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Double K-shell vacancy production in the electron capture decay of ~zsI
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We have measured the probability of double K-shell vacancy production in the electron capture
decay of ' I to the 35-keV level of ' Te. The probability was deduced from the number of triple
coincidences between the Te hypersatellite and satellite x rays produced in filling the double vacancy,
and the subsequent normal x ray accompanying the K internal conversion of the 35-keV level. The
probability of double IC-shell vacancy production per K-shell electron capture (Pzz) was found to
be (1.35 + 0.15) x 10

PACS number(s): 23.40.-s, 23.90.+w, 27.60.+j, 32.80.Hd

I. INTRODUCTION

When a nucleus decays by capturing an electron from
the I~ shell, the sudden change of the nuclear charge from
Ze to (Z —1) e and the concomitant disappearance of the
electron can cause the remaining electron in the It shell
to be excited to unoccupied levels (shakeup, SU) or to
continuum states (shakeoff, So), thus leaving a double
vacancy in the shell. The probability P~~ of double I&-

shell vacancy production per I~ -electron capture has been
measured for 14 isotopes. The results of these measure-
ments have been summarized in Ref. [1]. The measured
values decrease from 10 at Z = 18 to 10 at
Z = 83. The decrease appears to be monotonic, except
for decays with low Q value (' Cd, ' Ce, ' W), which
have P~lg's that are lower than the general trend.

The various theoretical approaches to calculating P~~
have been summarized recently by Campbell, Maxwell,
and Teesdale [2]. The two most sophisticated theoreti-
cal approaches are the semirelativistic propagator (SRP)
method of Intemann [3], and the self-consistent-field

(SCF) method of Suzuki and Law (SL) [4]. These two
theories bracket most of the measured values, with the
SCF theory being on the high side and the SRP theory
on the low side. For decays with low Q value, however,
both theories predict P~Ir 's that are lower than the mea-
sured values, suggesting that the calculations fall to zero
(with decreasing Q value) faster than the experimental
data, This observation, however, is based on comparison

with the measured values of only three isotopes (~ Cd,
~ssCe, and ~s~W), all of which have rather large errors on
their measured values (36%%uo, 80%, and 25%, respectively).
Thus, to extend the base of experimental systematics,
and to help in testing the validity of this observation, we

sought to measure the PIcrr of I, which also has a low

Q value for electron capture (EC) decay.
Experiments to measure Pp&I& usually record coin-

cidences between the hypersatellite (I~n ) and satel-
lite (Iin ) x rays produced in the transitions ls
1s '2p ' and 1s '2p ' —2p, respectively. For ' I
(decay scheme shown in Fig. 1), however, Kns g I~ oH

coincidences would be overwhelmed by the tail of the
Ko, I~a coincidences between the normal x ray
produced in EC and the subsequent normal x ray ac-
companying the I~-shell internal conversion (IC) of the
35-keV level in '~sTe, as this level decays mostly by IC
(e/p = 14.02 [5]). Thus, to eliminate the interference
of these double coincidences, we measured triple coin-
cidences between the satellite and hypersatellite x rays
produced in filling the double vacancy, and the subse-
quent normal x ray accompanying the Ii-shell IC of the
35-keV level. Since the transition energy of 35 keV is

too low to doubly ionize the I~ shell (1s binding energy
= 31.814 keV [6]), double vacancies in the Ix shell can
only be created during the EC decay of I, and cannot
be initiated by the subsequent IC of the 35-keV level in
125T

II. EXPERIMENTAL PROCEDURE

6/2+ 60.2 d
125)

EC 100%

3/2+ 1.48 ns 35.492
i 2+ QEC 186.1 keV

FIG. 1. Decay scheme of ' I. The level energy is in keV.

Our experimental technique consisted of measuring
triple coincidences between the satellite and hypersatel-
lite x rays produced in filling the double vacancy, and
the subsequent normal x ray accompanying the A-shell
internal conversion of the 35-keV level in Te. The co-
incidences were measured using two detectors; we looked
for the sum of two of the x rays in one detector in coin-
cidence with the third x ray in the other detector.

A 100 nCi source was prepared by evaporating several
drops of an active solution of carrier-free NaI in 1.0 N

NaOH onto cellophane tape, and sealing the dried tape
with a similar piece. The source was sandwiched between
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two intrinsic Ge detectors placed face to face. One of the
detectors was coaxial and had a 44-mm diameter, 49-mm
depth, and a 0.5-mm-thick Be window; the other detector
was planar with a 16-mm diameter, 10-mm depth, and a
0.128-mm-thick Be window. The Be windows were thick
enough to stop Auger and conversion electrons associated
with "- I decay. The energy resolution at the Te I~a line

(= 28 keV) was 650 eV for the coaxial detector and 300
eV for the planar detector,

The detectors were connected to amplifiers equipped
with pileup rejection circuitry. A standard circuit was
used to generate coincidence signals. The energy and
fast timing signals from each detector were digitized in
two analog-to-digital converters (ADC's) and an eight-
channel time-to-digital converter (TDC) in a CAMAC
crate interfaced to a VAX 11j725 computer. The digi-
tized signals were recorded event by event on magnetic
tape for later analysis. To reduce the number of accu-
mulated tapes, singles events were prescaled by factors
of 800 and 400 for the coaxial and planar detectors, re-
spectively, and I~n (3 I~ a coincidences were not written
to tape. The total counting time was approximately 120
days.

III. DATA ANALYSIS AND RESULTS

The magnetic tapes were replayed to generate for each
detector a singles spectrum and three coincidence spec-
tra, the first gated by Ii n, the second by Iin+ Ii n, and
the third by the 35-keV p ray. The coincidence spectra
were also gated by a 180-ns wide gate set on the prompt
peak recorded by the TDC. In addition, the technique de-
tailed in Ref. [1] was used to reduce the pileup of pulses
that are too close (in time) to be resolved by the pileup
rejection circuitry of the amplifiers.

62 sets of spectra (one per tape), each corresponding to
an average of two days of data collection, were generated
first. The centroids of the energy and timing peaks in
each of these spectra were scanned to ensure that there
were no drifts. Then the sets were added to produce four
new sets each corresponding to data accumulated over
approximately one month. The spectra from each one of
these sets, which we shall refer to as sets 1 through 4, in
order of increasing time, were analyzed separately.

Although a statistically independent yield of Ixn x
rays could, in principle, be extracted separately from each
detector, we chose to fit only the coincidence spectra of
the planar detector (generated with the gates set on the
coaxial detector), because it had a much better resolu-
tion. Figure 2 shows a sample singles spectrum from
the coaxial detector; the shaded areas show the peaks on
which the gates were set.

Figure 3 shows the Kn region of the coincidence spec-
trum gated by (a) the 35-keV y ray, and (b) the I~ n+I~ n
peak. The yield of A'n x rays detected in the planar
detector in coincidence with I~n + I~n summed in
the coaxial detector was extracted by fitting the I~ n re-
gion shown in Fig. 3(b) with six peaks superimposed on
a quadratic background. The six peaks corresponded,
in order of increasing energy, to the Kct'g i Kny, I~ng,
I~n&, I~n&, and Kn~& x-ray lines. The Kn peak is
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FIG. 2. A sample singles spectrum of the I source,
recorded with the coaxial detector. Coincidence spectra in
the planar detector were generated by gating on the shaded
peaks.

dominated by accidentals. These are of two types: (1)
a true I~n I~n coincidence followed by an acci-
dental I~o: that sums (piles up) with the true I&a
to produce a pulse within the I~n + Iin gate, and

(2) a true Iia+ + Kn sum in accidental coincidence
with a Iin . There is also a, much smaller number of
true Iin counts that arise from coincidences with the
Ii o. + A'o; sum peak (the gate set on the Iin+ Ii.n
sum peak in the coaxial detector was wide enough to in-
clude I~ns + I~eH sums), and from coincidences with
internal bremsstrahlung accompanying I~ and I cap-
ture. The I~n~ x rays arise from true coincidences with
I~a + I~n sums, and the I~n x rays arise from true
coincidences with I~ n + Ii'. n sums.

The peak shape consisted of three components: (1)
a Lorentzian convoluted with a Gaussian (a Voigt pro-
file [7, 8]), (2) an exponential tail on the low-energy side
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FIG. 3. (a) The Isa region of the spectrum gated by the
35.5-keV y ray. The dashed curves show the I&u& and ICn2
components and the solid curve shows the overa11 fit. (b)
The Iin region of the spectrum gated by (Ixa+ I&a) The.
solid curve shows the fit; the dashed curve shows the E'n
component of the fit while the dash-two-dotted curve shows
the sum of the ICe and Ice components.
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to account for incomplete charge collection, and (3) a
step function to account for scattering of the x ray into
the detector. The form of terms (2) and (3) are identi-
cal to those described in Refs. [2, 9]. The width of the
Lorentzian, which is due to the short atomic lifetime of
the I~ hole, was fixed at a value of 13 eV, obtained from
the tables of Krause and Oliver [10]. The widths of the
Gaussian and the exponential tail, as well as the frac-
tional heights of the exponential tail and the step func-
tion, were fixed to values extracted from fits to the Ii n
peak gated by the 35-keV p ray [Fig. 3(a)]. As Fig. 3(a)
shows, the assumed peak shape provides a very good fit
to the data. The chi square per degree of freedom (y~) for
fits to the p35(3K+ peak was 2.54, 1.64, 1.73, and 1.78,
for sets 1 through 4, respectively. Considering the very
high statistical accuracy of the data ( 5 x 10s counts),
these y2 values are quite acceptable.

The ratio of the I~a, to Iia~z lines was fixed to the
value obtained from the fits to the

p35(SKAG+

peak. This
value (1.861 6 0.003) agrees very well with the value of
1.86, given in Ref. [6]. The ratio of the I&'asi to I~ nz~ lines
was fixed to the above value, as well; however, Aberg el
al. [11] have pointed out that this ratio decreases for
I~a x rays. In the fit we fixed the ratio of the Ko, H& to
I~ nz lines to 1.47, a value which we interpolated from the
theoretical calculations of Chen, Crasemann, and Mark
[12].

The centroids of the Iie+& and I~a& lines were fixed
to the values obtained from the fit to the p35 (3 IkQ
peak. The centroids of the Kn& and Kn& lines were
shifted from those of the corresponding Ii'. eN lines by 79
eV, a value obtained from the calculations of Ref. [13].
We obtained experimental values for the energy shift; of
the hypersatellite lines [AIi.n = E(It cx ) —E(Ke )]
from our fits, with the assumption that the I~Qy and
I~a& lines have the same shift. The shifts obtained for
each of the sets are shown in Table I. The weighted av-

erage, 598 + 26 eV, is in good agreement with the values
AA"o& ——610 eV and AI~n& ——607 eV, calculated by
Chen, Crasemann, and Mark [12]. In extracting the final
yields of the Kn x rays, the centroids of the Kn& and
A'n02 lines used in the fit, were shifted by the above av-

erage value for all the sets. The systematic uncertainty
in these extracted yields due to a +30 eV uncertainty in
the posit, ion of the hypersatellite peak is 3%.

The small shift of the Itn lines (relative to the I~a
lines) and the much larger yield of the Ii n+ peak [Fig.
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FIG. 4. (a) The (Iia + Iio) region of the singles spec-
trum. The dashed curves show, in order of increasing en-

ergy, the (Ke~ + Kaz ), (Ka, + Knq ), and (Kni + Kei )
components and the solid curve shows the overall fit. (b)
The (Kn+ Ka) region of the spectrum gated by Ka. The
solid curve showers the fit; the dashed curve shows the pileup

(Ke +Ka ) component of the fit while the dash-two-dotted
curve shows the sum of the true (Ka' + Ka~) components,
where one of (i, j] is a satellite or a hypersatellite.

3(b)] made the extraction of an independent value for the
yield of Iin x rays very diKcult. Indeed, the purpose
of including the I~a. peaks in the fit to the Rn region
gated by I~a+I~a was not to get an independent yield of
A"o, but rather to make sure that the shape of the fitting
function was as accurate as possible. Since the gate on
the coaxial detector was wide enough to include Kn +
Ko. sums, the yield of I~a x rays should, on average,
be the same as the yield of I~n x rays. Accordingly, in
the fitting procedure the yield of Ii n~ x rays was fixed to
be the same as that of Iie x rays. (The difference in the
efIiciency of the detectors for I~0. and I~ n x rays was
found to be less than 0.2% and has been ignored. ) Hence
the number of free parameters in the fit was five —the
yield of Ix n+ x rays, the yield of Ko.H x rays, and the
three terms in the quadratic background. The resulting
yield of Ke x rays for each of the data sets is shown

TABLE I. Experimental results.

Set

N[(I n")i (~)21
AKnH (eV)
N [(Kn"), g (K "+ K ),]
N[(Kn + KaH)i @(Kn )2]
10 PI,-I;
10 P~ji

8.36 x 10
664 + 60
153 + 35
54+ 25

1.43 + 0.33
0.88 + 0.42

5.95 x 10
632 + 50
114+ 25
58 +20

1.50 + 0.33
1.33 + 0.46

5 20 x 10
542 + 50
94 +20
36 +16

1.42 + 0.30
0.95 + 0.42

3.76 x 10
576 + 50
57+ 15
52+ 10

1.19 + 0.31
1.89 + 0.36

Average

598 + 26

1.38 + 0.16
1.31 + 0.21

Deduced from N [(Ka )i (Kn + Kn )2].
Deduced from N[(Ka + Kn )i (Kn )s].
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TABLE II. Centroids and relative intensities used in the
fit to the (Ko+ Kn)i peak in coincidence with (Ka)2.

Component E (keV) Rel. intensity

A n2~
A. n,"
An,

An~
An,"
An~
AnN

An,"
An~
An~
An,

+ An2~

+ Ani"
+ An,"
+ A'n2

+ Ixn~
+An~

+ An,"
+ AnH

+ I~n",

+ A"n,"
+Aa,
+ Any

54.404
54.674
54.944

54.483
54.753
55.023

55.002
55.272
55.542

55.002
55.272
55.542

1.00
3.64
3.46

0.75
2.78
2.58

0.86
2.88
2.36

0.86
2.88
2.36

in Table I. The y2's for sets 1 through 4 were 0.88, 0.96,
1.00, and 1.08, respectively. Figure 3(b) shows the sum
of data for the four sets and the result of a fit to this
sum.

A statistically independent yield of It'a x rays (de-
tected in the planar detector) was extracted by fitting
the A"a + I&o: region of the spectrum gated by I~a x
rays (detected in the coaxial detector). Since the It a
gate on the coaxial detector was wide enough to in-
clude I~n and I&a x rays, as well as I&a x rays,

the A o, + A o. region of the coincidence spectrum in the
planar detector will include sums from Ko. + An

N + A +s I& &N + I& H and I& s + f&~ +H x rays
Accounting for the a q and o, 2 components of each x
ray and ignoring the small (3 eV) difference between
the shifts of the I~nz and Ka2 lines, one gets the 12
peaks listed in Table II. Using the fact that the yields
of the satellite and hypersatellite x rays should be the
same and that the relative intensities of the I&at to
Iraq lines are (I~"ai/Itaz) = (Ixai/Ixag) = 1.86 and
(It'ai/Ital) = 1.47, we determined the relative inten-
sities of the three lines involved in the (mostly acciden-
tal) I&a+ + It a+ sum and the nine lines involved in
the Ko. + Ko. , Aa + Kn, and An + An sums.
These relative intensities are listed in Table II. The shape
parameters used in the peak fits were fixed to values ob-
tained from fitting the A o.N + A nN region in the singles
spectrum (Fig. 4). Thus, although 12 lines were included
in the fit to the A'a + I~a coincidence peak, there were

only five free parameters —the yield of Ia'a~ x rays, the
yield of Ix aH x rays, and the three terms in the quadratic
background. The resulting yield of Ao. x rays for each
of the data sets is shown in Table I. The g2's for sets
1 through 4 were 1.12, 1.13, 0.93, and 1.00, respectively.
Figure 4(b) shows the sum of data for the four sets and
the results of a fit to this sum.

The number of A'o. H x rays detected in the planar de-
tector in coincidence with the I~ a + I~ nS sum detected
in the coaxial is related to P~~ by

H 1V S „&Kay H

N[(I&a )i (Ka + I&a )z] = NoPKPKK ( ~ ~K
~

~ (cK ~)i
q 1 + a) t, I&T

~ (Ita'i s /I&a'i
X ~K

~
. ~ (eK~~)Z A)K

~
~ (~K~s)Z C, ,

&ItT) &I~T)

~here No is the number of ' I EC decays, PK the fraction of I&-capture decays; aK and a are, respectively, the
It-shell and total internal conversion coefficients of the 35-keV level in izaTe, and aK/(1+ a) is the fraction of I&-shell
internal conversion decays of the 35-keV level; ~~, ~~, and ~~ are the fluorescence yields, respectively, for Te I&

I~, and It x rays; (It a/ItT), (I&a/ItT), and (I&a/ItT) are, respectively, the fractions of normal, satellite, and
hypersatellite It a x rays; (eK~H)i, (eK ~)z, and (eKos)z are the absolute efficiencies for detecting the respective x
rays in the planar (subscript 1) and coaxial (subscript 2) detectors, and e, is the coincidence efficiency, which is the
fraction of real coincidence events selected by the fast timing software gates.

The number of recorded coincidences between the 35-keV p ray and It a+ x rays, N[(I& a+)i (y)z], is given by

( 1 l fIta&
N[(~&a )i(V)~]=NoPK I 1(&&)2 ~K

I I (~Ka~)1 cc.
i, 1+a) ~ i, I&T ) (2)

One can then obtain PKK by dividing Eq. (1) by Eq. (2) and rearranging. We simplify the result by noting that
EK s:cK to better than 0.2%, and that uK uK uK [12]. Although the intensity ratio (It'ai/I~ a2)

is smaller for hypersatellite x rays than for normal x rays [11], the calculations of Chen, Crasemann, and Mark [12],
and the measurement of Isozumi, Briangon, and Walen [14] on isiCs show that the ratio)I& a/ItT)~ is essentially the
same as that for normal lines. Therefore we take (I~a/I~T) = (I~a/I~T) = (I&a/ItT) . With these simplifications
P~~ can be obtained as

N[(KaK), g (r&a" + Ka'), ]
NKK ") (~). ]

1 1 (e~)2

[~K(Ka/ICT)] K [(CKn)2]
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A similar expression relates Plr Jr to the (Kcr + I~ n ) q II
(I&n~)2 coincidence yield.

We note here that the internal conversion coef5cient
depends on the number of electrons in the I~ shell and, in
principle, the cr appearing in Eq. (1) should be different
from that appearing in Eq. (2). However, the atomic
half-lives of the single and double holes in the K shell
are on the order of 10 s [12], which is much shorter
than the 1.48-ns half-life of the 35-keV level [5]. Hence
the holes are nearly always filled by the time the 35-keV
level decays, and n is essentially the same for double and
triple coincidences.

The absolute eFiciency of each detector was deter-
mined from the singles spectra by comparing the yield
of the Kn+ I~a sum peak to the total Kn yield: The
total (i.e. , photopeak plus everything summing with the
photopeak) yield of I~ cr x rays is given by

(I~ n
N(I&cr) = No~z

l . Pz +
~

&Ka&( I~T 1+n) (4)

Dividing Eq. (5) by Eq. (4) and rearranging one gets the
eKciency:

N(I~n+ Ic'n) 1 1+ rr 1Ko- +
N(I~ o') ~~ (I&or/Iiz') nor Pyr )

(6)

The eKciency for 35-keV p rays can be obtained from
the above efficiency and the relative yields of 35-keV p's
and Incr's in the singles spectra (taking summing into
account). The atomic variables that enter into the calcu-
lation of the efficiencies and of PKK are listed in Table
III. The above method of extracting the eKciencies has
the following advantages over using standard calibrated
sources: there are no single line (standard) sources that
bracket the energy range of interest; multiple line sources,
such as s7Co and ~ssBa, for example, require nontrivial

TABLE III. Parameters relevant to the calculation of ef-

hciencies and of PI,=y,-.

a
&EC

(~ lKT)
p b

bO'K
b

1

&ICa 2

(")2

0.875
0.816
0.797

11.986
14.02
0.131
0.229
0.250

' Reference [6].
Reference [5].

while the number of Ka + Ko sum coincidences is given
by

t'I~nb ' t'
nremN(I~n+Kcr) = No ~Jr

~ .
~ ~

Plr
I IiTp ( 1+n

(5)

summing corrections at the small source-to-detector dis-
tances used in this study. More importantly, the above
method ensures that absorption in the I source is prop-
erly taken into account. At these low energies the absorp-
tion in the calibration sources might be substantially dif-

ferent, unless they are prepared identically to the I
source.

The values of Pictor extracted from the (I~n )r
(I~rr~ + I~crt)2 and (I~ns + I~nH)r (I~n )2 coinci-
dence yields are listed in Table I for each of the four data
sets. The agreement of the PKK's over the four sets as-
sures us of the following: (1) The peak shape used in the
fitting procedure separates the contribution of the Ko,
tail to the Ii nH peak properly. Since the very large Ic n
peak [Fig. 3(b)] is dominated by accidentals, its area rel-
ative to the small Ko. peak decreased appreciably over
the four sets (collected over two source half-lives). (2)
The I~oI peak is indeed associated with I, since the
source strength decreased by a factor of 4 over the mea-
suring period, but the value of P~~ (which, of course,
should be independent of source strength), remained the
same. If the hypersatellite peak were due to a contami-
nant, or were spurious, the extracted value of P~K would
have changed over time (unless, of course, a contaminant
not only produced a peak at the expected position of the
hypersatellite peak, but also had a half-life very similar
to that of I—a highly unlikely possibility).

We should remark here that the reason the (frac-
tional) statistical uncertainty in the yield of I~a re-
mained approximately the same over the four sets, even
though the yield had decreased over time, is that a
substantial portion of the uncertainty arises from the
tail of the accidental I~o. peak and from the back-
ground underneath the Ko. peak, which is also due
to pileup jaccidental coincidences. The contribution of
these accidentals to the error decreases with decreasing
source strength. Table I also shows that the yield of
(I~n )q 3(I~ cr +I~n )2 coincidences is larger than the
yield of (I~n + I~n )r (I~cr+)2 coincidences. This
is simply because the efficiency of the planar detector is
smaller than that of the coaxial detector (Table 111), so
that detecting two x rays in the coaxial detector and one
in the planar is more efficient than detecting two in the
planar and one in the coaxial.

The average value of PK K extr acted from the
(I~a: )~ 8 (Iin + I~n )~ coincidence peak is (1.38 +
0.16) x 10, while the average value extracted from the
(Iin + Iin )~ g (Iin )~ coincidence peak is (1.31 +
0.21) x 10 . Each of these values is the weighted aver-

age over the four sets. Because the Ko. peak appears
in a diferent region of the spectrum for each of the two

gates, the agreement between these two values of PKK
shows that it is highly unlikely that the Ko. peaks are
due to contaminants.

The statistically weighted average of the two values of
PKqg is (1.35+0.13) x 10 . We estimate that the overall

systematic uncertainty, due to t, he efficiency determina-
tion, the fitting procedure, and the various other approx-
imations we made, is less than G%%uo. We combine this
systematic error in quadrature with the statistical error
and report a final value of P~~ = (1.35 + 0.15) x 10
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IV. DISCUSSION

In Table IV we compare our result for I, as well as
those for the other 14 isotopes for which measurements of
Pea have been made, with the theoretical predictions of
Intemann's SRP calculations [3] and Suzuki and Law' s
SCF method [4]. The experimental values have been
mostly drawn from Isozumi's recent summary of high-
resolution data [15]. We also list in Table IV Qo, the
energy released in each decay, and, to quantify how close
this energy is to the R'-shell binding energy, we also tab-
ulate the quantity

(
Q2'i ' t' Qo —BL, 'i

Qi) (Qo —Brr )
where B~ and BI. are the E-shell and Lq-shell binding
energies, respectively. Obviously, this quantity will be
larger the closer the decay energy is to threshold, with
its value ranging from & 1 for decays far from threshold

(Qo && Ba), to & 4 for decays close to the double I&

shell ionization threshold (Qo ——2Ba). The reason we

chose this quantity to characterize how close a decay is
to threshold will be stated shortly.

Table IV shows that, generally speaking, P~~ de-
creases with increasing Z. The nuclides with low Qo val-

ues, namely Cd, I, Ce, and W, have P~~'s
that are lower than the general trend, with the P~~ value
being smaller the lower the Qo. The theoretical predic-
tions bracket most of the measured values, with the SCF
theory being on the high side and the SRP theory on the
low side. For decays with low Qo, both theories predict
P~~'s that are lower than the average trend, as well;
however, both theoretical predictions fall to zero (with
decreasing Qo) faster than the experimental values. This
point is illustrated in Fig. 5, which shows the ratio of
the experimental to theoretical PKIc's, and (Qq/Qq) for
each decay. The ratio for decays with large values of
(Qz/Qq) (i.e. , low Qo) is larger than the average trend
in both theories.

P~~ depends on the Q value through the phase-space
dependence of the ejected electron on the Q value; this

TABLE IV. Comparison of various theories with recent experimental results.

Nuclide

Ar
'4Mn
55F
65Z

710
85S
103Pd
109Cd
113S
125~
131C
139C
165E
181~
207B

Q
a

(ke V)

813.8
542.2
231.4

1351.9
235.7
550.0
506.3
94.3

647.1

150.6 ~

347.0 "
99.0

377.1
188.0
771.7

(keV)

2.8
6.0
6.5
9.0

10.4
15.2
23.2
25.5
27.9
31.8
36.0
38.9
55.6
67.4
88.0

BI. '
(keV)

0.3
0.7
0.8
1.1
1.3
2.1

3.4
3.8
4.2
4.9
5.5
6.3
9.4

l. l.7
16.4

(Qz/Q~)'

1.01
1.02
1.05
1.01
1.08
1.05
1.08
1.73
1.08
1.50
1.21
2.38
1.31
2.14
1.22

Ib

25.84
11.25
9.42

5.08
3.38
1.74
0.34
1.34
0.425 "
0.75
0.026 "
0.26
0.022
0.11

C

52.94
24.3
20.1
15.3
11.84
9.38
6.03
0.89
5.33
0.95 '

3.22
0.084 '

1.71
0.14
1.97

10 Py&g

Eznpir.

16.18
8.05
7.27
5.54
4.64
3.32
2.20
1.17
1.86
1.20
1.40
0.22
0.85
0.26
0.48 q

Expt. '

37+9'
36+3
12.8+1.8
22+2
12 h

6.0+0.5
3.13+0.31
1.02+0.36
1.5+0.5 '

1.35+0.15
1.4+0.l
0.20+0.16 '
0.77+0.23 P

0.24+0.06
0.6+0.25

'Reference [6], unless otherwise noted.
I: Intemann's SRP theory [3].

'SL: Suzuki and Law's SCF theory [4], using the local density approximation.

Empir: Empirical calculation using Eq. (13).
'Experimental values are from Isozumi's review [15], unless otherwise noted.
Reference [16].

sWeighted average of (12 + 4) x 10 [17] and (13 + 2) x 10 [2].
"Reference [18].
' Reference [19).
' Reference [20].

Reference [21].
'Reference [22].

Present work.
"Reference [23].
'Reference [1].
~Weighted average of values given in Ref. [15].
qCalculated using (Q2/Qq) instead of (Q2/Qq) in Eq. (13). See also [28].
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Q W P) the sum over the squares of the shakedown matrix ele-
ments. With this approximation P~~ can be written as

0
10

hC
hC

9

C4

1
h4

0.1
10

J Ratio to SRP

tt Ratio to SCF

20 30 40 50 60
zdaughter

20~
CY

10 &

0.0
70 80 90

FIG. 5. Ratios of the experimental values of PI,-y,- to the
theoretical values of Intemann (solid circles) and of Suzuki
and Law (open squares). The values are plotted at the Z of
the da. ughter atom Th. e solid bars show (Q2/Qq) for each
of the decays (scale shown on the right axis).

dependence is modified from that of a simple plane wave
due to the Coulomb interaction of the ejected electron
with the daughter atom. It might seem that there is

no simple way of exhibiting this dependence analyti-
cally, especially for decays with low Q value, where the
ejected electron's wave function depends sensitively on
the screening of the nuclear potential by the atomic elec-
trons. There is, however, a simple (albeit approximate)
way of explicitly exhibiting the dependence of P~~ on
the decay energy. This involves relating P~~ to the
probability P~ ~ of leaving zero holes in the I~ shell per
Ii capture. (Zero holes can be obtained via the shake-
down of higher orbit electrons to the I~ shell, during elec-
tron capture. ) The connection between P&&I& and Pt l is

[24, 25]

(8)

where P~ ~ is the probability, per I~ capture, of leaving
one hole in the K shell. Using a notation similar to that
of Mukoyama ef al [26], Pttl and . Pt l are given by

l(tI, (z', I') I@;(z,I')) I

In

Pt'& = ) (Q„/Q, )'l(q, (Z', I')l~l', (Z, n))l
n=2

where (gI (Z', It ) ltd; (Z, n)) is the atomic-wave-function
overlap of the ns state of the parent atom with the 1s
state of the daughter atom; Qq ——Qn —B~ is the en-

ergy released in I& capture [27], and Q„= Qo —B„, is

the energy released in Ii capture accompanied by shake-
down from the ns shell, B„being the binding energy of
an electron in the ns state of the daughter atom [28].
Following our earlier work [1], we make the reasonable
approximation

I

(Q, /Q, )') l(q, (z', I')lq;(z, n))l
n=2

—= (Q /Q )'M' (11)

where, as in [1], Ms+ is introduced as a shorthand for

Py&i& ——I —Pt' —(Qz/Qt) M (12)

Equation (12) exhibits the dependence of Py&1& on the

Q value explicitly. The reason we chose the quantity

(Qq/Qq) to characterize how close a decay is to thresh-
old is now clear. The sensitivity of PI&I& to low Q values
depends on the relative sizes of the quantities (1 —Pt &)

and M and on how large (Qq/Qt)2 is. From a com-
parison between the P~~'s of Ce and Cs Hindi and
I&ozub [1] estimated MsD for ts'Cs to be 1.0 x 10 s, and
hence (1 —Pt l) to be 2.6 x 10

Using these two numbers one can estimate P~~ for de-

cays with different Q values, provided the atomic number
is close to that of Cs. In order to estimate P~I& for de-
cays with different Z, as well as different Q value, the Z
dependence of the quantities (I —Pt l) and MSD would
have to be known. In Table IV we show the values of
PIp~ calculated using the equation

PI&~&
—

l

— [2.6 —(Q~/Q, ) 1.0j x 10, (13)
(54 2 —5

(Z

that is, assuming a I/Zz dependence for both (I—
Pt l) and M, which is the dependence predicted by
the (nonrelativistic) Primakoff-Porter theory [24]. The
agreement of Eq. (13) with the measured PKI&'s of iso-
topes with Z ) 40 is quite remarkable; in particular, the
agreement with the measured value for W, which has
a P&& that is lower than the general trend by about a
factor of 3, shows that this equation does a reasonable
job of predicting the Q dependence of PKI&.

For Z ( 40, the Pn I&
's predicted by Eq. (13) are lower

than the measured values by a factor of 2, suggesting
a dependence stronger than I/Z and/or different de-

pendencies for (I —Pt')) and M . One obvious factor
which Eq. (13) does not take into account is the change
in the number of matrix elements contributing to M
in Eq. (11). For lower Z's there will be a fewer number
of electrons that can contribute to the shakedown matrix
elements and hence M will not increase as much as
expected from the simple 1/Z"" dependence of the ma-

trix elements. If this factor were taken into account, the
P~~'s predicted by Eq. (13) would be slightly higher at
lower Z, bringing them into closer agreement with the
measured values.

Our aim here was not to provide quantitative predic-
tions for P~~, but rather to see if one can use the mea-
sured values for some of the isotopes to estimate P~~
for other isotopes, in a way that takes into account not
only the general decrease of P~~ with higher Z, but also
deviations from the smooth general decrease for decays
with low Q value. The agreement of Eq. (13) with the
measured values for several isotopes suggests that such
estimates are possible. A more general approach would
be to parametrize (1 —Pt~l) and M as functions of Z
and to determine the parameters from a global fit to the
available data. Obviously, it would be desirable to have
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a larger sample of accurately measured P~~'s, especially
for isotopes with low Q values, before such an approach
is taken.

To summarize, we have determined Porc for the EC de-
cay of 'zsi to be (1.35+0.15) x 10 s. This value confirms
that the theories of Suzuki and Law [4], and of Intemann
[3], which bracket most of the existing measurements,
consistently underestimate P~rr for decays with low Q
values.
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