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The value of the L,-L; Coster-Kronig transition probability (f,3) in Pb has been determined by
multiparameter K versus L x-ray coincidence measurements using high-energy-resolution germani-
um and silicon detectors. The Pb x rays were obtained from a radioactive source of °’Bi. A new
method of data analysis to determine the contribution of Ka; x rays to the Ka, x-ray peak is de-
scribed. Precise determination of this contribution is crucial to accurate measurement of f,;. The
value obtained, f,;=0.112+0.001, is slightly lower than predicted by the latest theoretical calcu-
lations. A trend toward deviations from theory in the same direction appears to be confirmed by
recently measured values of f;; in other medium- and high-Z atoms.

MS code no. AD3623

I. INTRODUCTION

Coster-Kronig transition probabilities in high-Z atoms
have been the subject of numerous experimental and
theoretical works'~® during the last two decades. The
L,-L; Coster-Kronig transition probability f,; in partic-
ular has been intensely studied’~!® since it is amenable
to precision measurement by K versus L x-ray coin-
cidence techniques thus offering a valuable test point for
comparison with theoretical calculations.*~ %413

The most commonly used method of measuring f,; is
based on the study of x-ray cascades which start with a
vacancy in the K shell. In such studies, radioactive nu-
clides which involve in their decay, processes of K-shell
electron capture, or K-shell internal conversion, are usu-
ally employed as the sources of x rays.

The method!®!” (see also Refs. 1 and 11) consists of
the measurement of the spectra of L x rays in coin-
cidence with Ka; and Ka, x rays and the calculation of
f23 from the formula

CLa(Kaz)

n(Ka;)
Sa3= CroKay)

n(KaZ)

w(o) . (1)

Cro(Ka,) and C; (Ka,) are the numbers of La x-ray
photons detected in coincidence with Ka, and Ka; x
rays, respectively, and n(Ka,) and n(Ka,) are the num-
bers of Ka, and Ka, x-ray photons in coincidence with
which the L x-ray spectra were measured.

W(6) is a factor which corrects for the existing angu-
lar correlation'® between the directions of emission of
Ka; and La x rays (while relative to the direction of
emission of Ka, x rays, the La x rays are emitted iso-
tropically), and is given by the expression W(0)=1
+Q, A,P,(cosf), where 0 is the angle between the direc-
tion of propagation of the radiations incident on the K
and L x-ray detectors, P,(cosf) is the second-order
Legendre polynomial, A4, is the angular correlation
coefficient for the Ka;-La cascade, and Q, is a geome-
trical correction factor dependent on the energies of the
Ka, and La x rays and on the solid angles subtended by
the detectors at the x-ray source. W(8) can be made to
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equal 1 by choosing 6=125.26° in which case
P,(cosf)=0.

The accuracy of the values of f,; obtainable by this
method is highly dependent on the extent to which the
experiment can resolve the various x-ray transitions in-
volved in the measurement and in particular correct the
data for contributions of L x rays in coincidence with
Ka, x rays to the measured spectrum of L x rays in
coincidence with K a, x rays.

The advent in the mid 1960s of high-resolution solid-
state silicon and germanium x-ray spectrometers facili-
tated the task considerably and enabled measurements of
f23 with greatly improved accuracy, especially in the
higher-Z atoms where the energy separation between the
various Xx-ray transitions is also larger. Methods have
also been developed for cases where quite extensive over-
lap exists between the K, and K a, x-ray spectra.'”!°

Unfortuantely, however, even in the most favorable
cases and with the best available spectrometers the in-
trusion of Ka; x rays into the Ka, region of the mea-
sured x-ray spectrum cannot be avoided and its precise
determination has therefore continued to present a chal-
lenge and be a limiting factor to the accuracy of the re-
sults obtainable.

A case in point is the determination of the value of
f23 in Pb(Z=282).

The two latest reported values for f,3; in Pb are
0.130+0.002 by Tan et al.?® and 0.11240.002 by Camp-
bell et al.?! In both these works the authors used state-
of-the-art experimental techniques including high-
energy-resolution silicon and germanium detectors and
multiparameter coincidence systems with data recording
in the list mode which offered full monitoring of all ex-
perimental parameters.

The two works differ however in the method used for
calculating the previously mentioned important correc-
tion of the data for the intrusion of Ka,; x rays into the
K a, region of the spectrum. Campbell et al.?! calculat-
ed the extent of this intrusion by decomposing the mea-
sured K x-ray spectrum into three components, Ka;,
Ka,, and Kaj, using for each component a standard
shape defined by analytical functions with parameters
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obtained by a nonlinear least-squares best-fit technique.
Tan et al.?® determined f,; from their data using two
methods of analysis and in each method the contribution
of Ka; x rays to the Ka, region of the spectrum was
calculated differently. In one method this contribution
was calculated by estimating the shape of the Ka; x-ray
spectrum from the shapes of spectra of monoenergetic y
rays of like energy. In the second method the shape of
the Ka, x-ray spectrum was estimated from the shape of
the Ka, x-ray spectrum; this latter spectrum was
separated from the other components of the K x-ray
spectrum by coincidence measurements with Ly x rays.

However, the values of f,; obtained in these two
works differ from one another by more than the range of
their estimated experimental errors and also happen to
lie on opposite sides of the latest theoretically calculated
value of 0.122 (Ref. 22) thus giving no indication as to
the direction in which theoretical improvement is to be
sought.

The present author has previously reported a value of
f»3 in Pb of 0.1055+0.0011.2> This value was obtained
using an experimental system very similar to the systems
used in the above-mentioned works?®?2! but employing a
different method of data analysis.

It is the purpose of the present paper to provide a
definitive account of the work performed and its final re-
sult and describe in some detail the method used in the
data analysis.

II. EXPERIMENTAL SETUP

A. X-ray source and detectors

The Pb x rays were obtained from a source of radioac-
tive 38-year 2°’Bi which decays to 2°’Pb by electron cap-
ture,?* predominatly by K-electron capture, initiating K-
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L x-ray cascades in the Pb atom.

A source of 2’Bi 2 mm in diameter and of approxi-
mately 30 pCi intensity was used. It was prepared by
drying a droplet of **’Bi in HNO; solution on a 1-mil-
thick Mylar film.

The K x rays were detected with a liquid-nitrogen-
cooled hyperpure germanium detector, Ge(HP), 10 mm
in diameter and 5 mm thick with an energy resolution of
480 eV at 122 keV. The L x rays were detected with a
liquid-nitrogen-cooled lithium-drifted silicon detector,
Si(Li), 4 mm in diameter and 3 mm thick with an energy
resolution of 180 eV at 5.9 keV. The relative angle be-
tween the detectors was 135° or 225°, randomly changed
between experimental runs.

B. Electronic system

A schematic diagram of the electronic system is
shown in Fig. 1.

The pulses from the Si(Li) crystal were passed through
a low-noise cryogenic preamplifier into an amplifier with
several outputs, each of which was optimized for either
timing or pulse height (energy) resolution. A fast bipo-
lar output from the amplifier, optimized for timing reso-
lution, was taken to a timing single-channel analyzer set
to pass the entire pulse-height spectrum above the elec-
tronic noise level while a second output, optimized for
energy resolution, went into an 8192-channel analog-to-
digital converter (ADC). The single-channel analyzers
had two outputs, one providing the starting pulses for a
time-to-amplitude converter (TAC) and the second taken
to a scaler to be counted for general monitoring pur-
poses.

The pulses from the germanium detector were routed
similarly except that the timing output from the single-
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channel analyzer went to the stop, rather than the start,
input of the time-to-amplitude converter through a
variable-delay box used for time calibration of the time-
to-amplitude converter. The timing single-channel
analyzers had provisions for delaying their output pulses
over the range of O to 11 usec.

For the pulses from the preamplfier of the germanium
detector a second route was established as well. It in-
cluded an amplifier, single-channel analyzer set to pass
only the K x-ray region of the spectrum, and a scaler,
and was used as yet another means of monitoring the
stability of the system.

The time-to-amplitude converter was set for a range of
3 usec and its output went through an amplifier to a
8192-channel analog-to-digital converter.

A logic output pulse from the time-to-amplitude con-
verter indicating the reception of a stop input pulse
within 3 usec of a start input pulse was taken as an indi-
cator of a valid coincidence event and used to derive a
gating pulse to trigger the operation of the three analog-
to-digital converters and the computer interface.

III. DATA ACQUISITION AND ANALYSIS

A. Acquisition and sorting of basic experimental data

Data acquistion was performed in the “list mode”, i.e,
for each coincidence event the computer recorded three
parameters, the output values from the three analog-to-
digital converters which are proportional respectively to
the energies of the coincident K and L x rays and to the
time interval between their detection. This last parame-
ter allowed the separation of true coincidences from ran-
dom ones. During the measurements the computer
recorded on magnetic tape a list of such triads which
could subsequently be sorted to build histograms show-
ing the spectrum of one parameter for arbitrarily set
conditions (digital gates) on the other two. For preset
gates the computer was capable of sorting the data dur-
ing the acquisition process itself and recording the re-
sulting histograms in memory simultaneously with the
recording of the full list data on tape.

The experiment consisted of 19 runs performed during
a period of one month and ranging in duration from 19
to 125 hours. In ten of the runs data were acquired in
full list mode on tape while histograms were recorded in
memory, in six of the runs only histograms in memory
were acquired, and in three runs full list mode data and
histograms were acquired while the Si(Li) detector was
shielded with aluminum absorbers of various thicknesses.
The purpose of these last three runs was to check for
possible contributions to the data from interdetector
scattering, as will be explained in detail in Sec. IV.

The data acquired in each experimental run were sort-
ed to yield the following nine spectra S, to S,.

(a) S; and S,. Spectra of L x rays in coincidence with
Ka, and Ka; x rays, respectively. In sorting the data to
obtain these two spectra the Ka; and Ka, x rays were
defined by setting digital gates on the output of the
analog-to-digital converter which processed the pulses
from the germanium detector corresponding to energy

3157

windows 680 eV wide, centered on the photopeaks re-
sulting from the detection of the corresponding x rays.
(See Fig. 2, windows G, and G, respectively.) The con-
dition of coincidence was defined by setting a digital gate
on the output of the analog-to-digital converter which
processed the pulses from the time-to-amplitude convert-
er corresponding to a time window 250 nsec wide cen-
tered on the prompt coincidence peak in the spectrum of
pulses from the analog-to-digital converter (see Fig. 4).
(b) S3. Spectrum of L x rays in coincidence with radi-
ation which deposited in the germanium detector an
amount of energy within a window 680 eV wide (i.e., of
equal width to the windows set on the Ka; and Ka,
photopeaks) centered at an energy Egg which is below
the energy Eg,, of the Ka, photopeak by the same

amount that Eg,, is below Eg, , the energy of the Ka,

photopeak (see Fig. 2, window G3).

This spectrum, as will be seen in detail in Sec. III D is
crucial in determining the contribution of L x rays coin-
cident with Ka, x rays to the measured spectrum of L x
rays in coincidence with K a, x rays.

(c) S4. Spectrum of L x rays in coincidence with radi-
ation which deposited in the germanium detector an
amount of energy within a window set above the energy
of the Ka,; photopeak (see Fig. 2, window G,4). This
spectrum was used to determine the contribution of
coincidences with higher-energy radiations to the three
previous spectra.

(d) S5. Spectrum of L x rays in coincidence with Kf3 x
rays. The Kf3 x rays were defined by the energy window
G5 shown in Fig. 2. Kf x rays and L x rays are not
emitted in coincidence in the same atomic cascade.
They can occur in coincidence only if two x-ray cascades
follow one another within a time interval shorter than
the resolving time of the coincidence system. Such
would be the case when in the course of nuclear deexci-
tation two processes resulting in inner-shell vacancies
occur in quick succession, e.g., K-shell electron capture
followed by internal conversion in the K or L shell in a
subsequent nuclear transition. Such coincidences which
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FIG. 2. Spectrum of K x rays of Pb from electron-capture
decay of 2°’Bi measured with cooled Ge(HP) spectrometer in
random coincidence with L x rays. G; to G¢ mark the loca-
tions of the windows or digital gates set on the various parts of
the spectrum as explained in Sec. IIT A.
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have been called in the literature “nuclear’”? or “nonre-

lated”?® coincidences can involve of course not only Kf3
x rays but Ka; and Ka, x rays as well and will therefore
contribute to the spectra S; to S;. These contributions
will be subtracted by making use of the spectrum S5 and
the intensity ratios I(Ka,)/I(KfB), I(Ka,)/I(KB),
etc.25:26

(e) S¢. Spectrum of L x rays in coincidence with radi-
ation which deposited in the germanium detector an
amount of energy within a window set above the Kf3
photopeaks (see Fig. 2, window Gg). This spectrum was
used to determine the contribution of coincidences with
higher-energy radiations to spectrum S's.

(f) S;. Spectrum of L x rays in random coincidence
with radiation which deposited in the germanium detec-
tor an amount of energy within a window of 68-98 keV
which included all K x-ray peaks of interest in the
present work (Fig. 3). The condition of random coin-
cidence was defined by setting digital gates on the output
of the analog-to-digital converter which processed the
pulses from the time-to-amplitude converter correspond-
ing to two time windows 1000 nsec wide each, on the
two sides of the prompt coincidence peak and well

separated from it (see Fig. 4). This spectrum was used,
with proper normalization, to determine the contribu-
tion of random coincidences to all previously mentioned
L x-ray spectra.

(g) Sg. Spectrum of K x rays in random coincidence
with radiation which deposited in the silicon detector an
amount of energy within a window of 8—17 keV, i.e., the
energy range of the previously mentioned L x-ray spec-
tra S| to S;. It should be noted that this spectrum and
the previous one are derived from the analysis of the
same (random) coincidence events, each spectrum show-
ing the distribution of a different parameter. They also
provide good representations of the spectra of radiation
detected by the two detectors without any coincidence
requirements.

(h) Sy. Spectrum of output pulses from the time-to-
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FIG. 3. Spectrum of L x rays of Pb from electron-capture
decay of 2°’Bi measured with cooled Si(Li) spectrometer in ran-
dom coincidence with K x rays. The dashed lines mark the
portions of the spectrum assigned in the data analysis to the
La, LB, and Ly peaks.
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amplitude converter. This spectrum (see Fig. 4) was ob-
tained for monitoring purposes only.

B. Processing of the raw x-ray spectra

The L x-ray spectra enumerated in the previous sec-
tion underwent the following stages of processing in suc-
cession.

(1) Removal of random coincidences. From each of
the spectra S| to S¢ the contribution of random coin-
cidences was removed by subtraction of spectrum S5
multiplied by a normalization constant. For each spec-
trum S; (i =1,6) the constant is the product of (a) the ra-
tio of the time intervals within the range of the time-to-
amplitude converter (250 nsec/2000 nsec) allocated to
the collection of true (spectra S; to S¢) and random
(spectrum S5) coincidences and (b) the ratio of the num-
ber of counts in spectrum .Sg within the window G; (see
Fig. 2) used to acquire spectrum S; to the total number
of counts in spectrum Sy.

(2) Removal from spectra Sy, S,, S3, and S5 of contri-
butions due to coincidences with higher-energy radia-
tions. This correction was accomplished by subtracting
spectrum S, from spectra S| to S; and spectrum S¢
from spectrum S5 on the assumption that higher-energy
radiation contributes a background which can be ap-
proximated by a constant number of counts per channel
in the small energy intervals involved. All spectra in-
volved were previously corrected for random coin-
cidences in stage (1).

(3) Removal of contributions due to “nuclear” coin-
cidences from spectra S, S,, and S3. This correction,
the nature of which was explained in the previous sec-
tion was accomplished by subtraction of spectrum S’
multiplied by a normalization constant from spectra S
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usec window used to define random coincidence events are
marked. (b) Enlarged portion of the spectrum showing the
true coincidence peak and the 250-nsec window used to define
true coincidence events.
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to S;. The normalization constant for spectrum .S;
(i=1-3) is the ratio of the (net) number of counts in
spectrum Sg within the window G; used to acquire spec-
trum S; to the (net) number of counts within window
Gs. The net number of counts within each window was
determined by subtracting from the raw number of
counts within the window contributions due to higher-
energy radiations assumed to amount to a constant num-
ber of counts per channel equal to the average number
of counts per channel in the energy regions just above
the peaks. Prior to this correction the spectra S, to S;
and S5 underwent corrections in stages (1) and (2).
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FIG. 5. (a) S;x(Ka,), (b) S;.(Ka;), and (c) S.,(BK) are

spectra of L x rays in coincidence with radiation, which depos-
ited in the germanium detector energy within windows set on
the Ka, and Ka; photopeaks and below the K x-ray peaks
(BK), respectively. The spectra are shown following the im-
plementation of all the corrections described in Sec. III B.
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C. Resulting spectra and nomenclature

The three L x-ray spectra resulting from S,, S,, and
S5 after the implementation of the previously described
corrections will be denoted by S;,(Ka,), S;.(Ka;), and
S1x(BK) to indicate L x-ray spectra in coincidence with
radiation which deposited in the germanium detector en-
ergy within windows set on the Ka, and Ka, photo-
peaks and below the K x-ray peaks (BK). These spectra
are shown in Fig. 5. The number of counts in a given
peak Lx in one of these spectra will be denoted by
N;x(BK), N[, (Ka,y), or N (Ka;), eg., Ny (Ka;)
denotes the number of counts in the La x-ray peak in
spectrum S; . (Ka,).

In obtaining these numbers the L x-ray peaks were
defined by the energy windows shown in Fig. 3 and from
each peak, contributions due to higher-energy radiations
were subtracted assuming a constant number of back-
ground counts per channel equal to the average number
of counts per channel in the energy region just above the
peak.

The number of counts within the windows G,, G,,
and G; in spectrum Sy, corrected for contributions from
higher-energy radiations will be denoted by N(Ka,),
N(Ka;), and N(BK), respectively. Contributions to
N,;,(BK) or N;,(Ka;) and N(BK) due to radiation Ka;
will be denoted by N /(BK) or N, Y(Ka,;) and

Ka; .

N 7/(Ka;), respectively.

D. Calculation of the contribution of K a; x rays
to the K a, photopeak [and consequently of coincidences
wth the K a, x rays to the coincidence spectrum
Six(Ka,)]. The fraction R

In order to calculate f,; using expression (1) we need
the quantities C; . (Ka,), C;(Ka,), and n(Ka,) and
n(Ka,). Assuming no contribution of the lower-energy
K a, x rays to the Ka, photopeak we may set C; (Ka,)
and n(Ka,) equal to N; ,(Ka,;) and N(K a,), respective-
ly, which are calculated as explained in the previous sec-
tion.

The quantities N;,(Ka,) and N(Ka,) do, however,
contain contributions due to the higher-energy Ka, x
rays. Using the nomenclature adopted in the previous
section we may write

CrolKay)=N; (Kay)—NpsU(Kay) , 2)

n(Kay)=N(Kay)— N “(Ka,) . (3)
Similarly,

Np (BK)=Np (BK)+ N 2(BK) . (4)

N(BK)=N""(BK)+ N *(BK) . (5)

It is assumed that no other than K a; and K a, radiations
contribute to the coincident spectra or to windows G5
and G;. Small contributions due to other than Ka; and
K a, radiations, e.g., Kaj x rays, will be corrected for in
the final result.

We will now define a quantity R which is the ratio be-
tween the number of counts contributed by Ka, x rays
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to the window G, set on the Ka, photopeak and the
number of counts within the window G, set on the Ko,
photopeak itself. Thus,

R N "Kay;) N "(Kay) o
" n(Kay)  NKa;)

Ka,
(

We will now assume that Ka, x rays contribute to the
window G; a fraction of their contribution to the Ka,
photopeak itself equal to R above, since the window G;
is separated from the K a, photopeak by the same energy
interval that the window G, is separated from the Ko,
photopeak. This is the same assumption used by Gnade
et al.'®'® and also implicit in the work of Tan et al.?°
when the shape of the Ka; spectrum is modeled by a
shifted K a, spectrum. Thus,

Ka,

N *(BK)=Rn(Ka;) . (7)

The contribution of coincidences with Ka; x rays to the
spectrum S;,(Ka,) can be subtracted by assuming that
each count due to Ka,; x rays within the window G, set
on the K a, peak contributes a fraction 1/N(Ka;) of the
spectrum S;,(Ka;). The resulting spectrum which will
be denoted by Sanz(Kaz) is therefore given by the ex-
pression

Ka, N*(K ay)
SLx (KaZ)ZSLx(KaZ)_—NWSLX(KaI) » (8)
which by (6) can be written as
SKKay) =S, (Ka,)—RS,(Ka,) . )

Similarly, spectrum S;,(BK) can be expressed as a
linear combination of spectra S;,(Ka;) and SLK:Z(KaZ)
by assuming that each count due to Ka, x rays within
the window G3 contributes a fraction 1/n(Ka,) of spec-
trum S,{(xaz(Kaz), while each count due to Ka, x rays
within the window contributes S;,(Ka;)/N(Ka;). Thus
Ka, Ka,

N “YBK) _Ka, N “Y(BK)

Six(BK)=——"""8, (Kaﬂ—{—m

Sic(Kay).
n(Ka,) £ “

(10)

Expressions (8), (9), and (10) and their preceding expla-
natory statements hold true for the spectra S;, 2AKa,),
Six(Kaj), S;.(Ka,), and S;,(BK), channel by channel.
It should be noted here that the assumption used in writ-
ing expressions (8) and (10), which was also used by
Campbell et al.?! was shown by Gnade et al.'® not to be
always correct since the pulses contributing to the tail of
a given peak may have a different time structure than
those contributing to the peak itself and thus may not be
registered as coincidences when the coincidence system
is operated with an insufficiently large resolving time
window. Campbell et al.?! ensured coincidence registra-
tion of all events by selecting in their work only pulses
with rise times within a given time range and by using a
sufficiently large resolving time window in their coin-
cidence system.

In the present work no selection of pulses according to
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rise time was made. However, a very large resolving
time window was employed which, as can be seen in Fig.
4, ensures registration of all coincidence events. As a
check, some of the data were also sorted using a resolv-
ing time only half as large, with almost identical results.
Furthermore, as will be explained in Sec. IV the present
method of data analysis contains an internal consistency
check which will provide a warning in case the above as-
sumption does not hold. Using (5) and (7) in expression
(10) we obtain

S, (BK)=RS, (K ay)

[N(BK)—N"

N(Ka;)

(BK)]

+ SLX(Kal) . (11)

Substituting for Sfxaz(Kaz) from expression (9) into (11)
we obtain

S, (BK)=R[S..(Ka,)—RS; (Ka,)]

Ka,

[N(BK)—N
N(Ka;)

(BK)]

+ S (Kay) . (12)

Substituting again from (7) NKaz(BK)an(Kaz) and for
n(Ka,) from (3) and (6) n(Ka,)=N(Ka,;)—RN(Ka,)
we will obtain

S;.(BK)=RS;,(Ka,)—R*S,,(Ka,)
[N(BK)—RN(Ka,)+R*N(Ka,)]

N(Kal)
XSLX(Kal) (13)
or
B N(BK)
S (BK)=RS, (Kaa)+ e = Sic(Ka)
RN(Ka2) ¢ (Kay) (14)
T N(Kay) SR

Expression (14) holds true for the spectra S;,(BK),
S;«(Ka,), and S;,(Ka;) channel by channel and there-
fore also for sums of any number of channels. In the
present work it will be applied to the sums of the chan-
nels which make up the La, L3, and Ly peaks. We can
thus write

N(BK)

= K —_—
NLX(BK) RNLX( a2)+ N(Kal)

NLX(Kal)

RN(Kaz)

— 5
N(Kal) NLx(Kal)’ (l )

where the subscript Lx in Ny, (BK) and N, (Ka;) stands
for the La, L3, or Ly peak.
Solving Eq. (15) for R we finally obtain
_ N (BKIN(Ka;)=N(BK)N . (Ka;)
" N (Ka,)N(Ka;)—N(Kay)N(Ka;) *

R (16)

All the quantities appearing in this expression can be
calculated from the final corrected spectra.
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It should be noted that expression (16) is particularly
simple when Lx stands for the Ly peak. Since
N.,(Ka;)=0,R reduces simply, as expected, to the frac-
tion N.,(BK)/N.,(Ka,). Once R is known all other
quantities necessary for the determination of f,; can be
calculated.

Thus C; (K a;) can be calculated using expression (9)
and summing for the channels in the La peak. We will
obtain

CLa(Kaz)=NLa(Ka2)—RNLa(Ka1) . (17)

n(Ka,) was already shown above to be equal to
N(Ka;)—RN(Kay).

Substituting for C,,(Ka,) and n(Ka,) in (1) we will
obtain
[NLa(KaZ)—RNLa(Kal)]N(Kal)
N Ka))[N(Ka,)—RN(Ka,)]

f23=

X[l—f—QzAsz(COSG)] ) (18)

which after rearrangement will yield:

[1+Q2A2P2(0059)] . (19)

IV. RESULTS AND DISCUSSION

For each experimental run, separate calculations of R
were made using Eq. (16) with data obtained from the
La, LB, and Ly peaks. The weighted average of these
R values was then used to calculate f,; for the given run
from Eq. (19) in which the angular correlation correction
factor was taken as 1.009 based on a previous measure-
ment.”” The weighted average of the values of f,; ob-
tained in the 16 runs was then calculated and found to
be (11.0210.09) X 10~2. This value has to be still slightly
corrected upward for the minute contribution of Ka; x
rays to the Ka, peak (0.164% according to calcula-
tions®®) leading to a result for f,; of (11.0420.09) X 10~ 2,
The errors listed are statistical only, each being one stan-
dard deviation of the mean.

As a check on the internal consistency of the results,
weighted averages were calculated of the values of R ob-
tained in the 16 runs using data from the Lo, LB, and
Ly peaks. They were found to be respectively,
(2.238+0.070) X 1072, (2.144+0.033)x 1072, and (2.480
+0.045)x 1072,

As can be seen, the values of R obtained using data
from the L and L3 peaks agree within experimental er-
rors, while the value of R obtained using data from the
Ly peak is somewhat higher.

In an attempt to find the reason for this slight
discrepancy it was noted that the value of R calculated
using data from the Ly peak is, because of the relatively
low intensity of the Ly transition, very sensitive to even

slight contributions of erroneous coincidences to the
quantity N, ,(BK). Such contributions may occur as a
result of Compton scattering of K x-ray radiation in the
Si(Li) detector and the detection of the scattered x ray in
the germanium detector. In order to estimate the contri-
butions of such scattering events to N ,(BK), and to all
coincidence spectra in general, three experimental runs
were performed in which the Si(Li) detector was shielded
from the direct radiation of the source by aluminum ab-
sorbers 71.4 mg/cm? thick in one run and 285.6 mg/cm?
thick in the other two runs. These absorbers, while at-
tenuating extensively and to various degrees the La, Lp3,
and Ly x rays, are almost transparent to the K x rays
and higher-energy radiations, thus emphasizing the con-
tributions of coincidences due to scattering as compared
to true K-L x-ray coincidences. These experiments
showed that there were no contributions of coincidences
due to scattering to the La or LS peaks in any of the
coincidence spectra while slight contributions to the Ly
peak were present and caused the value of R calculated
using Ly peak data to increase. The poor statistics of
the scattering experiments did not allow, however, a pre-
cise measurement of these scattering contributions and
therefore a determination as to whether they accounted
fully or only partially for the observed increase in the
value of R calculated using Ly peak data.

It was also noted that the value of R calculated using
L a peak data is very sensitive to contributions to N(BK)
from other than Ka; and Ka, x rays. Therefore, the
fact that the value of R obtained using data from the La
peak is almost identical to that obtained using data from
the L3 peak is indicative that no such foreign contribu-
tions to the K x-ray spectrum in the region below the
K a, peak were present. Note that this also implies that
the pulses contributing to the tail of the K x-ray peaks
are registered in the coincidence experiments with the
same efficiency as those contributing to the peaks them-
selves (otherwise they would be considered in this case
foreign contributions to the spectrum).

The value of R calculated using data from the LS
peak was found to be least sensitive to both coincidences
due to scattering as well as to foreign contributions to
the K x-ray spectrum in the region below the Ka, peak.
This value of R is therefore the most reliable. It also has
the smallest statistical error. If in each experimental run
only this value of R is used in the calculation of f;
rather than the weighted average of the three values of
R obtained from La, Lf3, and Ly data the final result
for f,5 is (11.21£0.10) X 10~2 identical to the result ob-
tained by Campbell er al.?! This value will be taken as
our final result.

V. CONCLUSION

A method for the analysis of multiparameter K-L x-
ray coincidence data has been developed which is cap-
able of yielding precise values for the Coster-Kronig
transition probability f,; in high Z atoms. The method
utilizes only ratios of quantities determined from the
same coincidence measurement and is therefore relative-
ly insensitive to small instabilities in the experimental
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system. The method does not require any auxiliary mea-
surements beyond the coincidence measurements and
contains internal consistency checks which alert the user
to possible systematic errors.

In the present work the use of this method to deter-
mine f,3 in Pb has been described. The result obtained,
0.112£0.001 is identical to the result of Campbell
et al.?' and slightly lower than the latest theoretical
value of 0.122.6%2

Preliminary values of f,; obtained using this method
in Tm and Pt have been reported®>»?° and a definitive ac-
count of the works is currently in preparation. The

method is also currently being adapted for use in lower-
Z atoms.

Both the preliminary values of f,; in Tm and Pt as
well as values of /f23 measured® in Au and recently®® in
Xe are slightly lower than those predicted by the latest
theoretical calculations,® thus seemingly confirming the
trend pointed to by the value of f,; in Pb.
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