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Double K-hole creation accompanying E-electron capture decay of '3'Cs
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Double E-hole creation has been studied in the electron-capture decay of ' 'Cs by
measuring hypersatellite E x rays emitted when the double vacancies of the E shell are
filled. The complex E lines observed with a two-Ge-detector coincidence spectrometer
show evidence of the hypersatellite Ka and EP lines. The double E-hole creation probabili-
ty is determined: (1.4+0. 1)&(10 ' per E-capture event. This value, which does not agree
with theoretical predictions, is discussed in detail. The intensity ratio of the Ea& to Ea2
hypersatellites is found to be 1.5+0.2. The intensity of internal bremsstrahlung photons
accompanying the E-electron capture decay has also been reevaluated.

RADIOACTIVITY ' 'Cs (EC) ' 'Xe; (E x ray) S (E x ray) coin-
ridences measured by Ge detectors, double K-hole creation probability,
hypersatellite energy shift, ratio Kn~ /Ee&, assoriated internal brems-

strahlung intensity.

I. INTRODUCTION

By capture of an atomic electron into the nucleus
during the electron capture decay (EC), the nuclear
charge is changed from Ze to (Z —l)e and the sta-
tionary correlation between the absorbed electron
and other atomic electrons suddenly vanishes.
These changes of charge distribution in the atom
give rise to electronic excitation to unoccupied
bound states (shakeup, SU) or ejection into the con-
tinuum (shakeoff, SO). An interesting case is the
K-electron SO or SU during E-EC decay, which
produces an atom with a completely vacant K shell. .

Reviews of the phenomenon have been given by
several authors. '

The phenomenon was first studied theoretically
by Primakoff and Porter in 1963, using nonrela-
tivistic variational wave functions for two E-shell
electrons in the parent atom. A different method
for constructing the initial two electron wave func-
tion was introduced by Intemann and Pollock, ac-
cording to the Glauber-Martin formulation with
Coulomb Green's functions. Intemann developed
the method and performed a series of calculations
to predict the SO probability and the ejected elec-
tron spectrum. ' In his relativistic calculation, the
symmetric wave functions of Biedenharn and
Swamy were employed as an approximation for

computational simp1ifications. Law and Camp-
bell' used a formulation different from that of In-
temann which is similar to a technique used by Pa-
quette" for summing the eigenfunction expansion
of the Coulomb Green's function over discrete and
continuum states. However, the expansion was cut
off at too low an order to obtain reliable results, as
pointed out by Intemann.

Stephas' used the same overlap integral that was
introduced to estimate the SO probability during P
decay. The complete calculation with an overlap
integral is owing to Mukoyama et al. (MIKS). 's

The screening constants used were determined
separately from relativistic self-consistent-field
(SCF) calculations, to take into account the
electron-electron interaction in the initial state. The
total E-SO probability agrees fairly well with
Intemann's calculations.

Experiments on double X vacancy are difficult
because of the small probability of occurrence, viz. ,
of the order of 10 —10 per E capture. Events
are generally obscured by the background resulting
from both the Compton tail of the y rays and the E
x rays associated with the corresponding internal
conversion. Therefore, measurements can only be
performed when the EC transition leads to the
ground state of the daughter nucleus or to a meta-
stable state with an excitation energy less than the
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K-binding energy of the daughter atom, unless
internal conversion is negligible. Such cases are
very rare; seven nuclides ( Be, Ar, Fe, 'Ge,

Pd, ' 'Cs, and ' 5Er) were studied in previous
works. The determination of the double K-hole
creation probability per EC capture, P~z, relies usu-

ally on measurements of the K x rays associated
with the filling of the empty K shell. The first
emitted E x rays are called hypersatellite lines
denoted by a and p corresponding to the transi-
tions (K ~K 'L ') and (K ~K 'M ' or
K 'N '), respectively. The next emitted K x rays
are satellite lines, e.g., a (K 'L '~L 2},

P (K 'L ' ~M 'L ' or N 'L '),
a' (K-'M-' I.-'M-'), and P' (K-'M-'
—+M 2 and K 'N '~M 'N '). Satellite and
hypersatellite lines are shifted in energy with

respect to diagram lines. As we shall see in Sec. III,
more complicated processes of atomic neutraliza-
tion can also take place.

In 1960, Lark and Perlman' measured E x ray
8 K x ray coincidences with two NaI(T1) crystals

to determine the Pxx probability in the decay of
' 'Cs. Nagy, Schupp, and Hurst's performed a
similar measurement for the case of ' 'Cs and ' Er,
using Si(Li) and NaI(Tl) detectors. In both groups,
the a line could not be resolved from the diagram
line because of insufficient energy resolution. von

Oertzen' studied 'Ge with a bent-crystal diffrac-
tion spectrometer and observed a satellite peak,
probably due to the transition of (K 'L 2~L 3).
The energy shift of the u line is about 300 eV for
Ni and more than 1 keV for high Z elements above
Pb. This is enough to observe the a line using
high-resolution detectors. With such detectors, Bri-
and et al. ' observed the a line in coincidence with
the corresponding a rays in the case of 'Ge decay.
With the same coincidence technique, van Eijk,
Wijnhorst, and Popelier have determined the Pgg
valuefor the EC decays of ' Pd and ' Cd. '

Some groups have studied the ejected electron
spectrum through direct electron spectrometry, '

but this has not lead unambiguously to the Pz~
probability, because assumptions on the spectrum
shape were needed. A pure j'-SO electron spectrum
was first observed by Kitahara and Shimizu, who
measured triple coincidences X SX8e in the EC
decay of Fe. Neumann has recently succeeded in
measuring a composite electron spectrum owing to
K-SU/SO in K-EC decay, L SO in K-EC,-and K-SO
in L-EC by means of internal-source counting of

Ar in a multiwire proportional counter.
In spite of this extensive set of measurements and

theoretical calculations, the large discrepancy be-
tween the experimental Pzz values together with
approximations in the calculations still make it dif-
ficult to quantitatively discuss the phenomenon. In
the present paper, we report on our x ray-x ray
coincidence measurements, which yield a P~~ pro-
bability reliable enough to be compared with calcu-
lations. For our study, we choose ' 'Cs, because (i)
the decay takes place uniquely to the ground state,
(ii) the technique for preparing high-purity carrier
free sources is well established, and (iii} the predict-
ed energy shift of the u line (-650 eV} is large
enough to be observed directly with a high-
resolution detector. In Sec. II, the experimental
procedure is described. Section III explains the
analysis of data used to deduce the Pxx probability,
the intensity ratio of ai to az lines, and the inter-
nal bremsstrahlung intensity. The comparison of
our result of Pxx with previous calculations and
some suggestions for future work are given in Sec.
IV.

II. EXPERIMENTAL PROCEDURE

A. Source preparation

' 'Cs results from the EC decay of ' 'Ba obtained
by (n, y) reaction on the low-abundance (0.13%) iso-
tope ' Ba of natural barium. Since many undesired
isotopes are produced by the irradiation of barium,
they had to be carefully eliminated, e.g., "'Ba (11.5
d) itself, ' Cs (6.5 d) owing to ' Ba (n,p}, and

Cs (2.1 y} owing to ' Ba (n,p). Therefore, the
sample of 0.5 g natural "specpure" Ba(NOi}2 was
irradiated at Saclay at a pile position where the
fast-neutron flux was & 1%.

The source was then prepared in four steps: (i)
complete removal of Cs from the irradiated sample,
(ii) a period of growth of ' 'Cs in the sample, (iii)
extraction of Cs and elimination of Ba residues, and
(iv) selective vacuum volatilization of Cs. Step 1

was achieved by repeated precipitation of BaC12 in
concentrated HC1, adsorption on a large Dowex
508'-H+ column (10 mm diam )&120 mm), and
elution of Cs with 0.5N HC1. The column was left
untouched for one week for step 2, being followed
by step 3, i.e., elution of Cs with 1N NC1. The high
purity is obtained by selective adsorption and elu-
tion on Dowex 50 columns of decreasing dimen-
sions: 2 mm diam )&70 mm and 0.3 mm diam &(15
mm. ~6 The carrier-free ' 'Cs about 0.6 mCi, was
obtained in 1 drop of 1N HC1, transformed to ni-
trate, dried in a platinum boat, and volatilized in
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high vacuum at 1000'C onto a thin aluminum
backing. This last step is also very selective because
BaO volatilizes only at higher temperature.

Because the radiochemical purity is essential in
this experiment, the ratio of contaminant activity to
EC decay has been measured by means of high-
statistics y spectrometry. For ' Cs and ' 'Ba,
upper limits are found to be 10 and 10 disin-
tegrations per E capture of ' 'Cs, respectively. The
same measurements show that, taking into account
known internal-conversion data, the feeding of the
80 keV level of ' 'Xe is less than 3&10 per E
capture, ensuring that this branching will not con-
tribute notably to the E x ray 8 E x ray coin-
cidence rates.

B. Coincidence measurements

The experimental layout for the present coin-
cidence measurements is shown schematically in
Fig. 1. The 0.01 mm thick aluminum foil with eva-

PRE-
A MPL I Fl E R

PREA-

MP

L�II
F I ER

G
A

TIMING FILTER

AMPLIFIER

CONST. FRAC

DISC RIM.

TIMING FILTER
AMPl IFIER

CONST. FR A C.
Dl SCRIM.

DELAY

AMP. T. A. C. AMP.

S.C.A.

A. D.C. A. D. C. A. D. C.

T I T N

FIG. 1. Experimental arrangement and electronic
system used in the present coincidence measurement: A,
' 'Cs source; B, disk (25 pm thick aluminum foil); C,
absorber (50 pm thick aluminum foil}; D, diaphram (2
mm thick tantalum plate with tapered hole); E, berylli-
um window; F, Ge crystal.

porated ' 'Cs was cut into pieces of 0.3&(0.2 mm .
A piece with an activity of about 1 pCi was mount-
ed in the middle of the central hole (l mm in diam-
eter) of an aluminum foil, which was then
sandwiched between two 2 mm thick tantalum dia-
phragms with 1 mm diameter tapered holes. The
diaphragms were fixed between the two detectors to
give maximum detector efficiency. Electrons and
low-energy photons were absorbed by 50 pm thick
aluminum foils. Two planar Ge detectors were used
to detect x rays from the ' 'Cs source; the one with
a better energy resolution (FWHM: 420 eV for 30
keV photons) is a pure Ge crystal of 4 cm X 7 mm.

A conventional fast-slow coincidence system was
used for the measurements. The data obtained were
stored on a magnetic tape. The coded data were the
photon energies E~ and E2, and the time interval
t(=t~ —t2). The maximum time interval stored
was adjusted to about 500 nsec. All events on the
magnetic tape were classified by the IBM 370 of the
data processing computer ARIEL of Orsay. The
time resolution of the system was about 30 nsec, de-
duced from a time spectrum measured with coin-
cident E x ray pairs from ' Ba.

During 115 d, two separate measurements were
performed with a low counting rate of 400 to
800/sec. Overall stability of the electronics was
about 10, ensured by a constant-temperature
shielded room. The drift of peak position was less
than 15 eV with daily testing of the peak position.

In Fig. 2, we show as an example the result of the
second measurement, which has better statistics; RT
is the spectrum observed by the pure Ge detector in
coincidence with Xe E x rays detected by the other
detector and the corresponding random coincidence
spectrum is given by R. Two bumps appear on the
spectrum RT'. a Ea hypersatellite (a& +a2 ) on the
high energy side of the Ea diagram line and a EPq
hypersatellite on the high-energy side of the EP2 di-
agram line. The hypersatellite EP& 3 line cannot be
observed in the spectrum RT, since it is superim-
posed on the diagram Ep2 line. The true coin-
cidence spectrum denoted by T is obtained by the
subtraction (RT R). The spectru—m F corresponds
to unwanted coincidences owing to Xe E x rays 8
internal bremsstrahlung (IB) and Xe E x rays S
Compton tail of Ta E x rays as explained in the
next section.

III. DATA ANALYSIS

In order to determine the double E-hole creation
probability per E capture, Pzz, it is necessary to ex-
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initial state, (ii) Xe K x ray S IB (internal brems-
strahlung) accompanying the EC decay, and (iii) Xe
E x ray S Ta E x ray due to interaction of high-
energy IB photons with the Ta diaphragms (D in
Fig. 1). Coincidences due to the processes (ii) and
(iii) are called unwanted counts in the present mea-
surement.

In order to examine a contribution of process (ii),
coincidences between photons with energies of
70.0~86.0 keV detected by the pure Ge detector,
D~, and Xe K x rays (27.7~35.6 keV) detected by
the other detector, D2, have been registered. The
spectrum in the 70~86 keV region is entirely due
to IB photons with no detectible traces of Ta K x
rays and pileup signals. The coincidence count E&~
between K x rays and IB photons is

NtB —No ptB(70.0~86.0) 'PtB 'a)x

)&e,(70.0 86.0) e,(27.7 35.6),
260
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360 while the total Ka count N~ in the T(=RT R)—
spectrum is given by

FIG. 2. Typical experimental coincidence spectra:
RT, photon spectrum observed by the pure Ge detector
in coincidence with Xe E x ray detected by the second
Ge detector; R, corresponding random coincidence spec-
trum; T( =RT —R), true coincidence spectrum obtained

by subtracting the spectrum R from the spectrum RT;
F, unwanted coincidence spectrum caused by coin-
cidences between Xe E x rays and IB photons and be-
tween Xe K x rays and the Compton tail of Ta E x
rays.

tract the net count N~ owing to hypersatellites

(a/+ a2 ) in the coincidence spectrum R T or
T(=RT R). T—he NH —counts have been deduced
from two independent methods. Firstly, the
T(:RT R) spec—trum ha—s been carefully analyzed
taking account of possible unwanted counts deter-
mined experimentally. Secondly, the Kn peaks in
both RT and T(=RT R) spectra —have been
decomposed into individual K lines by means of
nonlinear least-squares fits. %e have found good
agreement between the NH counts by both methods.

N = 2 Np Pair cox~cox ei(28. 8 +33.3)—
)& e2(27.7~35.6), (2)

where, respectively, No is the number of atoms un-

dergoing EC decay, and P~~ and Pi~ are the total
double E-hole creation and IB emission probabili-
ties per K-capture decay. The quantity

p,n(70.0~86.0) is the relative intensity of IB pho-
tons in the region of 70~86 keV. The factors
E~(E) and ez(E) are the overall detection efficiencies
of the D& and D2 detectors for the photon energy
ranges indicated in parentheses. The factors
cox ( =0.904) (Ref. 27) and ax~ (=0.73) (Ref. 28)
are the fluorescence yields for total K x rays and
Ko. x rays, respectively. From the spectra obtained
in the second run, X&B and X have been estimated
to be 650 and 5787, respectively. A value for
p&B(70.0~86.0) has been estimated from the shape
of the spectrum of 's IB photons measured by
Biavati, Nassiff, and Wu (BNW) (Ref. 29):
p,B(70.0~86.0)=0.09. Neglecting a small differ-
ence between e&(28.8~31.3) and e&(70.0~86.0),
we obtain

A. Unwanted counts
in the T(=AT —R) spectrum

The following coincidence processes mainly con-
tribute to the Ka peak of the measured

PIB—1 SPY ~

Using the present result of Pxx(=1.4&&10 ), as
explained below, the IB emission probability P&B
has been deduced to be (2.5+0.7) X 10, in which
the error has been estimated rather conservatively.
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This is to be compared with the value of
(1.4+1.0)X 10 measured by BNW.

Coincidences between photons in the region of
38.6~46.5 keV and Xe E x rays have also been
counted to examine the effect of a possible contri-
bution from process (iii). Photon s in the
38.6~46.5 keV region consist of IB photons, the
Compton tail of Ta K x rays, and pileup signals ow-

ing to the predominant intensity of diagram Xe K x
rays. Since pileup signals do not coincide with Xe
Ka x rays, the total coincidence count N&B+T, (552
counts} originates from the IB photons and the Ta
K x-ray Compton tail. The ratio of Nqq+T, to the
total Ka count N~ in the T( =RT —R) spe—ctrum is

given by

= —,ptq(38. 6~46.5) (1+6)
N~

' I'g g

et(38.6—+46.5)
X

et (28.8—+31.3)

The factor ptq(38. 6—+46.5} is estimated to be 0.03
from Fig. 13 of Ref. 29 and 5 is a factor indicating
the contribution of the Ta K x rays to the N&B+T,
count. Using Eq. (3) and neglecting a slight differ-
ence between et(28. 8—+31.3) and e~(38.6~46.5),
we obtain 6=1.5 which means that the contribu-
tion due to Ta E x ray to the coincidence count

X~B+T, is about 1.5 times that due to the IB pho-
tons. Thus, it is expected that the true coincidence
spectrum T(=RT —R) contains a non-negligible
amount of unwanted events. An unwanted coin-
cidence spectrum obtained by the second measure-
ment is shown Fig 2(curv. e Ii). This represents the
Xe Ea x rays detected by D& in coincidence with
38.4~46.7 keV photons detected by D2 whose en-

ergies are slightly higher than those used in con-
structing the T ( =RT —R ) spectrum, i.e.,
27.7~35.6 keV. The true coincidences due to pro-
cess (i) for the second measurement have been
evaluated as

B. Analysis of the
T ( =—R T —8 ) spectrum

The T(=RT—R) —spectrum has been analyzed
taking into account calculated energies of electronic
transitions in the presence of spectator vacancies, as
well as probable predictions of the intensities of the
different paths by which a K atom will be neu-

tfallzed.

1. I-ray energies

The unfolding of the spectra is very complicated,
because many line components are contributing: (i)

diagram lines denoted by a~ and a2', (ii) satellites
due to (K 'M '~L M ') and (E 'N

+L 'N —') transitions, af and u2 ,'(iii) satellites
due to (K 'L ' +L ), a~, a—nd a2', and (iv) hyper-
satellites due to (K ~K 'L '), at, and a2.
Neglecting a small difference in energy between a~
and 0. lines, it has been assumed that there exist
six components in the Ea peak, i.e., o;& +, nz+
a&, nz, n&, and a2. We have calculated the energy
shifts between satellite and hypersatellite hnes, and
diagram lines, with the aid of the multiconfigura-
tion Dirac-Pock (MCDF) code of Desclaux, ' ' for
which we verified extensively that one-hole and
two-hole configuration energy predictions are excel-
lent. Results of the shifts and energies of individual
Eu lines are listed in Table I.

2. Relative intensities

of the Ea lines

The different paths for the decay of the double
E-hole state are shown in Fig. 3. The relative inten-

N S'
sities of a +,a, and a lines in coincidence with
both Kot and KP x rays have been deduced using
emission rates of diagram lines roughly estimated
for x-ray line widths:

T =&a &f +comP =5332+280, (5) I(a~):I(a'):I(a"+')=0.50:0.34:0.16 .

where Nf(=399+100) is the total count of the un-

wanted coincidence peak I'" and Nc, ~( = 156+50)
is the estimated contribution from the Compton tail
of K13 x ray peaks. Since the count due to Ka hy-
persatellite lines, NH, is one half of NT, we obtain

I(a }:I(a):I(a + )=0.46:0.32:0.22. (8)

Taking account of the extra a contribution due to
unwanted coincidences, i.e., Xe E x ray 8 IB and
Xe E x ray 8 Ta E x ray Compton tail, the rela-
tive intensities of Ka components in the
T( =RT R) spectrum are pr——edicted as

NH ——2616+140,

for the second measurement, described above.

(6)
The Ka~lKa2 intensity ratios used in the analysis
are
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TABLE I. Energies of Xe Ea x rays.

Ea x ray
component Transition State

Energy shift
(eV)

Energy
(eV)

a

N

N

H

H

s

S(1s;2p ~1s)
S(1s;2p*~1s)
S(2p;2p —+ 1s)
S(2p;2p —+1s)
S(2p*;2p*~1s)
S(2p;2p*~ is)

P1

1p
3p
1p
3p

644+10
631+10

67+20'

65+20'

29779+2'
29458+2'

30423+10
30089+10

29846+20

29523+20

'Quoted from J. A. Bearden, Rev. Mod. Phys. 39, 78 (1967).
bPresent calculations by the MCDF code. Probable errors in the calculation are -10 eV.
'Average value of various components.

and

pN~s [I(ai +')/I(a,"+')]=1.85,

ps[I(ai)/I(az)] =2.0,
(9)

(10)

squares-fit analysis given below. Since no one has

so far evaluated a value for pz, we have employed a
value of 2.0 based on some simplifying assump-

tions.

p„[I(a",)/I (a, )]=1.56 .

Here the value of pN+q (=pz) is taken from Sco-
fieid. is The pH value was first evaluated by Aberg
et al. , then calculated by us with the MCDF code,
and this value (1.56) was confirmed by Aberg and
Suvanen in systematics of pH. These calculations
agree with ptt ——1.5+0.2 resulting from our least-

3. Decomposition of the

T( =RT —R) spectrum

In order to obtain a single line profile, the Ea
peak of the random coincidence spectrum R has

been separated in the components Ka~ and Eu2 by
a method of successive subtractions. The difference
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FIG. 3. Different paths for the decay of the double K-hole (E ) state contributing to the E x ray - K x ray coin-

cidences.
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=0.95,

where n is the number of data points, M; is the
measured counting rate at the point i, bM; is the
probable error of M;, and F; is the counting rate at
the point i in the estimated complex spectrum.
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FIG. 4. Composite K peak in the T(=—RT —8) spec-
trum. Continuum background is subtracted from the
original data, i.e., T(:—RT —8) spectrum in Fig. 2.
The solid curve has been obtained by summing of the
a2+ (7.7%%), a2 (10.5%), a~ + (14.3%), a) (21.1%) a2
(18.6%%uo), and a~ (27.8%) lines.

of the peak positions ~(—:X,—X~, ) was fixed at

321 eV in this deconvolution. With the ratio

p~[:—I(a~ )/(a2 )] taken as a parameter, a best fit
was obtained for p~ ——1s85 in good agreement with
theoretical predictions and systematics. The back-
ground was assumed to be a straight line and was
subtracted from the original data.

Using the decomposed line profile and the inten-

sity ratios of Eqs. (9)—(11), and fixing the position
of each line at the value predicted by the MCDF
calculations, the coincidence spectrum T( =RT
—R) has been calculated, as shown in Fig. 4. The
agreement between experimental data and the corn-
posed spectrum is satisfactory:

2

x'= —g (1&)
n,. ) hM;

C. Nonlinear least-squares fit

The Ka peaks in both RT and T(=RT R—)
spectra have been systematically decomposed into
individual x-ray lines by means of nonlinear least-
squares fits. Since the measured spectra are too
complicated, we have been obliged to employ some
reasonable constraints in order to decrease the num-

ber of free parameters in the fitting. A special code
of the X fit with linear constraints has been

prepared for the present analysis with the FACOM
M190 computer of the Data Processing Center of
Kyoto Univeristy by one of us (Y.I.).

The following assumptions have been used in the
fit:

(i) It is assumed that there exist six lines in the
Ea peaks of RT and T(=RT R) spe—ctra, i.e.,

(ii) A pure Gaussian line profile was determined

by an independent fit to the ICa(—:a& +aq ) peak in
the random coincidence spectrum R. We have
found that this line profile agreed satisfactorily
with the result of the successive subtraction
method.

(iii) The peak width, mainly originating from the
detector, is assumed to be the same for the six com-
ponents.

(iv) The background continuum has been taken as
a straight line. Peak positions of the six lines have
been fixed at the values predicted by the MCDF
calculation. The necessary calibration between x-

ray energy and peak position has been performed by
use of x-ray sources of ' 'Cs and ' Ba.

Important and interesting quantities to be de-

duced from the fits are the total count of Ea hyper-
satellites, NH, and the a~/cx2 ratio, pH. These
quantities deduced from data obtained by the
second measurement are shown in Fig. 5(a) and (b).
Bars in the figure indicate probable errors, which
were evaluated by use of the covariance matrix for
free parameters determined by the fits. The details
of each fit are presented briefly:

(i) Fit I. Variable parameters are peak heights of
the six lines.

(ii) Fit II. The intensity ratio p
[=1(ai + )/I(a2+ )] is fixed at 1.85.

(iii) Fit III. The intensity ratio of Ea satellite to
Ea hypersatellite, denoted by pq~&, is fixed in this
fit:

psych =[1(~i)+1(~2)]/[1(ui +I(a, )] . (13)

The most probable value of ps' is deduced to be
0.70 from Eq. (8). Results for NH and pH in the
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I I I I I I I I I I I I I I TABLE III. Intensity ratio pH[=I(a~ l/l(ni )].

oooo —& Spectrum First Second Weighted
measurement measurement average

2000—
~ RT, 0 T{=-RT-R)

(o)

RT 1.56+0.31
T( =RT —R) 1.48+0.37

1.47+0.24
1.58+0.30

1.50+0.19
1.54+0.23

I I I I I I I I I I I I I I

0.64 0.72 0.78 I.6 2.0 2, 4

2, 5

ps&H

I I I I I I I I

ps

I I I I I I

2.0 —
I Q

I

I.5 — t'

I.O

0.5

~ RT, T{=RT-R)

I I I I I I I I

0.64 0.72 0.78
I

I6 20 24

FIG. 5. Results of the nonlinear least-squares fit with

constraints: (a), total hypersatellite count XH', (b), a& /az
ratio pH.

T(:RT—R) —spectra are satisfactorily consistent
with each other. Note that the NH value from the
T( =RT R) sp—ectrum by the second measurement
is in good agreement with the value determined by
the independent method explained in Sec. IIIA.
Present fits of T(=RT —R) spectra indicate that
Ea(—:a +a ) diagram lines have a relative inten-
sity of (12+6)%, which agrees well with the con-
clusion obtained in Sec. IIIA; the Eu peak in the
T(=RT —R—) spectrum contains about 7% of Ka
diagram lines due to unwanted coincidences, i.e., Xe
Ea x rays (3 IB photons and Xe Ku x rays (3 Ta
K x Compton tail.

The final result for the ai /a2 ratio is

range of ps~~ ——0.64~0.84 are shown in Fig. 5 (a)-
III and (b)-III, respectively. Both NH and pH do
not depend very much on pz&~.

(iv) Fit IV. With the results of fit II, a ai/a2 ra-

tio, ps, is estimated to be (1.5+0.8) and (0.8+0.4)
for the RT and T(:RT R) sp—ectra, —respectively

Since (0.8+0.4) is obviously too small, this ratio is
fixed at a reasonable value of fit IV. The ratio ps'
is also fixed at the most probable value of 0.7. Re-
sults in the range of p&

——1.6~2.6 are shown in

Fig. 5 (a)-IV and (b)-IV, respectively. The pH is
enhanced by this constraint while NH is decreased a
little.

In order to determine N~ and pH from the figure,
it is assumed that the possible values of p~ extend
from 1.6 to 2.4. Determined values of XH and p~
with probable errors are listed in Tables II and III,
respectively. All the results from the RT and

p~ ——1.5+0.2 (14)

D. Double E-hole creation
probability per E capture

The total double K-hole creation probability per
E capture, PKK, is given by the equation:

K NH 1 1
~KK

Q)KQ)K ~g R (g 5

where

(15)

(16)

and agrees with the theoretical prediction of 1.56,
mentioned above (Sec. III B 1).

TABLE II. Ka
NH [=I(a/}+I (nz ) ]

hypersatellite intensity

n i —AhT1 —e l
=E2 g nD2(0) '

i=1
(17)

Here coK, coK, and coK are the fluorescence yields for
diagram, satellite, and hypersatellite E lines, respec-
tively. The Quorescence yields of a doubly ionized
atom have approximately the same value as that of
a singly ionized atom, i.e., coK-coK-coK ——0.904.
The factor NH is the total count of Ea hypersatel-
lite rays during the coincidence experiment. The ra-
tio R, =a /a +P was deduced from the

Spectrum First measurement Second measurement

2590+140
2520+150
2620+ 140'

1430+100
1420+100

RT
T(=RT —R)

'Value determined after separate substraction of
unwanted counts (see Sec. III A).
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T( =RT R)—spectrum in Fig. 2, which agrees well

with the theoretical prediction for diagram lines:
Z -08128

The factor ez is the coincidence efficiency, in
which real coincidence events are accepted by the
present experimental system. To estimate this
value, we used the time spectrum obtained by classi-

fying the original data in the magnetic tape, as
shown by Fig. 6 (a). Random coincidence counts
under the true coincidence peak are indicated by a
straight line, which is an average of counts from
channel 200 to 500. Then, the coincidence efficien-

cy with a time interval ht is defined as the ratio
N(b, T)/N, where N and N(ht) are the total count
in the coincidence peak and the sum of counts in
the region b, t of the peak. These factors have been
deduced from a smoothed integrated time spectrum
shown in Fig. 6 (b). Corresponding to the actual
time interval from 60 to 109 channels, the efficien-
cy e, is determined to be 0.92 for both first and
second measurements.

In Eqs. (16) and (17), A, is the decay constant of
' 'Cs for which we adopted (8.28+0.04)
X10-'/sec. ' The overall detection efficiencies et
and e2 of the two Ge detectors for Xe E x rays have
been determined with a ' 'Cs source, carefully cali-
brated in the Laboratoire de Metrologie des Ray-
onnements Ionisants (CEN Saclay) to within an un-

certainty of 2% by two independent methods: a spe-
cially calibrated NaI(T1) counting system and a
pressurized proportional counter filled with argon
gas. The factors nD&(0) and nD2(0) are the initial
count rates of the pure Ge and the second Ge detec-

P« ——(1.4+0.1)&& 10 ', (18)

from weighted average of the two measurements.
For comparison, previous experimental I'~~

values for ' 'Cs and available theoretical predictions
are summarized in Table V. The result of the mea-
surement by Lark and Perlman'" is considerably
larger than the present result, This may have been
caused by insufficient energy resolution of the x-ray
detectors, i.e., NaI(T1) crystals; it is difficult to re-
move entirely the contribution of spurious events
from this measured coincidence spectrum, e.g.,
coincidences between E x rays and IB photons and
coincidences due to detector-to-detector scattering
of one photon. Daniel, Schupp, and Jensen did
not take care of the spurious events, while the scru-
pulous elimination of such events resulted in a large
statistical error in the P~~ value determined by
Smith.

The I'err value of Nagy, Schupp, and Hurst
(NSH) (Ref. 15) agrees with the present result
within their statistical uncertainty. The higher pre-
cision of our result is due to improvements in the
source preparation and detector resolution:

(i) The purification of the ' 'Cs source is so com-
plete that the Cs E x ray peak due to the contam-
inant ' 'Ba, which was observed in previous mea-
surements, does not appear in the present spectrum.

(ii) As seen in Fig. 2, the bumps of hypersatellite
lines can be observed directly with the aid of the

TABLE IV. Data used for the determination of P«.
Symbols defined in text.

First measurement Second measurement

tors, respectively. Because of the ' 'Cs half-life of
9.7 days, the source was changed once a week in or-
der to maintain a counting rate of 800—+400 c/sec.
The 5 in Eq. (15) has been determined from a
weighted average of values deduced from Eqs. (16)
and (17).

The values of the factors employed in Eq. (15) for
the two separate measurements are listed in Table
IV. The experimental value of the probability I'~~
has been determined so to be

800 I I I I I I I I I l I I I I I I I I/I/ I I I I I I I

0 50 ' too ISO / ~50 500
CHANNEL NUMBER (~T T,-Ta)

FIG. 6. Time spectrum used to determine the coin-
cidence efficiency e, : (a), time spectrum obtained by the
E x ray - E x ray coincidences; (b), integrated time spec-
trum. The coincidence efficiency e, :—N (ht) /N has
been deduced from the smoothed curve.

COK

NH

&c

R
5
PKK

0.904
1430+100
0.92+0.02
0.79+0.02
(1.53+0.07)10
(1.42+0. 12)10-'

'Quoted from Ref. 27.

0.904
2560 +150

0.92+0.02
0.82+0.02
(2.62+0. 12)10
(1.43+0.12)10
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high-resolution pure Ge detector, while the Si(Li)
detector used by NSH was not sufficient to resolve
them from the diagram lines.

IV. DISCUSSION

Before comparing the present result with theoret-
ical values calculated from various approaches, as-
sumptions and approximations made in these ap-
proaches are summarized here in order to subse-

quently discuss the reliability of the numerical re-
sults in Table V. The atomic model used in previ-
ous approaches consists of a nucleus and a filled K
shell. The model takes account of the correlation
between two E shell electrons in the initial state,
viz. , the initial E-K correlation, ignoring any corre-
lation effect between K shell and outer shell elec-
trons. Then, in a complete description with nuclear
and atomic variables, the matrix element for the K-
EC decay is

K-EC process, and the second factor, the atomic
matrix element, is the overlap between initial and fi-
nal electron states. However, as discussed by Carl-
son et al., calculations to determine such a simple
overlap are no longer correct in the case where a
sudden vacancy in a given shell promotes an addi-
tional electron ejection from the same shell. A
many-body solution, explicitly containing electron-
electron correlations, must be applied in the calcula-
tions. Actually, the main difficulty in calculating

the PK» value for E-EC decay consists of just how

to take account of the initial lt:-lt: correlation in a
theoretical formulation. This is why some unusual

approximations were made in several previous ap-
proaches.

The importance of the initial X-E correlation is

instructively shown in the nonrelativistic approach
of Primakoff and Porter (PP), where the approxi-
mation:

QKK = NQK( 11 )QK(P2)

Igf ttvff(» IHp l Wt(NWKK)
«xp[&F11'12+tx Y2(1'1+1'2)l (21)

M= (p„pf(N)
~
Hp

~
g;(N)f )„„„„

&& &0f I PK&atomic ~ (20)

where the first factor, containing only nuclear vari-
ables, represents the matrix element of the ordinary

where g;(N) and P~(N) are the initial and final nu-

clear wave functions, respectively, tt(t, is the neutrino
wave function, Hp is the weak-interaction Hamil-
tonian, l(tKK is the two-electron wave function of E
shell electrons in the initial state, and gf

' is the
final-state wave function of the uncaptured elec-
tron.

If the initial K-E correlation can be neglected, the
separation between atomic and nuclear variables can
be expressed as

was used as an initial-state two electron wave func-
tion. The function l(K(r) is a nonrelativistic Is
wave function, N is the normalization factor, and a
is the hyperfine structure constant. The wave func-
tion given by Eq. (21) includes the effects of the
mutual Coulomb interaction between two K elec-

ay2(r&+r2)
trons; the factor e ' ' ' comes from the electro-

static shielding of the Coulomb attraction of the

parent nucleus while the factor e ' " describes the
the effect of the spatial correlation between the two
E electrons. In this calculation, the parameters y&

and y2 were chosen so that Eq. (21) becomes a good
approximation to the variational wave function of
Hylleraas for a two-electron atom: y~

——0.38 and
y2=0.2. Through a rough aPProximation, Pso(EC)
is obtained as

TABLE V. Summary of experimental and theoretical results for ' 'Cs.

Experimental P~g( X 10')
Pso

Theoretical Pso and P~~( X 10')

1.4+0.1 present work
5.0+1.0 Daniel et al. (Ref. 34)
2.5+0.2 Lark and Perlman (Ref. 14)
2.0+1.3 Smith (Ref. 35)
1.33+0.33 Nagy et al. (Ref. 15)

-2.6'
0.92
3.38
0.71

3-4"

3.53
1.79

-7.0

PP (Ref. 4)
Intemann (Ref. 7)
LC (Ref. 10)'
MIKS (Ref. 13)
Crasemann et al. (Ref. 38)

'Calculated from the rough approximation of Eq. (22).
«Calculated from the rough approximation of PKK=g0. 18IZ ~ where ———has been used as

2 3
the multiplication factor g.
'See also Ref. 40 and addendum to discussion.
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Pso(EC) =0.08/Z (22)

for the total E-electron ejection (SO) probability per
E-EC decay. This has to be compared with the
.same probability for the E-electron ejection during

P decay, e.g.,

Pso(P )=0.3/Z Per E electron, (23)

The overlap method based on the matrix element
of Eq. (20) was employed by Stephas' and Mukoy-
ama et al. (MIKS). '3 It was assumed in these ap-
proaches that the effect of the inital E-E correlation
could be taken into account by adjusting the param-
eter in single-electron wave functions, i.e., the effec-
tive nuclear charge. This is clearly an oversimplifi-
cation. Both total probabilities for E-electron
shakeoff, Pso, and for double E-hole creation, PKz,
were calculated by MIKS. The Pso was derived us-

ing the matrix element of Eq. (20) and relativistic
hydrogenic (RH) wave functions with the relativis-

tic screening constant. The calculation for Pzz re-

lies on a rather devious method based on the com-
plete theorem

Pso+PsU+PF+Pz =1 (24)

where Psv is the probability for excitation of the
uncaptured E electron to unoccupied shells (SU)
and P~ is the probability of excitation to occupied
shells, which are forbidden by the Pauli principle,
PR is the probability for the E electron remaining in
the E shell. Then Pzz is given by

Pectic( =Pso+Psv ) =1 Ps PR——

=g(1 PR ), —(25)

where the multiplicative factor was defined as

(PF )many —e ( R )many —e

(PR )many —e

which was derived from a nonrelativistic calcula-
tion using the simple overlap as in Eq. (20). A
notable decrease of Pso(EC) compared with

Pso(P ) indicates that the E-electron ejection dur-

ing E-EC decay is much hindered by the initial E-E
correlation.

Another evaluation has been given by Crasemann
et al. and concerns essentially the relative values
of'1n EC—1'n'SO events.

The absolute values predicted are too high, viz. ,

Pxx(&EC &SO—)-0 52Z '. "per EEC .

The probability PR in Eq. (25) was calculated ac-
cording to the same formulation as for Ps&. The
probabilities (PR),„y, and (PR ),„„,for the fac-
tor g were calculated using a nonrelativistic self-
consistent-field (SCF) wave function of Herman

and Skillman. It should be noted that the RH
wave functions with screening constant are no
longer orthogonal. This nonorthogonality (or near
orthogonality) makes the overlap integral very sen-

sitive to the exact form of the wave function and
therefore to the value chosen for the effective
charge. The accuracy of these numerical results
may not be very reliable. The big difference be-
tween P&z and Pso values in Table V indicates that
there may be some inconsistency in this theoretical
formulation. In spite of not-evident approximations
in MIKS's formulation, the difference between the
present experimental Pzz and their Pzz is unex-

pectedly small.
A different approach, which is free from adjust-

able parameters, was developed by Intemann ' and
independently by Law and Campbell (LC).' It was
assumed in these approaches that the initial E-E
correlation can be treated as a perturbation along
with the weak interaction, with the result that such
a correlation should be, in principle, included in the
unperturbed Hamiltonian as in the approach by PP.
Intemann expressed the matrix element of Eq. (19)
using the Coulomb Green's functions similar to
those of the theory of internal bremsstrahlung (IB)
accompanying EC decay. In his relativistic calcu-
lation, he employed the solution of the symmetric
Hamiltonian of Biedenharn and Swamy for the
Coulomb Green's functions, which differs from the
exact Dirac-Coulomb eigenfunctions by terms of or-
der (aZ) . His calculations were much simplified
owing to the closed form of the approximate
Green's function. As proved by Intemann, this ap-
proach is identical with that of LC. A difference in
their formulation is that LC used the Coulomb
Green's function expressed in the form of eigen-
function expansion while Intemann used the func-
tion in the closed form. The large discrepancy be-
tween numerical results by Intemann and those by
LC has been explained by the fact that LC cut off
the eigenfunction expansion too soon.

Thus, the most consistent prediction in Table V is
due to Intemann. Possible sources for the definite
difference between the present experimental Pzz
and his theoretical Pso are the following:

(i) The SU probability, Psv, is to be added to the

Pso value although the PsU is expected to be small
compared with the Pso.
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(ii) The approximation for the Coulomb Green's
function in the dosed form may have a non-

negligible influence on his Pso value.
(iii) The initial K-K correlation is assumed to be a

perturbation in his approach. Since such a correla-
tion is generally too large to be treated as a pertur-
bation, this assumption may introduce a non-

negligible error.
(iv) The effect of the many-body correlation be-

tween E-shell and outer shell electrons are neglect-
ed.

It is difficult to discuss the magnitude of errors to
be expected from the possible sources (i) —(iv). Fur-
ther calculations according to the formulation by
LC are desirable, because the Ps& by the LC formu-
lation will be free from approximation (ii) and the
estimation of PsU may be straightforward. A com-
parison of the present experimental result with the
the P~~ thus evaluated will solve basic questions
stemming from sources (iii) and (iv).

[Nore added. We have learned very recently

about new calculations by Suzuki and Law (SL)
(Ref. 40) who use a SCF method to evaluate the
P(KSO) value, taking account of initial state K-K
correlation and of screening in the final state. For
' 'Cs, the result, 3.2)& 10 ', remains larger than the
present experimental value. SL observe the high
sensitivity of the calculated value as regarding the
adjustable parameter y, interpreted as an effective
charge stemming from the initial state residual
correlation. This point is under further examina-

tion as well as improved calculations of the continu-
um final state. ]

In summary, the double K-hole creation probabil-

ity PxK in the EC decay of ' 'Cs has been measured
with good precision; Pxx ——(1.4+0.1)X10 per
K-EC decay. A refined calculation for Pzz is clear-

ly required. The ai /a2 ratio has been determined
to be 1.5+0.2 by the aid of a nonlinear least-squares
fit with appropriate constraints. The measured ra-

tio agrees with recent predictions. The intensity of
's IB photons in the decay of ' 'Cs has been
reevaluated: P,B('s)=—(2.5+0.7)&&10 per K-EC
decay. The present work has shown that, with a
careful K x ray S K x ray coincidence mea-

surement, a P~z value can be obtained precise
enough to be compared with theory. Refined mea-

surements with Fe, 'Ge, and ' Er, which can
also be purified just as completely as ' 'Cs, are
desirable to obtain more reliable experimental P~~
values.
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