronig transition probabilities has loin
©2004 The American Physical Society01-1
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been warranted. Our present measurement is an endeav
that direction.

The main point where the present approach radically
fers from the coincidence techniques used earlier@3–6# lies
in the way the primary vacancy distribution in the target
created. Previously it was determined by the deacay sch
of the radioactive source used for the measurement. In
present method the primary vacancies are created by ph
ionization. This procedure is different in that by choosi
suitable excitation sources we can control the primary
cancy distribution. The rest of the procedure of detection
analysis is very similar to what was done in the earlier co
cidence techniques@3–6#. The expression that is used to d
termine the value off 23 in theK x-ray L x-ray coincidence is
given by

f 235
C~La,Ka2!n~Ka1!

C~La,Ka1!n~Ka2!
W~u!, ~1!

FIG. 1. ~a! A schematic diagram of the experimental setup.X
520 mm,Y540 mm,Z53 mm; distances are not to the scale.~b!
Electronic circuit used in the experiment.
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where C(La,Ka2), C(La,Ka1) are theLa x rays mea-
sured in coincidence withKa2 and Ka1, respectively,
n(Ka2) andn(Ka1) are the number ofKa2 andKa1 x rays
measured in coincidence with theLa x rays, andW(u) is the
angular correlation coefficient betweenKa1 and La lines.
When the two detectors are placed at an angle of 125°
value ofW(u) becomes 1.

II. EXPERIMENTAL DETAILS

A 2-mCi 109Cd source, shielded in a lead container pr
vided the 88-keVg rays which excited the target sample.
Au foil of thickness 53.7 mg/cm2 mounted on an Al frame
was used as the target. The 88-keVg rays intereacted with
the Au atom to createK shell vacancies, thus initiating th
K-L x-ray cascades in the Au atom.

The K x rays (Ka1 and Ka2) were detected with an
ORTEC LEPS high-purity Ge~HPGe! detector of energy
resolution 160 eV at 5.9 keV. A DSG Si~Li ! detector of reso-
lution 140 eV at 5.9 keV was used to detect theL x rays. The
relative angle between the two detectors was kept at 125
eliminate the angular correlation effect betweenKa1 andLa
x rays. A schematic diagram of the experimental setup
shown in Figs. 1~a! and 1~b!.

The data were collected for 60 days and were stored
separate files every 10–24 h intervals. All the intermedi
data sets were then added up to get the final spectrum.
ing the 60 days run, no peak shift was noticed. The TACL
x-ray, andK x-ray events were registered in ADC1, ADC
and ADC3, respectively.

III. DATA ANALYSIS

The data were analyzed event by event by using the s
ware INGASORT developed at the Nuclear Science Cen
New Delhi, India. Relevant details of the analysis are giv
below.

In order to find the value ofC(La,Ka1), first of all, three
windows were set on the TAC spectrum~obtained from ADC
1! as shown in Fig. 2. The first window was set on the cen
region~prompt! of the spectrum which included true as we

FIG. 2. Positions of the three windows set on the TAC spectru
1-2
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as random events. With the half of the width of the fi
window, the second and the third windows were set on
continuum of the left and right side of the central peak
shown in the figure. These two windows essentially inclu
the random events only. From all theL x-ray events, twoL
x-ray spectra,SLx

L (Ka1) andSLx
R (Ka1), were then generate

by setting a common gate onKa1 and simultaneously by
setting another gate either on the second~left! or third ~right!
window of the TAC spectrum. AnotherL x-ray spectrum
SLx

T1R(Ka1) was generated in a similar manner by setti
one gate onKa1 and the other on the prompt of the TA
spectrum. The true coincidence spectrum ofL x rays with
Ka1 can now simply be obtained by subtractingSLx

L (Ka1)
andSLx

R (Ka1) from SLx
T1R(Ka1). The subtracted spectrum

shown in Fig. 3. The true coincidence spectrum ofL x rays
with Ka2 was obtained in a similar fashion and is shown
Fig. 4. Areas under theLa peak in Figs. 3 and 4 give us th
values of C(La,Ka1) and C(La,Ka2), respectively. For
the true coincidence events ofn(Ka1) andn(Ka2), the pro-
cess of gating was the same, i.e., two random spectra w

FIG. 3. True coincidence spectrum ofL x rays gated byKa1.

FIG. 4. True coincidence spectrum ofL x rays gated byKa2.
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subtracted from the true and random spectra. Having
tained all these quantities, the value off 23 for Au was found
from Eq. ~1! to be 0.11960.003.

Putting the gates onKa1 andKa2 is the most tricky part
of the data evaluation especially when these two peaks
not completely resolved. In such cases, the contribution
Ka2 in Ka1 ~and vice versa! should be carefully estimate
and the prescription for this has been elaborated in sev
papers@4,6#. In our case, as can be seen from Fig. 5, theKa1
and Ka2 peaks are well separated. So errors arising ou
putting gates on them are minimal.

IV. DISCUSSION

So far as other measured values off 23 for Au are con-
cerned, there are only three values available in the literat
Jitschinet al. @7# and Werner and Jitschin@8# used synchro-
tron radiation to selectively ionize differentL subshells of
the target and by observing the jump in the intensity o
particularL line at theL edges, determined the values of th
different Coster-Kronig transition probabilities. Their me
sured values off 23 for Au are 0.10060.009 and 0.101
60.010, respectively. O¨ z et al. @9# used an241Am source
with different sets of secondary targets to selectively ion
different L subshells and measured all the Coster-Kro
transition probabilities of elements in the range 59<Z<90
with an error of 3–12 %. They have not mentioned whi
sets of secondaries were used for which elements and
did not include corrections due to the scatteredg rays. Their
measured value off 23 for Au is 0.12560.013. McGuire@10#,
using nonrelativistic Hatree-Slater calculations predicted
value of 0.132. Chenet al. @11# using nonrelativistic
screened hydrogenic wave functions calculated the ato
parameters for 14 elements. An interpolation through th
points gives a value of 0.100 for Au. Later, Chenet al. @12#
made anab initio relativistic calculation for 18 elements us
ing the independent particle model with Dirac-Hartree-Sla
wave functions. The interpolated value for Au from this s
of data is 0.129. Puriet al. @13# calculated different atomic

FIG. 5. Positions of theKa1 andKa2 gates.
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parameters for the elementsZ525–95 using the radiative
emission rates of Scofield@14# and nonradiative emissio
rates from Chenet al. @15#. Their calculated value off 23 for
Au is 0.129. The most widely used value off 23 of Au is the
semiempirical value of Krause@16# which is 0.122.

It is clear that our measured value of 0.11960.003 is
lying above the values determined by the synchrot
method, but very close to the semiempirical value of Krau
@16#, and slightly less than the value predicted by the re
tivistic formalism of Chenet al. @12#. It has been pointed ou
by Jitschin@1# that atomic parameters likef 12, f 13, and f 23
determined by the synchrotron radiation method always
below the values obtained using the x-ray–x-ray coincide
technique. This trend has also been observed by McGhee
Campbell@17# who used coincidence technique with radi
active isotopes as sources of primaryL vacancies. One of the
main differences between these two techniques is that in
synchrotron radiation method, vacancies in theL subshells
are produced by photoionization whereas in the coincide
technique, the same are produced either via electron cap
or by internal conversion. McGhee and Campbell@17# specu-
lated that the different values of Coster-Kronig transiti
probabilities obtained by these two methods might be du
the difference in the physical mechanism creating the ini
L vacancies.

For Au, there are no coincidence data available usin
radioactive isotope. McGhee and Campbell@17# have mea-
sured f 23 values for neighboring elements (Z580, 81, and
82! using the coincidence method with radioactive sourc
If one compares these data with the theoretical predicti
and the semiempirical values of Krause@16#, it is found that
the data give excellent agreement with Krause’s values.
present result which was based on an x-ray–x-ray coi
dence method, where an elemental target of Au was exc
with g rays ~photons! agrees, within experimental error
with the value of Krause@16#. It can perhaps be conjecture
that the values of the Coster-Kronig transition probabil
f 23, determined by the x-ray–x-ray coincidence techniq
remain very close to one another irrespective of the mec
o
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nism of creating the primary vacancies, e.g., the vacan
created in a daughter atom by radioactive decay or vacan
created in an elemental target by direct photon excitation.
our present result provides experimental evidence agains
speculation of McGhee and Campbell@17#. The reason why
the values of Coster-Kronig transition probabilities det
mined by synchrotron radiation method always lie below
values determined by the coincidence technique is still
clear and further investigations in this line are needed.

While writing this report we came across an old work
Douglas@18# who had excited Ho and Tm targets with a
241Am source and measured theirf 23 values. Partly due to
the poor resolution of the detectors and partly due to
targets of mediumZ elements used by him, he could n
completely resolve theKa1 and Ka2 components, and had
to use edge filters of Sm and Gd for selective absorption
one of these components. Use of filters producedK x-ray
lines of Sm and Gd which were very close to theKa1 and
Ka2 x rays of the targets. Consequently the mode of gat
was quite imprecise. At times, the contribution of the filt
x-ray lines was estimated to be more than 10%. He also
to make a correction for the unresolvedLh line that was
lying buried under the intenseLa lines. In their work, the
proper choice of filters was also fortuitous, in that it wou
be very difficult to find such filters in a general case. Besid
Douglas prepared all gates with hardware and presum
had to continue data collection over longer time periods.

Our present method as reported here is quite a gen
one. Any element can be excited by a suitable radioactiv
ray org source or in an x-ray tube and the present techni
can be applied to measure its Coster-Kronig probabiliti
Through such an excitation, no cascading is produced
the same occurring while using a radioactive source. Mo
over, if the data are acquired over a long enough period,
accuracy of the measurement can be brought down to;1%.
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