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STELLINGEN

Ten onrechte maken veel auteurs van kernfysische

publicaties in de Engelse taal geen onderscheid tussen

de begrippen "precision" en "accuracy" om de nauw-

keurigheid van experimentele resultaten aan te geven.

De ontwikkeling van die technieken in de betonbouw

waarbij constructies worden opgebouwd met uiteen te

nemen delen dient bevorderd te worden teneinde de

monolietbouw als bouwwijze terug te kunnen dringen.

Ten onrechte geeft het Centraal Bureau voor de Statis-

tiek het ziekteverzuim van vrouwelijke werknemers op

in procenten van het aantal mandagen.

Statistisch zakboek 1977.

4. Uit de aandacht die computergebruikers schenken aan

het testen van door hen zelf of door anderen geschre-

ven computerprogramma 's is af te leiden dat het

vertrouwen dat zij in deze programma's stellen vaak

onredelijk groot is.

5. Het personifiërend spreken over een computer, zoals

door veel computergebruikers gedaan wordt, duidt

veelal op een zekere onbekendheid met de werking van

de computer.

6. Het verdient aanbeveling het Heilig Avondmaal in de

kerkdienst op Pasen te vieren in plaats van op Goede

Vrijdag zoals in veel Gereformeerde Kerken in Neder-

land te doen gebruikelijk is.



7. De A/B test is in het algemeen ongeschikt om een

goede indruk te krijgen van de eigenschappen van bij

de test betrokken geluidsweergevers.

8. Het verdient aanbeveling bij elke bocht of reeks van

bochten waarvoor de weggebruiker door middel van een

verkeersbord gewaarschuwd wordt een maximumsnelheid,

geldend voor die bocht of bochten, aan te geven.

9. De vangst wordt duur betaald.

10. Bij het schoonmaken van kantoorgebouwen in de avond-

uren gedurende de herfst- en wintermaanden wordt door

de brandende verlichting vaak ten onrechte de indruk

gewekt, dat de werkzaamheden in alle vertrekken

tegelijkertijd plaats vinden. Een dergelijke verspil-

ling van electrische energie dient te worden tegen-

gegaan .

11. Met name het gebruik van stopwoorden wordt inderdaad

gewoon te gek.

23 juni 1978 C.P. Gerner
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I N T R O D U C T I O N

Orbital-electron capture can occur in neutron deficient

nuclei as a consequence of the weak interaction between

nucleons and leptons. Electron capture is a process closely

related to nuclear ß decay. After Fermi (1934) developed

the theory of ß emission electron capture was predicted

theoretically in 1935 by Yukawa and Sakata (1935) and they

applied the ß theory to electron capture. In 1937 Alvarez

(1937) was the first who observed the electron-capture

phenomenon.

In electron capture an orbital electron is captured

in the nucleus, leaving a vacancy in the atomic shell. In

the nucleus a proton-neutron transition takes place and a

neutrino is emitted. Since it is hardly possible to detect

neutrinos the electron-capture process has to be observed

by means of secondary processes, a.o. the rearrangement of

the atomic electrons, resulting in X-ray and Auger-electron

emission, and the deexcitation of an excited state of the

daughter nucleus. We have made use of these two processes

to investigate electron capture.

The aim of the present electron-capture measurements

is twofold viz.:

1. the determination of the L/K- and M/L-capture ratios so

accurate that it is possible to make a distinction

between the two main theoretical predictions according

to the Bahcall approach and according to the Vatai ap-

proach. In these predictions the atomic influence on the

nuclear electron-capture process is taken into account

in a different way;

2. to investigate the suggestion of Goverse (1973,1974) that

correlation effects between the orbital electrons cause



a systematic discrepancy between theoretical and experi-

mental exchange- and overlap-correction factors for

L/K-capture ratios, especially in the region of the

transition metals and the rare earths.

The internal-source scintillation technique has been

chosen as the most suitable one to fulfil the requirement

of accuracy and to be able to perform measurements in the

medium- and high-Z region. A condition for the applica-

tion of this method is that the radioactive atoms can be

built into the crystal lattice of the scintillator (der

Matosean,1953). Schulz (1967b) has developed a chemical

and a physical criterion on the formation of mixed crystals.

When for a nucleus the criteria of Schulz are not satisfied

we have checked up whether this implies that this nucleus

is not measurable with the internal-source method. Measure-

ments on 181W and 88Y, for which the criteria of Schulz

are not satisfied, seem to indicate that these criteria are

a necessary condition for the possibility to apply the

internal-source scintillation method. For that reason only

nuclei fulfilling the criteria of Schulz have been selected

for further electron-capture measurements.

Electron-capture measurements have been performed on
131Ba and on 10GAgm. On the electron-capture decay of 13!Ba

we measured the L/K- as well as the M/L-capture ratio of

the allowed decay to the 1048 keV level in 131Cs. From

these capture ratios and the capture ratios of the allowed

decay to the 373 keV level, determined by van Pelt (1978),

the Q „ value, the exchange- and overlap-correction factors
L/K M/7

X and X and the reduced capture ratios have been

determined.

On the electron-capture decay of 106Agm we measured

the L/K-capture ratio of the allowed decay to the 2757 keV

level in 106Pd. From this ratio and the capture ratio of

the allowed decay to the 2952 keV level, measured by van

Pelt (1978), we derived the Q value, the exchange- and

8



L/Koverlap-correction factor X and the reduced L/K-capture

ratio. By means of the Q value the position of the isomeric

level in 106Ag has been determined.

The XL/K values for the decays of 131Ba and 106Agm do

not support the idea stated by Goverse that correlation

effects would result in systematic discrepancies between
L/Kexperimental and theoretical X values.

The reduced L/K- and M/L-capture ratios of the decay

of 131Ba and the reduced L/K-capture ratio of the decay of
106Agm have been compared with theoretical predictions

based on wave functions of Mann and Waber (1973) and ex-

change- and overlap-correction factors X and X ,

respectively, according to the Bahcall approach and accor-

ding to the Vatai approach, as has been given by Bambynek

et al. (1977). Both reduced L/K-capture ratios agree with

the theoretical predictions according to the Bahcall ap-

proach and are somewhat higher than the theoretical pre-

dictions according to the Vatai approach, although the

experimental value for 106Agm is not accurate enough to

exclude the Vatai value.

The experimental reduced M/L-capture ratio of 131Ba

is in good agreement with the theoretical value according

to the Vatai approach whereas the error interval excludes

the theoretical Bahcall value.

Our measurements do support the conclusion of Bambynek

et al. (1977) that agreement between experimentally deter-

mined capture ratios and exchange-corrected theoretical

predictions is fairly good, both for allowed and for first-

forbidden non-unique transitions.





C H A P T E R

THEORETICAL ASPECTS

1 . ] INTRODUCTION

In orbital electron capture an atomic electron is

captured by the nucleus. Because of the weak interaction

between the captured electron e and a proton p of the

nucleus the proton changes into a neutron r. and a neutrino

v is emitted. This process is described by the relation

p + e •+ n + v .

Generally the neutrino withdraws from observation.

Suppose that the charge of the parent nucleus is Z,

then the charge of the daughter nucleus becomes Z - 1. The

daughter electron cloud is left with a vacancy and com-

prises Z - 1 electrons. So the electron cloud has to read-

just to the nuclear charge Z - 1 and each hole will be

filled by electrons from higher shells. This leads to the

emission of X rays and Auger electrons, and the total

energy of this radiation is equal to the binding energy of

the captured electron. This is one of the secondary pro-

cesses, enabling the observation of an electron capture

process. Another secondary process that can take place is

the deexcitation of an excited state of the daughter

nucleus, through which the electron-capture events popu-

lating the excited state can be selected.

Electron capture occurs provided that the electron

wave function is non-zero in or close to the nucleus and

that the transition is energetically possible. In conse-

11



quence of the first condition mainly s electrons are cap-

tured whereas the second condition implies a criterion for

capture. The energy of the initial state is the mass of

the atom M(A,Z), in natural units fi = m =c= 1 (these units

will be used from now on). When an electron is captured

from the x (sub)shell the energy of the final state is

q +M(A,Z-1) + |E '|, where q is the neutrino energy and

E ' is the binding energy of the captured electron in the

daughter nucleus. The energy E ' is released as X rays or

Auger electrons. It follows for the neutrino energy:

q =M(A,Z) -M(A,Z-1) - |E '|. When the final nucleus is in

an excited state with energy E after the capture event the

mass (energy) difference M(A,Z) -M(A,Z-1), often denoted

as QE, equals the atomic transition energy to the excited

state of the daughter nucleus. On the assumption that the

neutrino has zero mass, the criterion for capture from the

x (sub)shell is Q è |E '|. The energy of atomic recoil

from neutrino emission and the rearrangement energy have

been neglected.

The theory of orbital electron capture has been treated

as a process closely related to nuclear ß decay in many

textbooks, for instance Siegbahn (1965), Schopper (1966),

Wu and Moszkowski (1966) and Konopinski (1966). Many review

articles have also been dedicated to the subject. See for

example Brysk and Rose (1955,1958), Boucher and Depommier

(1960) and Bambynek et al. (1977).

In the next sections some general aspects of the

theory will be treated on the basis of a number of formulae.

1.2 ELECTRON-CAPTURE TRANSITION RATES

The decay constant for electron capture from the x

(1.1)

(sub)shell has the form
G 2

X = -£- - q 2 3 2 C B .
x 2Ü3 2 x x x

12



See for instance Behrens and Jänecke (1969) and Bambynek

et al. (1977). We follow the notation used by these authors.

The weak interaction coupling constant G. determines the

absolute strength of the interaction; q is the neutrino

energy. The quantity (3 is the Coulomb amplitude for the

electron radial wave functions; C is a qusn-bound-staLi

tity containing the nuclear matrix elements and the rela-

tive coupling constants of the weak interaction. The quan-

tity B , the so-called "Bahcall correction", is a factor

that takes into account the effects of electron exchange

and imperfect overlap (see section 1.6).

As the interaction between leptons and hadrons is very

weak, the electron-capture transition probability A can

be calculated with first-order perturbation theory (Schop-

per,1966)

EC = — IKEC
2 dn
dw

(1.2)

Herein, M is the electron-capture transition matrix

element and the so-called statistical factor -JTT gives the

density of the final states. The transition matrix element

can be calculated as follows:

|pe (1.3)

where p,e are the initial-state wave functions for proton

and electron, and n,v are the final-state wave functions

for neutron and neutrino, respectively.

The interaction density H (x), in analogy to the elec-
ts

tromagnetic interaction density between a current and a

radiation field, is given by (Schopper,1966; Bambynek et al.,

1977)

J (x) L +(x) + h.c. (1.4)

13



Herein J (x) is the "hadron current" associated with the

neutron-proton transition and L (x) is the vector potential

of the emitted lepton field, often called the "lepton cur-

rent", and is associated with the electron-neutrino tran-

sition. L (x) is the hermitean conjugate of L (x). The

Jepton current is

V x ) = i
(1.5)

and the hadron current is

Jy(x) = i (1.6)

ty , i> , i|i and ij/ are the field operators, describing the

annihilation of a neutrino, an electron, a proton and a

neutron, respectively. Creation is described by the hermi-

tean adjoints of the operators:

_ j.

<p = ii'y,, in which (Tl =1, 2 , 3 ,4 ,5) are the Dirac matrices;

> = -pA= 1-250 ± 0.009 (Kropf and Paul, 1974);

C., C-.: coupling constants for axial vector and vector in-

teraction, respectively, defining the relative strength of

the interaction. The interaction is of the V-A type, i.e.

the interaction density only has two terms, behaving like

a vector or an axial vector under Lorentz transformation.

When (1.5) and (1.6) are substituted in (1.4) we find the

following form for the interaction density H (x):

H (x) (x)Y (l+>y S (x)+h.c. . (1.7)

The interaction density is composed of two parts viz. a

hadron and a lepton part. As the electron and neutrino wave

functions are well-known the lepton part can be evaluated

14



explicitly (Schopper,1966; Bambynek et al.,1977). It can

be expressed in g. (r) and f, (r), the so-called large and
Kx kx

small components of the bound-state electron radial wave
functions, which in their turn depend on the Coulomb ampli-

tudes ß (see section 1.3). The hadron part can be expres-

sed in nuclear form factors F„. (q2), which contains all
K. L S

information about strong interaction, relativistic motion

inside the nucleus etc. (Stech and Schiilke, 1964; Schiilke,

1964). K,L and s are the total, orbital and spin part,

respectively, of the transferred angular momentum in the

proton-neutron transition; q is the momentum transfer:

q = kf-k"., in which k, and k. are the initial and final

momentum of the nucleus. When the integration and summation

of the interaction density H. (x) is performed as indicated
p

in relation (1.3) and the summation over the spins, momenta

and angular coordinates is carried out one obtains M__.

And since C is proportional to (M „) 2 also C is known.
X £* t* X

From (1.4) we see that H.(x) is proportional to G„ and the
p p

lepton part of H (x) is proportional to g, (r) and f. (r),
p K X ttjç

which in their turn are proportional to ß (see section

1.3), so Ho(x) is proportional to S and we find for M„„M,EC
G R /CS x x (1.8)

Finally we consider the quantity -^ in formula (1.2) . This

quantity can be calculated with phase space statistics. The

number of possible states is given by the phase space volume

divided by h3 (Schopper,1966). For a particle emitted with

momentum between p and p + dp into a solid angle dfl the

statistical factor is px
2dpxdfi/h

3. In the electron-capture

process a neutrino is emitted with well-defined energy but

with an unknown direction. So the number of possible states

is only determined by the possible directions

dn
dW h3 o r d n

dW
(1.9)

15



From ( 1 - 2 ) , ( 1 . 8 ) and ( 1 . 9 ) f o l l o w s t h a t

X = G 2 ß 2 C q 2 , i n a c c o r d a n c e w i t h ( 1 . 1 ) .
X p X X X

1.3 BOUND-STATE ELECTRON RADIAL WAVE FUNCTIONS

As har- been stated in section 1.2 the lepton matrix

elements can be expressed in f, (r) and g (r). These

electron radial wave functions (ERWF's) are solutions of

the Dirac radial equation, describing the motion of an

electron in the electrostatic field of the nucleus and the

atomic electrons (Rose,1961; Behrens and Bühring,1971).

The ERWF's are related with the Coulomb amplitudes 6 as
X

follows

Vr)

gk (D
X

(2kx-n::
k -1

(2k - D :: R

t (r)+hk (r)
X X

Dk (r)+dk (r)
- x x

k -1
-ex(pr)

 x .-
f (r) = — — - 1 D. (r)-d. <

x (2k -I)!! K L x x
k -1x

9-k (r) == S—JE H (r)-h (r)
(2k - D :: I- kx x -1

(1.10)

p electron momentum;
X

r distance to the center of the nucleus;

R nuclear radius;

K Dirac quantum number, K is the usual abbreviation for

j and 1:

16



1 for j = 1-ij

-(1+1) for j=1+%

(r) and d (r) in eq.The functions H, (r), h (r), D
V V "V ^ V

(1.10) are introduced by Bühring (1963a). The function

H is approximately equal to 1, while the function h, is

approximately equal to zero. For K >0 the large component
of the ERWF is f, (r) while for K <0 the large component of

K X x
the ERWF is g (r). Thus, according to eq. (1.10), the

~kx
large component of the ERWF is equal to

k -1

(2kx-l)!ï

For k =1 (K-, L-, LT--, M-, M -shell) this large compo-

nent equals 3 .

Initially, computations of ERWF's were made for an

electron in a central Coulomb field of a point-charge

nucleus (Brysk and Rose,1955,1958). The effect of the finite

size of the nucleus was taken into account as well as

screening of the nuclear charge by the atomic electrons

(Rose et al.,1949; Reitz,1950; Metropolis and Reitz,1951;

Thomas,1954; Brysk and Rose,1955,1958). The finite size of

the nucleus implies a finite size of the nuclear charge

distribution.

In the approximation of Bühring (1963a,b) and Behrens

and Jänecke (1969) a uniformly charged sphere of radius R,

equal to the nuclear radius, was taken. Due to the discon-

tinuity of the charge distribution at the nuclear radius

the ERWF expansion in powers of the radial coordinate r is

valid only inside the nuclear radius R. The solution of the

Dirac equation for the inner region (r<R) gives the proba-

bility for an orbital electron to be present in the nucleus.

The ERWF outside the nucleus is used only for normalization.

17



Contrary to the general belief, however, as has been

pointed out by de Raedt (1968) and Behrens and Bühring

(1971), a significant or even the main contribution to

the nuclear matrix elements comes from the region outside

R, where the ERWF expansion is not valid. This applies in

particular if the initial and final nucleon are in diffe-

rent shells. This difficulty is expected to disappear if

a well-behaved nuclear charge distribution instead of the

uniform distribution is used. For that reason Behrens and

Bühring (1970) used a modified Gaussian charge distribu-

tion as well as a Fermi distribution. Related convergence

problems for electron-capture formulae were solved by ex-

panding the ERWF in powers of the mass and energy parame-

ters of the electron and nuclear charge.

The Coulomb amplitudes of the bound atomic electrons

ß are determined by the shape of the charge distribution

of the surrounding atomic electrons. In other words, the

values of ß are determined by the potential outside the

nucleus, i.e. by the electronic screening of the nuclear

potential. The values of ß can be calculated by solving

the Dirac equation for the potential of the extended nuclear

and the atomic charge distribution. There are different ways

to find this potential:

a) from statistical models (Gombas,1956,1967), by solving

the Thomas-Fermi (TF) or the Thomas-Fermi-Dirac (TFD)

equations. In this way an approximated value for the

potential can be derived (Thomas,1954; Latter,1955;

Gombas,1956; Shalitin,1965,1967 and Yonei,1966,1967).

b) through self-consistent Hartree-Fock methods. In this

way a more exact form of the potential can be derived

(Hartree,1957; Slater,1960; Burke and Grant,1967; Grant,

1970; Mayers,1972; Lindgren and Rosen,1974).

Various calculations of the ERWF's or the ERWF ratios

have been reported since the early results of Brysk and

Rose (1955,1958). The square of the ERWF ratios gT
2 /g£,
L T IN.
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Fig. 1.1. Comparison of electron radial wave function ratios g^ /g£

and gj* /g£ , respectively, calculated by different authors

(data taken from Bambynek et al.,1977).

^Non-relativistic results multiplied by a correction

factor for relativistic effects.

qHere, g£ has been taken from the tables of Behrens and

Jänecke 0969).

19



TABLE I . I .

List of ca lculat ions of e lectron radial wave functions

inside or near the nucleus (af ter Bambynek e t a l . ) .

References

Brysk and Rose

(1958)

Band et al.

(1956,1958)

Brewer et al.

(1961)

Watson and

Freeman (1961)

He rman and

R/NRa Atomic
potential

R TFD

R TFD

R TFD

NR HF

NR HFS

Skillman (1963)

Winter

(1968)

Behrens and

Jänecke (1969)

Suslov (1969,

1970)

Martin and

Blichert-Foft

(1970)

Froese-Fischer

(1972b)

Mann and Waber

(1973)

NR HF

R HF (Z<36)

TFD (Z>36)

R NR HFS (Z<72)

R HFS (Z>72)

R HFS

NR HF

R HF

Nuclear charge
distribution

Uniform

Uniform

Uniform

Point

Point

Point

Uniform

Uniform

Fermi

Point

Fermi

•7

10- 100

18- 98

55 -90

3-42

2-100

3-42

1 - 102

2-98

5-98

2-86

1 - 102

Shells

K,L

K,L

M

All

All

K,L

K,L,M

K,L,M

N,,N2

K,L

All

All

NR = nonrelat ivist ic; R = r e l a t iv i s t i c .

TFD = Thomas-Fermi-Dirac; HF = Hartree-Fock; HFS = Hartree-Fock-Slater.
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sã/9^' gNl/9«l' 9«I/9«l' fL i :
/ g4' ^ Z 9 « ! and fNlI/gKl

are tabulated or sometimes given in graphical form. A com-
parison of the ratios g? /gj and g.2. /g2 , as calculated by

L T K. H T IJT

different authors, is shown in fig. 1.1. The data for this

figure have been taken from tables II and III of Bambynek

et al. (1977). A summary of the different types of calcu-

lations, also taken from Bambynek et al. (1977), is given

in table 1.1. For convenience the relation between the

Dirac quantum numbers K , the quantum numbers 1 and j and

the electron radial wave functions is given in table 1.2.

TABLE 1.2.

Relation between quantum numbers n, 1, j and K

and the electron radial «ave functions.

(sub)shell

K

LI

LII

LIII

MI

«II

MIII

MIV

«V

symbol for
angular

momentum

s

s

P

P

s

P

P

d

d

n

1

2

2

2

3

3

3

3

3

1

0

0

1

0

1

1

2

2

j

1
2

M
l-

1
2
3
2

1
2
1
2
3
2

3_
2
5
2

K
X

-1

-1

+ 1

-2

-1

+ 1

-2

+2

-3

large component
of ERWF

gK

f
L l l

gL

ë«I

f M n

SlI
f»iv

g«V
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1 .A NUCLEAR MATRIX ELEMENTS

The nuclear matrix elements, as previously stated,

can be expressed in the form factors F (q2). The form

factors can be expanded in powers of the momentum transfer

q with form-factor coefficients F„T . Here, q = ïL-È. in

which Jc., Jcf is the momentum of the initial and final
1 N

nucleus, respectively. The coefficients F„. contain all

the information about the initial and final nucleus and

the V-A operator and are obtainable from electron-capture

experiments. In the expression (1.1) for the decay constant

the quantity C entered as a quantity determined by nuclear

parameters. This quantity C can be expressed in the nuclear

form-factor coefficients. For allowed transitions the rela-

tion is (Schopper,1966; Behrens and Jänecke,1969)

r - fv F(o)]
2, ÍA (o)] 2

x { OOOj { 10 lj
(1.11)

Herein, V and A indicate vector and axial vector interaction.

The expression for C is the same for all orbits. Here the

spherical notation is used instead of the obsolete Cartesian

notation. For forbidden transitions there are more compli-

cated expressions for the expansion of C in the nuclear

form-factor coefficients. For more details see Behrens and

Jänecke (1969) and Behrens and Bühring (1971).

1 .5 THE ELECTRON-CAPTURE PROBABILITY

The electron-capture decay constant for capture from

the atomix x (sub)shell is given in formula (1.1). With the

help of this relation for the decay constant an expression

for the total capture probability from all atomic shells

can be derived. The total capture probability (Behrens and

Jänecke,1969)
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X = I
2,3 2

£ q2 ß z C n B (1.12)

Here n is the relative occupation number of the electrons

in the x shell. For closed shells n equals 1. In expres-

sion (1.12) summation takes place over all atomic (sub)

shells from which an electron can be captured.

In complete analogy to the f function, i.e. the inte-

grated Ferrai function in 3 decay, a function f has been

introduced (see Behrens and Jänecke,1969)

f = £ q 2 6 2 B
x 2 x x x

Together with the equation (1.12) this leads to the usual

notation for the total capture probability

-£- E n C f
- ^ V X X X
2ir J x

1 .6 THE EXCHANGE AND OVERLAP CORRECTIONS

In equation (1.1) we see that no atomic matrix elements

are involved in the calculation of the decay constant. More

than 25 years ago Benoist-Gueutal (1950,1952,1953) and

Odiot and Daudel (1956) suggested that atomic states had to

be included in the description of the electron-capture pro-

cess. They had the following arguments for this suggestion,

a) Since in the electron-capture process the nuclear charge

is decreasing from Z to Z- 1, the atomic electron cloud

is expanding and the wave functions of the initial and

final atom do not belong to the same orthogonal system,

i.e. the initial and final states do not overlap per-

fectly.
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b) The atomic electrons are totally indistinguishable. When

for instance K capture occurs one does not observe the

capture of a K electron, but only a vacancy in the K

shell. There is talk of an exchange of atomic electrons

during the rearrangement of the atomic electron cloud

after the sudden change in nuclear charge.

The attempts of Benoist-Gueutal and Odiot and Daudel to

make quantitative calculations were hampered by the problem

that an infinite number of final states contributed signi-

ficantly to the decay probability.

1.6. 1 The BahiiuLi approach

Bahcall (1962,1963a,b,1965a) solved this problem by

separating the atomic states into outer and inner atomic

states. For the outer electrons, i.e. electrons outside the

3s shell, he showed that the effect on the decay probability

can be neglected. 3ahcall gave a mathematical treatment of

the role that atomic electrons play in the description of

the electron-capture process. This resulted in expressions

for the amplitude for the production of a hole in one of

the (sub)shells of the final atom. For instance the ampli-

tude for the production of a hole in the K shell is

') = <2s' |2s><3s' | 3s> i>. (0) - <2s'|
Is

zs(0)

- <3s'Ils><2s'|2s> (1.13)

ns s electron in the n (sub)shell of the initial atom;

ns' s electron in the n (sub)shell of the final atom;

• (0) ns radial one-electron wave function, evaluated at

the nucleus, of electrons in the initial atom.

In the tradj tional electron-capture theory of Brysk and

Rose (1955,1958) only the first term was taken into account

with <2s'|2s> = 1 and <3s'|3s> = 1. As a consequence of the
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imperfect overlap of atomic initial and final states,

however, the matrix elements of the type <ns'|ns> may differ

from one. As a result of the exchange of atomic electrons

the matrix elements of the type <ns'|ms> may differ from

zero. Thus, the first term in formula (1.13), giving the

direct capture, is accompanied with two exchange-capture

terms. The second term describes the capture of a 2s elec-

tron, while a Is electron fills a 2s' hole (2s-ls exchange).

The third term describes the capture of a 3s electron,

while a Is electron fills a 3s' hole (3s-ls exchange).

Bahcall checked with Hartree-Fock wave functions that the

probability for an outer electron in the initial state to

jump into an inner state in the final atom is very small.

Consequently, only two exchange terms have to be taken into

account. In the same way the amplitude for the production

of a hole in the L shell of the final atom becomes

f (2s') = <ls' | ls><3s' |3s> i|) (0)- <ls' |2s><3s' ] 3s> <J> (0)
'2s Is'

- <3s'|2s><ls' | V3s(0) .

Bahcall presented the result of this calculations as

a correction on the theory of Brysk and Rose (1955,1958)

in the following way

A . = A .° B. ,
i i i'

where A.0 is the usual electron-capture probability. The

correctic.i factor B. is given by

Bi =
f (i')

So the L-./K- and M/L--capture ratios can be written as

.0
BT

B„
X (1.14)
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and

The Bahcall correction factors herein are

f(2s')*,s(0)

|f(is1)*,„(0)
2s

f (3S')I|I2S(0)

f(2s')*3s(0)

Bahcall calculated the exchange and overlap correction by

means of non-relativistic Hartree-Fock ground-state wave

functions for parent and daughter atoms (Watson,1960;

Watson and Freeman,1961b).

For a comparison of the experimental L /K-capture

ratios with the theoretical values obtained by Brysk and

Rose, see next chapter.

1. •? . f; The Vat>ii nfproa^h

In the work of Bahcall ground-state wave functions

were used for initial and final atoms. Vatai (1968a,1970,

1973) pointed out that the final atom is not left in the

ground-state after the electron-capture process, but in an

excited state with a vacancy in the (sub)shell from which

capture has occured. Internal ionization during the rear-

rangement of the atomic electron cloud is another excita-

tion mechanism for an atom in the final state (Primakoff

and Porter,1953; Intemann and Pollock,1967). Furthermore,

Vatai took into account the overlap correction for p and d

electrons, omitted by Bahcall. So the amplitude for the
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production of a hole in the K shell becomes

fK = : )s ;' |2s><2p' |2px3s' J3s>

;'|]s><2p'|2p><3s'|3s>.

!' |ls><2s'|2s><2p'|2p> ,

Similar expressions have been obtained by Vatai for f, and

V
One of the first calculations of Vatai was reported

at the Debrecen Conference (Vatai,1968a). He used first-

order perturbation theory and the self-consistent field

approximation to find the wave functions of the final state.

To account for the effect of the disappearance of the charge

of the captured electron he used one-electron screening

numbers, which were deduced from the data published by

Froese (1957,1958). To describe the initial state of the

atom non-relativistic hydrogen-like wave functions were used.

In a later publication (Vatai,1970a) Vatai pointed out

that for an outer electron the decaying proton is almost

perfectly screened by the captured electron. Consequently,

it seemed to be enough to include (i+1) inner s electrons

in the calculation of the exchange-correction coefficients

of the "i s" electron. For the overlap integrals the dif-

ference from unity is negligible for outer electrons. In

this calculation Vatai uses analytic one-electron Hartree-

Fock wave functions of Watson and Freeman (1961b) for the

initial state calculation and as a basic set for the cal-

culation of the wave functions of the final state by first-

order perturbation theory.

For results of the calculations of Vatai, see next

chapter.
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Faessler et al. (1970) recalculated the Bahcall ex-

change and overlap factors for light atoms using the Hartree-

Fock-Slater functions by Herman and Skillman (1963) and

Hartree-Fock functions by Froese-Fischer (1965,1969). In

this calculation the hole in one of the inner shells was

taken into account. Faessler finds very good agreement with

the results of Bahcall's calculations. T!:is is shown for
T IK

X ' in fig. 1.2, taken from Faessler (1970).

The correction factors, calculated by Martin and

Blichert-Toft (1970) at the ORNL for 6 < Z < 98 exhibits a

systematic discrepancy with the results of Bahcall for

XL^K and XM^L in the low-Z region (14<Z<37). In these

relativistic calculations Martin and Blichert-Toft, follow-

ing the Vatai approach, used their own electron wave

Í

1.3

L/K

1.2

1.1

\

-

_

l

\

\ Bahcall

\ \

V
O HF
• HFS

•^S^atai

i i

10 2O 30 4O

L/K
Fig. 1.2. Bahcall correction factors X for the L/K-electron-capture

ratio for light atoms. The two solid lines indicate the values

calculated by Bahcall (1963c,1965a) and Vatai (1968b). The

open circles are results calculated using the HF code of

Froese-Fischer (1965,1969). The dots represent the correction

factors calculated uith the HF code of Herman-Skillman (1963)

(after Faessler et al.,1970).
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functions, calculated with a relativistic Kartree-Slater

program with finite nuclear size.

Suslov (1970a), following the Eahcall approach, per-

formed another relativistic calculation of the exchange and

overlap correction for 14 < Z < 98 with relativistic self-

consistent Hartree-Fock-Slater wave functions, in which the

finite nuclear size was included. Fow low Z (15 < Z < 37) the

exchange and overlap corrections are in fairly good agree-

ment with those calculated by Bahcall.

Finally, Bambynek et al. (1977) recalculated the cor-

rection factors by means of the Hartree-Fock program of

Froese-Fischer (1972a) following the Bahcall approach as

Bahcaiil
. . ^recalculated

o Martin, Blichcrt-Toft
& Suslov

15

Fig. 1.3. L./K and M./L- exchange and overlap correction factors. The

solid and broken curves were recalculated according to the

approaches of Bahcall (1963a,b;1965a) and Vatai (1968,1970),

respectively, with wave functions from the Hartree-Fock pro-

gram of Froese-Fischer (1972a). Results of the relativistic

calculation of Suslov (1970a), following Bahcall's theory,

are indicated by triangles, and those of the calculation of

Martin and Blichert-Toft (1970), based on the same approach

as Vatai's, are indicated by circles (after Bambynek et al.,

(1977).
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well as the Vatai approach. In both sets of values the

effect of the hole in the daughter nucleus has been intro-

duced. The results of the calculations in the Bahcall ap-

proach agree well with previous recalculated Bahcall cor-

rections by Faessler (1970) and with the calculations of

Suslov (1970a). The results of the calculations following

the Vatai approach are in good agreement with the correc-

tions calculated by Martin and Blichert-Toft. A comparison

of various calculations is given in fig. 1.3, taken from

Bambynek et al. (1977).

1.7 CORRELATION EFFECTS

L/K
In his compilation of experimental X values Goverse (

(1973,1974) observed a discrepancy between the experimental
L/Kresults and the theoretical X values (Suslov,1969). In

fig. 1.4, taken from Goverse (1973), the experimental points

L/K

Í

20 40 60 80 100

0.8 -

FIR. 1.4. Review of the experimental X values (after Goverse,197 3).
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seem to oscillate around the theoretical curve. Goverse

suggested that this periodicity can be considered as an

effect of the electron-electron correlations, i.e. corre-

lations between the orbital electrons. This correlation

has to do with the structure of the atomic electron cloud.

Many elements in the periodic system do have in their atomic

cloud a sequence of normal electron configurations, obtained

by successive addition of two Is, two 2s, six 2p, two 3s,

six 3p, ten 3d electrons etc. in the Coulomb field of a

hydrogenic atom, dependent on the number of atomic electrons.

However, for some heavier elements this sequence of normal

electron configurations is disturbed as there are electrons

with a certain n and small 1, for instance 5s and 5p elec-

trons, with an energy lower than electrons with n = 4 and

larger value of 1, viz. 4d electrons with 1 = 3. At such

elements, for instance the transition metals and the rare

earths, a close competition is going on between different

electron configurations, giving rise to strong interactions.

For that reason it is hardly possible to make an assignment

of a definite configuration.

Complete correlation between electrons is taken into

account by Boys and Handy (1969) for Ne and by Watson (1960a)

for Be in their calculation of many-electron wave functions.

The theoretical L/K-capture ratios, calculated from their

wave functions, are 5% and 8% smaller, respectively, com-

pared with the L/K values calculated from Hartree-Fock wave

functions.

On account of these results the suggestion of Goverse

is that the total atomic wave functions do have to include

correlation effects, especially in the Z region of the

transition metals and the rare earths. When the electron

correlation is included in the calculation of the theore-
L /K

tical X values a better agreement with the experimental

results is expected by Goverse.
The aim of this work is partly to investigate Goverse's

suggestion.
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ELECTRON-CAPTURE RATIOS FOR ALLOWED AND FIRST-

FORBIDDEN NON-UNIQUE TRANSITIONS

In formula (1.12) the total capture probability A is

given. The quantity C , containing the nuclear matrix ele-

ments, is given for allowed transitions in equation (1.11).

As for allowed transitions the expression for C is the

same for all orbits, i.e. C =C_, the relation for the
X U

total decay constant can be written as
G 2

k q 2 ß 2 B + n q2 02 B + I ,K X K 4 L
X

 L! L! L

-
2 B + . . . .L
n
 L

Ir J

(1.15)

In allowed transitions no L . capture practically occurs

as electrons can only be captured from orbits with K =1

i.e. from the K, L-, L.., M , M...., ... shells (c.f. table-, L.., V "ii'

1.2). From equation (1.15) the capture-probability ratios

for capture from different (sub)shells can be derived, for

L-/K capture leading to

AL nL qL ßL BLLI LI LI LI LI

For occupied shells nT =n„=1. The ratio ßf /$2 c a n be
Li j K L j K.

expressed in the electron radial wave functions

5Ll L l r
. (compare with section

KJ 1.3)

For the ratio of correction factors holds

BT _ LT/K

X (see equation (1.14))
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LlHence, becomes

LT/K
(1.16)

In the same way one can get an expression for
JII

•II (1.17)

From equations (1.16) and (1.17) we find

I I 1 + ílíi
q Ll
qK

1
«Li

(1.18)

The neutrino energy is: q = Q_ - |E '|, as we have seen in
X Ei X

section 1.1. The difference in binding energy of an elec-

tron in the Lj. and in the L subshell has been neglected.

However, to compare the experimental L/K ratios with

the for exchange and overlap uncorrected theoretical
(ÃT")O L/K

values U — , mostly the correction factors X are used

Kjexp

,L/K (compare with

eq. (1.14))
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So the allowed L/K-capture ratio becomes

2 gLl
gK

fLlI
9LI

(1.19)

The relation between XL/'K in equation (1.19) and X1'1"" and

X II'LI in equation (1.18) is only determined by electron

radial wave function ratios. The formula for the allowed

M/L-capture ratio is similar to those for the L/K-capture

ratio

1+

1+

fMlI
9MI
fLll]

2

2
,M/L

In first-forbidden non-unique transitions the quantity

C to a very good approximation does not depend on the par-

ticular subshell from which the electron is captured. The

electron-capture ratios for first-forbidden non-unique

transitions to different subshells are also independent of

the quantity C , as for allowed decay. So the formulae, as

given for allowed capture-probability ratios, do hold for

first-forbidden non-unique transitions.
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C H A P T E R I J

EXPERIMENTAL METHODS AND RESULTS

2. 1 INTRODUCTION

From the experimental techniques to determine elec-

tron-capture ratios only the internal-source methods pass

in review within the scope of this work. This links up

with the demand of experimental accuracies of a few per

cent to be able to distinguish between the different theo-

retical L/K-capture calculations.

In relation to the internal-source technique we can

make a distinction between the spectrometry with internal

gas sources and the spectrometry with internal solid sour-

ces. The spectrometry with internal gas sources is performed

with different kinds of proportional counters, whereas the

spectrometry with internal solid sources is performed with

scintillation detectors. Proportional counters as well as

scintillation detectors are used in single as well as in

coincidence spectrometry.

In section 2.2 the internal-source technique will be

discussed briefly, while experimental results are compared

with theory in section 2.3.

All the various techniques have been discussed exten-

sively in review articles by Robinson and Fink (1960),

Fink (1968), Bosch (1969) and Bambynek et al. (1977).

2.2 INTERNAL-SOURCE TECHNIQUES

In the internal-source spectrometry detectors are used
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which are able to detect both the exmitted X rays and the

Auger electrons in an electron-capture process. When ex-

ternal sources are used mostly X rays are detected, as

absorption of the Auger electrons in source, backing and

detector window takes place. In this case knowledge of

fluorescence yields is required to determine capture ratios.

In internal-source spectrometry all radio-active atoms

are dispersed throughout the sensitive volume of the detec-

tor, through which absorption of Auger electrons is avoided.

In proportional counters the internal source is a gas

or a gaseous compound and is mixed with the counting gas.

Internal-source scintillation detectors do have radio-ac-

tive atoms built into the crystal lattice. Internal-source

proportional counters are very suitable to investigate

low-Z nuclei, decaying by electron capture, whereas inter-

nal-source scintillation detectors are more suitable for

medium and high-Z nuclei.

2. ','.. 1 Pvopovtional-aounter techniques

Essentially three types of proportional counters have

been applied in the determination of electron-capture

ratios viz. the single-wire and the multi-wire proportional

counter with gaseous sources and the double proportional

counter with solid sources. In fact, the latter is not an

internal-source detector but is mentioned with the propor-

tional counters for the sake of completeness.

2.2.1.1 The single-wire proportional counter

The radio-active material is contained within the sen-

sitive volume of the counter. In this method the response

of the counter to the prompt cascade of X rays and Auger

electrons, following each capture event, is integreated to

give a single peak in the pulse-height spectrum, for in-

stance a single K peak at the binding energy of the daughter
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atom when K capture occurs. An L peak arises from Lcapture

events and also from K capture events which are followed

by escape of the K X rays from the sensitive volume. The

escape of X rays can be reduced by increasing the pressure

of the counter gas. To calculate the correction for X-ray

escape, X-ray absorption data and fluorescence yields are

required. This detector is suitable for measurements of

electron-capture ratios in the low- and very low-Z region.

The use of this detector for electron-capture measurements

has been particularly stimulated by advances in low-energy

proportional-counter technique (Dougan et al. (1962),

Renier et al. (1968), Genz et al. (1971)).

2.2.1.2 The multi-wire proportional counter

The multi-wire proportional counter consists of a

central counter surrounded by a ring of additional counters.

This detectors is often called wall-less multi-wire propor-

tional counter, since the proper counter has no wall but a

circle of wires serving as a cathode. Alternate wires in

an outer circle serve as anodes and cathodes of a set cf

ring counters. A cross-section of the detector is shown in

fig. 2.1. In this technique, pioneered by Drever et al.

(1957), anticoincidence arrangement is used between the

inner counter and the outer ring of counters. The principal

advantage is that X-ray escape can be avoided. The use

of this kind of detector is limited to atomic numbers of

about Z = 45, as Vatai (1968b) has pointed out.

cathod« wins

anodt wires

Fig. 2.1. Cross-section of a multi-

wire proportional counter

(after Scobie et al.,1959).
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2.2. 1 .3 The double proportional counter

This detector essentially consists of two proportional

counters with a square cross-section, placed against each

other. A very thin flat solid source is situated between

these adjacent counters. This counter, developed by Kramer

(1961), is suitable in cases the activity cannot be added

as radio-active gas or as vapour of a radio-active metal-

organic compound to the counting gas.

2. Internal—source scintillation technique

In consequence of the X-ray escape proportional coun-

ters are less suited to be used in the medium- and high-Z

region. In this Z region the internal-source scintillation

technique is applicable.""Sn"Internal-source scintillation

detector consists of a scintillation crystal with a radio-

active source dispersed throughout its volume. A condition

for the right operation is that the radio-active atoms can

be built into the crystal lattice (der Matosean (1953),

Schulz (1967b)). As scintillator can be used for instance

Nal(Tl) or CsI(Na). A distinction can be made between the

single-source-crystal detector and the 4n-enveloped-source-

crystal detector.

2.2.2. 1 The single-source-crystal detector

This detector consists of a radio-active scintillation

crystal, in the following called source crystal, mounted

directly on a photomultiplier. Just as with proportional

counters and especially with the single-wire proportional

counter one has to face the problem of X-ray escape. An

escape correction is necessary due to the detection of K-

capture events in the L peak, when the K X rays escape

from the crystal. Leutz et al. (1964, 1966) determined the

escape correction by measuring the ratios of the areas of

the L and K peak in the L-K spectrum (see fig. 2.2a), in
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Fig. 2.2. The surface-to-volume extrapolation method as applied to the

decay of 131Cs (after Schulz,!967a).

2.2a. The energy spectrum.

2.2b. The extrapolation procedure.

dependence on the size of the crystal. By plotting the

mentioned ratio as a function of the surface-to-volume

ratio they could make a linear extrapolation to a surface-

to-volume ratio of zero. At this zero rate the escape is

also zero, what yields the escape-corrected L/K-capture

ratio. This extrapolation procedure is demonstrated in

fig. 2.2b, taken from Schulz (1967a).

2.2.2.2 The Air-enveloped-source-crystal detector

A way to prevent X-ray escape is to surround the

source crystal by an inactive scintillator. This inactive

scintillator has to be of the same kind as the doped scin-

tillator crystal, in order to match the light yield of the

inner and outer crystal. Joshi (1963) was the first who

applied this method by using a well-type crystal assembly

to surround the source crystal, see fig. 2.3, taken from

Joshi et al. (1963). Special attention has to be paid to

the extra optical couplings to prevent the reduction of
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Fig. 2.3. Well-type nethod, showing a

Nal(TI) crystal assembly en-

closing a grown radio-active

Nal(Tl) crystal (after Joshi

et al.,1963).

light intensity. Goedbloed et al. (1970) applied a more

elegant way to surround the source crystal by using an

assembly of two truncated cones, see fig. 2.4. Each of

the cones has a well in its upper surface, the two wells

together forming the room for the source crystal. The top

angles are chosen in such a way that the light originated

in the source crystal is totally reflected to the polished

side walls of the enveloping crystals. The light reaches

the two photomultipliers, optically connected with the

bottom of each cone. This method is discussed in detail

in the next chapter. Goedbloed (1970a) showed that the

capture ratios obtained with this method are equivalent

with the escape-corrected capture ratios, obtained with

the single source method.

Fig. 2.4. Cross-section of the Nal(Tl) crystal assembly (after Goedbloed,

1970).
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2.2.2.3 Possibility of forming mixed crystals

Besides the problems of X-ray escape one has to face

the problem of absorption of Auger electrons. If all the

radio-active atoms are totally surrounded by scintillation

material each Auger electron is also detected. However, if

clustering of the radio-active atoms occurs absorption of

Auger electrons takes place. This clustering can be a con-

sequence of precipitation of activity at grain boundaries

or dislocations in the lattice. Schulz (1967b) has deve-

loped a chemical and a physical criterion on the formation

of mixed crystals with Nal(Tl). The chemical criterion is

based on the chemical equilibrium of the solution of melted

scintillation material and the dissolved activity, and

indicates what the distribution of the activity has to be.

The physical criterion checks whether the capture event is

detected at the binding energy or at the X-ray energy. The

binding energy is released in a capture event and this

energy has to be detected. Both criteria have to be satis-

fied to form mixed crystals. Schulz finds that Rb, Cs, Ba,

Os, Tl and Pb do form mixed crystals, whereas P, Ca, Mn,

Zn, As, Y, Sn, Ce and Bi dot not. However, McCann and Smith

(1968) grew Nal(Tl) crystals containing 65Zn and assumed

that 1 keV L-capture events were detected with a 100 %

efficiency. Likewise, Goverse (1973) stated that his

Nal(Tl) crystals doped with 206Bi met the physical criterion

of Schulz. The question arises whether the criteria of

Schulz on the formation of mixed crystals are right or not.

From our own attempts to form mixed crystals doped with

i8lWf 88y and
 147Pm, respectively, described in chapter IV,

we noticed that Schulz' criteria do hold in these cases.

So we are inclined to the opinion that the choice of

activities to be grown in Nal(Tl) is seriously limited as

is indicated by the criteria of Schulz.
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The effects of non-uniformity of mixing and of over-

activating or poisoning in scintillation crystals have been

studied by Joshi et al. (1963), while Schulz and Breiter

(1967e) studied the effect of lead impurity on the scintil-

lation performance of Nal(Tl) crystals.

The internal-source scintillation technique is suita-

ble for electron-capture measurements in the medium- and

high-Z region as is stated before. Measurements in the

low-Z region are limited since it is hardly possible to

detect events of an energy lower than about 1 keV. This

limit is mainly caused by the noise of photomultipliers

and amplifiers through which low-energy peaks cannot be

resolved from the noise. Improvements of photomultipliers

and amplifiers with respect to the signal-to-noise ratio

can reduC2 the lower limit of detection.

In the preceding pages only Nal(Tl) and CsI(Na)

detectors have been mentioned. To enlarge the possibilities

of the internal-source scintillation method one might use

other scintillation detectors, for instance Cal., CdWO,.

In this manner Ravn and Bøgeholt (1971) made use of

Cs2Pt(CN) .H20 doped with
 193Pt to determine the M/L-capture

ratio in the decay of 193Pt.

2.3 COMPARISON WITH THEORY

I ..•'.! Th* ex.-hanne ui.d oc<irl<vr uoi've

In the preceding chapter several theoretical approaches

to calculate electron-capture ratios have been discussed.

In a comparison of the experimental L/K-capture ratios with

the theoretical values of Brysk and Rose (1955, 1958), made

by Robinson and Fink (1960) and by Bouchez and Depommier

(1960), a systematic discrepancy was discovered, varying

from 5 to 25 per cent. This discrepancy could be explained

satisfactorily in 1963 by Bahcall by means of exchange and
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overlap effects, see fig. 2.5, taken from Bahcall (1963c).

For lack of accurate experimenta] M/L-capture ratios a

comparison with exchange-corrected M/L values could not be

made. Later on, when experimental M/L ratios became availa-

ble, it turned out to be that in the Bahcall approach the

M/L capture ratio correction factor was overestimated, as

was shown by Fink and Ledingham (1966) and by Renier et al.

(1968). Concerning the L/K-capture ratios, Winter (1968)

showed that the agreement between the theoretical L/K-cap-

ture ratios of Bahcall and the experimental values was more
L/K

or less accidental. The X factor was calculated by

Bahcall by means of analytical Hartree-Fock wave functions,

whereas the uncorrected L/K-capture ratio was based on

hydrogenic wave functions of Brysk and Rose (1955, 1958).

Winter, however, calculated the uncorrected L/K-capture

ratio and the exchange- and overlap-correction factor X K

with the same set of analytical Hartree-Fock wave functions
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and found a far inferior agreement between theory and ex-

periment than Bahcall, see. fig. 2.6a,b, taken from Winter

(1968). For his comparison of Bahcall's theory with expe-

rimental results Winter considered the ratio

where

'K J exp _ YL/K= X
exp

KjO

0 'K 0

1 +

is the theoretical L/K-capture ratio without exchange for

allowed transitions. In fig. 2.6a the theoretical value
L/Kfor X (full line) is compared with the experimental

L/K
points X£ , calculated with the results of Brysk and Rose,
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and in fig. 2.6b a comparison is made with the experimental
L/Kpoints X , calculated by Winter.
6 X p

The results of the calculations of Vatai (1968a),

presented at the Debrecen conference in 1968, are shown

in fig. 2.7, taken from Vatai (1968a). As has beer, mentioned

earlier, here the effect of the disappearance of the cap-

tured electrons charge was taken into account. The theore-

tical X values, obtained with the Vatai approach, agree
M/L

better with the experimental X values. In later calcu-

lations of Vatai (1970a), in which screening of the decaying

proton by the captured electron was taken into account,

the deviation from the calculations of Bahcall is much

smaller for X , and hence the agreement with the experi-

mental X values is less good than for the earlier calcu-

lations of Vatai. The results of these new calculations of

Vatai, as well as for X as for X are shown in fig. 2.8,

taken from Vatai (1970a).

Finally, a comparison of experimentally determined

L/K- and M/L-capture ratios for allowed and first-forbidden

non-unique transitions with theoretical predictions, based

on wave functions of Mann and Waber (1973), and exchange

and overlap corrections X and X , respectively, accord-

ing to Bahcall (1963, 1965) and Vatai (1970a) and Martin

and Blichert-Toft (1970) is given by Bambynek et al. (1977).
L / K M / L

The theoretical X and X values are the recalculated

values of Bambynek et al., described in section 1.7. From

all the available experimental L/K- and M/L-capture ratios

for allowed and first-forbidden non-unique transitions

Bambynek et al. selected a set of reliable results, omitting

results published without indication of error limits, or

with errors in excess of 15 %. The selected L/K- and M/L

ratios were divided by the energy dependent factorsEC
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and

Here, q , q and g„ are the neutrino energies in the
I Icase of K, L and M capture, respectively; Ev, E and
J- X I\. Li T

EM are the electron binding energies, taken from Bearden

ana Burr (1970). Here, electron-capture decay to the

excited state E of the daughter nucleus with excitation

energy E„_ is considered. The reduced experimental capture

ratios

(gLi/gK)2
and

P /P

(qM /qL

are compared with the theory. This is shown in figs. 2.9a

and 2.9b, taken from Bambynek et al. (1977).

•". ••'. 2 Cone i us ion

From figs. 2.9a and 2.9b can be seen that experimen-

tally determined L/K- and M/L-capture ratios agree rather

well with the theoretical predictions in the Bahcall- and

in the Vatai approach for all Z, both for allowed and first-

forbidden non-unique transitions. The deviation of the

theoretical predictions are on the average to ~ 3 % for

experimental L/K ratios and ~ 9 % for experimental M/L

ratios. However, for M/L ratios there is not too much ex-

perimental evidence in the very low- and in the medium-Z

region. For both L/K- and M/L-capture ratios the experimen-

tal accuracy is insufficient to be able to distinguish

between the theoretical predictions according to the Bahcall

approach and to the Vatai approach. New, more accurate mea-

surements of L/K- and M/L-capture ratios should be performed.
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C H A P T E R III

THE INTERNAL-SOURCE METHOD

3. 1 THE CRYSTAL GROWTH

In our laboratory a 4ir internal-source spectrometer

has been developed by Goedbloed (1970a,b). This spectro-

meter consists of a source crystal, i.e. a scintillation

crystal with a radio-active source dispersed throughout

its volume, 4 it enveloped by two inactive scintillation

crystals in the form of truncated cones.

Two different types of scintillation crystals have

been used viz. Nal(Tl) and CsI(Na). Nal(Tl) was chosen

because of its high scintillation efficiency and CsI(Na)

was chosen because of its higher density (density Nal:

3.67 g/cm3 and Csl: 4.51 g/cm3). Besides, the use of two

different scintillation crystals gives the advantage of a

different chemical environment for the radio-active atoms

to be built into the crystal lattice.

The inactive enveloping crystals are commercially

available. The active source crystals, however, are not

obtainable, so we have to grow them ourselves. As the

Nal(Tl) source crystals are not only radio-active but also

very hygroscopic they must be grown in completely sealed

crucibles. This requirement limits the choice of methods

of growth.

We have applied two methods of growth from the melt.

The first one is the vertical Bridgman technique (Bridgman,

1925, 1929) by which the material to be grown is first

completely melted in a pointed crucible by bringing this

crucible in the upper part of a combination of vertical
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Standing furnaces. Then the crucible is lowered through a

region in the furnace with a temperature gradient resulting

in crystallization first at the tip and later on in the

whole crucible. In the second method the crucible remains

stationary in a furnace. The change in temperature in the

crucible is obtained by changing the temperature of the

furnace. Here, a round-bottom crucible is used and the

crystallization is starting at the lowest point of the

bottom. This is realized by giving this point the lowest

temperature of the whole bottom with the help of a heat

sink. Both methods will be discussed in detail in section

3.1.2.

3.1. 1 The avuoible

The crucible is made of vycor because of the high

temperatures to which the crucible is exposed. The crucible

is cleaned thoroughly to prevent contamination of the

crystals to be grown. Then the solution containing the

radio-active material is brought into the crucible and the

solvent is evaporated. The amount of activity determines

the doping of the crystals. This requires special attention

since an excess quantity of source atoms in the crystal

lattice causes a decrease of the light yield. Next the

crucible is filled with Nal or Csl powder (ultra pure,

E. Merck A.G.) and pure activator powder Til (p.A.,

E. Merck A.G.) or Nal in the right proportion (see section

3.4.). This takes place in a dry-air compartment that is

linked up with a heatless compressed-air drier together

with dry-air compartments for shaping of the crystals and

for mounting of crystal assemblies, respectively. Further,

the filled crucible is placed in a vacuum exsiccator during

one night at a temperature of 140 °C and a pressure of about

200 torr. The provisions to dry the crucible thoroughly are

made to prevent explosions of the crucible during the crys-

tal growth as only a few per cent of water can cause a
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higher pressure than the crucible can resist. Finally, the

crucible is evacuated, sealed off and provided with a hook.

The dimensions of the crucible are such that crystals can

be grown of about 20 mm diameter and with maximum length

of about 40 mm.

;'.!.?, GP0'Jin-j techniques

3.1.2.1 The Bridgman technique

In fig. 3.1a the furnace construction is shown. In

fact this furnace forms part of a twin-furnace construc-

tion to be able to grow two crystals at the same time.

This twin-furnace construction is described in detail by

Goedbloed (1970a,b). The crucible is surrounded by a vycor

firebrick
tubular furnace 1

crucible
vycortube

thermocouple

tubular furnace II
heat isolation box

pivoted
lever with fork

microswitch

motor
drive

pointer
—scale

heater windings

elastic tube

^ to Jonh Fluke
to differential
vacuum voltmeter
pump

Temperature »102 in °C

0 4 8

5 10

Vo
8 40

cr

Fig. 3.1a. Cross-section of the left part of the twin-furnace construction.

3.1b. Arbitrary temperature gradient of furnace combination.
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tube that can be evacuated. By means of a thermocouple and

a differential voltmeter the temperature on the spot of

the crucible can be measured. The furnace consists of a

combination of two independent regulated tubular furnaces

with which the desired temperature gradient can be realized,

see fig. 3.1b. The furnace is tightened as good as possible

with firebrick which, together with the vycor tube and the

heat isolation box, reduces the influence of changes of the

room temperature. The vycor tube, containing the crucible,

can be lowered mechanically by means of a motor drive and

is stopped automatically at the end of the growing process.

This is realized because the vycor tube opsrates a micro

switch in the motor circuit. The position of the crucible

in the furnace is indicated on a scale.

At the start of the growing process the vycor tube

with crucible is brought into the furnace at a high posi-

tion, where the temperature at the crucible is about 720 °C.

The material to be grown is completely melted in the cru-

cible, the radio-active material is dissolved in the melt

and impurities are burnt off. Then the vycor tube is

lowered through the temperature gradient with a speed

slower than the velocity of crystallization which results

in solid forming first at the tip of the crucible. The

pointed tip acts as a capillary through which the crystal-

lization starts in one point and only one crystal usually

grows. When the crucible is lowered so far that the whole

crystal has been grown and the temperature of the upper

surface of the crystal is a few degrees below the melting

point the lowering is stopped for about three hours to

anneal the crystal. After that the movement in downward

direction is started again and the crystal is slowly cooled

down to room temperature. Then the movement is stopped

automatically. Finally, the crystal can be released unda-

maged from the vycor crucible by splintering the crucible

with a blow of a hammer. The course of the temperature of
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the crucible during the growing process is given in fig.

3.2.

3.1.2.2 The moving-thermal-field technique

A method closely related to that according to Bridgman

is the moving-thermal-field technique (D.C. Stockbarger

et al., 1944; J. Franks, 1953 and D.J. Chleck, 1957). In

this technique the position of the crucible is fixed in

the furnace during the growth of the crystal while the

temperature change is brought about by controlling the power

of the furnace. In fig. 3.3 the furnace with the accessory

temperature measurement

TEMPERATURE
PROGRAMMER

T I 1
Ts v Tf

i t

PID
TEMPERATURE
CONTROLLER

1
7

Ï

a

power
control

FURNACE

Fig. 3.3. Block diagram of temperature-controlled furnace set-up.
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equipment for power control is shown schematically. The

temperature in the furnace is regulated by means of a pro-

grammable temperature controller, a so-called PID controller.

With this apparatus the current in the furnace is regulated

in dependence on the difference between the measured tem-

perature in the furnace and the adjusted temperature on

the controller. The PID controller regulates the current

through the furnace proportional to the linear, the time-

differential and the time-integral deviation, respectively,

of the actual temperature with respect to the adjusted

value. With this arrangement the temperature can be held

on the adjusted value with an accuracy of 0.1 °C. The

adjusted temperature T can be affected by means of a tem-

perature programmer. With this programmer the starting

temperature T and the final temperature Tf of a certain

temperature range can be adjusted just as the velocity v

with which this temperature range is run through.

A cross-section of the furnace construction is given

in fig. 3.4. The crucible is surrounded by a firebrick

cylinder to prevent temperature fluctuations as a result

of air circulation. The crucible is a round-bottom vycor

tube and is placed on a stainless steel seat in the fur-

nace. The seat centre is bored to a radius which is appro-

ximately that of the crucible bottom. This seat rests on

a ceramic tube, the centre of which contains a copper rod

which extends through the seat centre and contacts the

vycor bottom of the crucible. This arrangement, protruding

through the bottom of the furnace, provides a focal point

for seed formation and an efficient heat sink permitting

a large temperature gradient. By lowering of the seat the

temperature gradient can be enlarged even more. The bottom

and the top side of the furnace are tightened with fire-

brick. A quartz rod, sticking through the top tightening,

is connected with the crucible. The quartz rod in its turn

is connected via a wire with a motor drive. With this
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firebrick

Fig. 3.4. Cross-section of the temperature-controlled furnace.

arrangement the crucible can be pulled up to a position as

high as possible in the furnace. At this point the vertical

movement is stopped automatically. With the quartz rod the

crucible can be placed on its seat. In the seat a thermo-

couple is placed as close as possible to the centre to

measure the temperature of the seat centre at the bottom

of the crucible. This thermocouple is connected with the

temperature controller. Furthermore, two other thermocouples

are placed in the furnace, one just above the firebrick

cylinder and the other nearly at the top of the furnace.

At the start of the growing process the crucible is

placed on the seat and the temperature is raised to about

720 °C. When the material to be grown is completely melted
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the cooling down is started with for instance a velocity

of 15 °C per hour until the crucible is at a temperature

of about 450 °C. Next the crucible is pulled up to its

top position where the temperature gradient in the furnace

is minimum (P. Stöber, 1925; J. Strong, 1930). After about

18 hours the top position is reached where the temperature

is just below the melting point. The temperature of the

crucible is raising during the time it is pulled up for

the following reason. The crucible is pulled up as slow

as possible but the furnace is cooling down so slowly,

because of its heat capacity, that the temperature of the

crucible is yet raising during its movement. At the tem-

perature in the top position the crystal is still plastic

and as there is almost no temperature difference between

the top and the bottom of the crystal no strains will be

introduced due to unequal contraction upon cooling to room

temperature. Then the temperature in the furnace is lowered

with 10 °C per hour until room temperature is reached and

the crucible can be removed from the furnace. The change

in temperature of the crucible during the growing process

is given in fig. 3.5.

to room
temperature

19 37
TIME in hours

Fig. 3.5. The temperature of the crucible during the growing process in

the moving thermal field technique.
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When this method is compared with the Bridgman tech-

nique there are some striking advantages.

1) The temperature can be controlled better as a result of

the use of a temperature controller and by tightening

the furnace at both sides.

2) It is possible to cool down the crystal almost withouc

a temperature gradient through which the chance on cracks

in the crystal is drastically diminished.

3.2 THE SOURCE CRYSTALS

When a crystal is released from the crucible it is

immediately brought into a dry-air compartment (glove box)

where a small lathe is mounted. By means of this lathe some

source crystals can be cut out of an ingot, as indicated

in fig. 3.6. The source crystals can also be cut eccentri-

cally out of an ingot by chucking the ingot eccentrically

in the clamping plates. This can be necessary when the

centre of the ingot is affected by cracks, bubbles etc. .

After the shaping on the lathe the source crystals are

brought into another dry-air compartment via a transfer

port. Here the polishing of the source crystals takes place

just as the mounting of a source crystal between the two

enveloping crystals.

After the growth of the crystal the distribution of

the active material over the crucible is measured by means

\ \
V \

' s \

¥////
\ \ \7/-''>
\ \ v-

<•/////.
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• • . \

\

\

\ y Fig. 3.6. How source crystals can

be cut out of an ingot.
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of a Nal(TI) scintillation detector in front of which a

block of lead is placed provided with a narrow slit. After

the crucible is splintered the activity of the splinters

is measured an' the source distribution of the crystal

itself is measured too. For this purpose the crystal is

placed in a separaye capsule that can be closed. In this

way it can be tested whether the crystal meets the chemical

criterion.

Finally, the light yield of the source crystals has

to be considered. When the source crystal is surrounded

by the enveloping crystals its light yield has to egual

the light yield of the enveloping crystals as much as

possible. This depends on the percentage of Tl in the

Nal(Tl) crystal and on the amount of active material (and

carrier, if any; see Joshi, 1963) that the crystal is con-

taining. The dependence of the light yield on the percen-

tage of Tl is discussed in section 3.4.

3.3 THE ENVELOPING CRYSTALS

The enveloping crystals have to detect totally the

X rays escaping from the source crystal. Besides, the y

radiation deexciting the level fed by capture does have to

escape generally to be able to perform coincidence measure-

ments with these y rays. The enveloping crystals should not

be larger than necessary because background radiation will

increase when the volume of the crystals is enlarged. Fur-

thermore, the output of the light originated in the source

crystal or its immediate environment has to be directed

optimally towards the coupled photomultipliers. The dimen-

sions of the enveloping crystals are determined by the

energy of the X rays to be measured. We have proceeded from

a truncated cone shaped crystal combination as developed by

Goedbloed (l970a,b), see the description in section 2.2.2.2
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and fig. 2.4. The truncated cone form of the crystals was

chosen to achieve maximum light collection on the photo-

cathodes of the coupled photomultipliers. We introduced

two changes with regard to the crystal assembly of Goed-

bloed.

1) The enveloping crystals are not placed directly against

the (polished) walls of the aluminium containers but a

thin layer of MgO is applied in between.

2) Both crystal cones are not placed in the containers in

a removable way but firmly jointed and sealed to prevent

affection of the side walls of the crystals by moisture.

A drawing of the crystal combination with the containers

is given in fig. 3.7. The application of MgO results in a

reflecting surface of the crystal with a coefficient of

reflection of 96 per cent in contrast with the value of a

polished aluminium reflector of about 90 per cent (Birks,

1964). The two containers with crystals are coupled by

means of a coupling nut by which the sealing is provided

by an 0-ring. The containers are made of aluminium alloy

51ST, containing no Pb and Bi. The more frequently used

aluminium alloy 11ST contains 0.5 per cent Pb and 0.5 per

cent Bi which can cause induced X-ray peaks in the back-

ground.
quartz window

container
— Nal (Tl)
— MgO

dimensions in mm room for O-ring

coupling nut

Fig. 3-7. Cross-section of Nal(Tl) enveloping crystals in containers.
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The enveloping crystals and the source crystal in

between are optically coupled by means of an optical

coupling compound (Dow Corning 20-057). In the same way

the crystal assembly is optically coupled with two photo-

multipliers, see also section 3.5.

The used CsI(Na) enveloping crystal combination has a

slightly different form compared with that of the Nal(Tl)

crystal combination. The crystals are self-made and the

diameter was limited by the dimensions of the furnace with

which they were grown, see fig. 3.8.

0_3O j

Fig. 3.8. Cross-section of CsI(Na) enveloping crystals.

3.4 LIGHT-YIELD MEASUREMENTS

5.4.1 Introduction

As the source crystals are surrounded by enveloping

crystals the light yield of the source crystals has to equal

that of the enveloping crystals as much as possible. The

enveloping crystals have been commercially obtained whereas

the source crystals are self-made. The light yield of a

Nal(Tl) crystal' is a.o. dependent on the concentration of

activator Tl. According to Birks (1964) there are experi-

mental data of Harshaw et al. (1952) giving the relative

light yield at different values of Tl concentration in mole

per cent, see fig. 3.9. From this figure we can only read
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the required actual Tl concentration to obtain optimum

light yield. It is of practical importance to know the

amount of Til powder that has to be added to a certain

amount of Nal powder (filling concentration) to achieve

a crystal with optimum light yield. Schulz (1967b) indi-

cated that the distribution of Tl in a Na(Tl) crystal can

be described as a function of the distribution coefficient

k, i.e. the percentage of Tl atoms built into the Nal(Tl)

crystal at the interface between crystal and melt. Although

Schulz gave a value for k we cannot use this value as k

is a.o. dependent on conditions of freezing. So we decided

to measure the light yield of Nal(Tl) source crystals as a

function of the filling concentration of Tl.

6.4.2 Method

Crystals have been grown by means of the vertical Bridg-

man technique, as described in section 3.1, with filling
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concentrations ranging from 0.05 to 0.50 mole per cent Tl.

From all ingots, grown with the same amount of Nal, four

source crystals have been cut as shown in fig. 3.6. To mea-

sure the relative light yield the source crystals have

been placed in a container, surrounded by MgO, on a photo-

multiplier in a set-up as shown in fig. 3.10. The used

multichannel pulse-height analyzer is a 128 channel Nuclear

Data ND 100 instrument. As a norm for the relative light

yield the number of channels between the 26.3 keV and the

59.5 keV v peaks of an 21tlAm source has been taken as de-

tected in the source crystal. A calibration has been per-

formed before and after each measurement of a source crys-

tal by measuring the relative light yield for a lh x\ inch

Harshaw crystal in the same way as for the source crystals .

AI container

s PHOTO
\MULTIPLIER - PRE

AMPLIFIER - AMPLIFIER

MgO
^Source crystal

I—
SINGLE
CHANNEL
ANALYZER

enable

LINEAR GATE ADC

Fig. 3.10. Block diagram of experimental arrangement for light yield

measurements.

Me thank J. Kuijper for growing the crystals and performing the light yield

measurements.
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.•.•/..'-' Results -inJ discussion

The results are displayed graphically in fig. 3.11

where the relative light yield is given as a function of

the filling concentration of Tl. The units along the ordi-

nate indicate the number of channels between the 26.3 keV

and the 59.5 keV gamma peaks of 2hlhxa. The uncertainty in

each data point is estimated to be ± 4 channels. By means

of the calibration method we have compared the measured

relative light yields with that of the Harshaw crystal.

The measured value for the Harshaw crystal is indicated as

a horizontal line with dashed lines for the error. From

fig. 3.11 can be seen that the optimum relative light yield

is reached at a filling concentration between 0.10 and 0.20

mole per cent Tl. The optimum light yield appears to agree

with that of the Harshaw crystal within the error limits.

All Nal(Tl) crystals used in the further study have

been grown with a filling concentration of 0.136 mole per

cent Tl, which agrees with 3 mg Til per g Nal.

3 60

5 i 405
o >
= 5
a, fr
P £

<

^relative light yield for l j j
Harshaw crystal

I\
estimated uncertainty
for each data point

: 0 01 02 03 0« 05
— • FILLING CONCENTRATION MOLE °/o TL

Fig. 3.11. Relative light yield as a function of the filling concentration

of thallium.
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3.5 THE INTERNAL-SOURCE SPECTROMETER

The crystal combination, enveloping a source crystal,

is optically coupled with two photomultipliers. These

photomultipliers, viz. EMI 9635 QA, are provided with bi-

alkali photocathodes and have been chosen because of their

low dark current and high quantum efficiency. They have been

selected as a matched pair by the manufacturer. The optical

coupling is carried out by means of the earlier mentioned

compound (Dow Corning 20.057). This action takes place by

the light of a red tubular luminescent lamp since the bi-

alkali photocathodes are very insensitive in the red region.

The photomultiplier-crystal combination is provided with a

resistance divider and is housed in a PVC cylinder in a

light-tight manner. Perspex rods and discs provide a rigid

connection of crystal, photomultiplier and resistance-

divider boxes, as is shown schematically in fig. 3.12. At

the outside of both the resistance-divider boxes two inte-

grated fast low-noise FET preamplifiers (Analog Devices 50J)

have been mounted for the anode as well as for the dynode

circuit. They are mounted in sockets to provide the possi-

bility of fast replacement.

perspex rods
pvc cylinder A perspex discs

crystal assembly
Ce (Li )detector flexible bag

light tightening

integrated preamp.

resistance -devider box

connector

Fig. 3.12. Schematic cross-section of internal-source detector set-up with

Ge(Li) detector.
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The detector, i.e. the whole assembly in the PVC cy-

linder, is enclosed in a shield with inside dimensions of

28.5x28.5x55.0 cm, to reduce background radiation. This

shield has 10 cm thick Pb walls, on the inside lined with

0.3 cm Cd, 0.3 cm Cu and 0.3 cm Al in order to stop fluo-

rescent X rays originated in the lead shield. The Pb box

as well as the PVC cylinder is provided with a hole through

which one can insert a Ge(Li) detector to approach the

crystal combination closely in case of coincidence measure-

ments. The hole in the PVC cylinder is light-tight locked

up by means of a flexible bag.

Different block diagrams of the experimental set-up

with detectors and electronic equipment are given in the

next chapters. The main part of the electronic equipment

is Ortec manufactured. Some preamplifiers, attenuators and

Univibrators are of our own make. In certain cases the dy-

node signals of the photomultipliers are used as a coinci-

dence criterion to discriminate against photomultiplier and

electronic noise. However, when the energy of the peaks to

be detected is very low, i.e. about 1 keV, this coincidence

criterion is not used to prevent the loss of low energy

pulses. The anode signals of the two photomultipliers are

added in a sum amplifier to give the energy signal. To adjust

the correct addition of the anode signals and to check the

optical coupling of the photomultipliers with the crystal

combination the following calibration is carried out.

An external calibration source like 57Co or 2L|1Am is

placed in the vicinity of the crystal combination. After

each other the two individual anode signals are amplified

by the same main amplifier and recorded on a multichannel

pulse-height analyzer. The high voltage of the photomulti-

pliers is adjusted in such a way that the top of the cali-

bration-source y peak is positioned approximately in the

same channel in both cases. After this the anode signals

are added and the high voltages are tuned to reach the

minimum full width at half maximum of the y peak.

65



Two Ge(Li) detectors are used, both from Princeton-

Gamma-Tech. The first one has a sensitive volume of 75 cm3,

an efficiency of 13% relative to a 3"x3" Nal(Tl) crystal

and a resolution of 2.3 keV at the 1.33 MeV y line of 60Co

using an Ortec 120-3B preamplifier and an Ortec 451 main

amplifier. The second Ge(Li) detector has a sensitive volume

of 75 cm3, an efficiency of 12% relative to 3"x3" Nal(Tl)

and a resolution of 2.4 keV at 1.33 MeV using a Tennelec

TC 161A preamplifier and an Ortec 451 main amplifier.

As multichannel pulse-height analyzers have been used

a Nuclear Data ND 160 and a Nuclear Data ND 100 instrument.
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C H A P T E R IV

UNSUCCESSFUL ELECTRON-CAPTURE

MEASUREMENTS ON 181W AND 88Y

4. 1 INTRODUCTION

As mentioned in section 2.2.2.3 the internal-source

scintillation method can only be applied on nuclei that

can be built into the lattice of the scintillation material.

This can be tested by means of the physical and the chemical

criterion of Schulz (1967b). Based on these criteria and on

her own measurements Schulz stated that a.o. Zn and Bi do

not form mixed crystals with Nal(Tl). However, as also

mentioned in section 2.2.2.3, McCann and Smith (1968) as

well as Goverse (1973, 1974) performed electron-capture

measurements on 65Zn and 206Bi, respectively, built into

the lattice of Nal(Tl). So we can conclude that although

for some nuclei the criteria of Schulz are not satisfied

this does not imply that these nuclei are not measurable

with the internal-source scintillation method.

The nuclei 181W and 88Y are physically very interes-

ting. According to Schulz the nucleus 88Y does not meet

the physical criterion. On the nucleus 181W Schulz does

not pass judgement. She only predicts that possibly no

element of the sixth main group of the periodic system, of

which 181W is a member, will form mixed crystals with

Nal(Tl). Consequently, it seemed worthwhile to test whether

these nuclei could be investigated by means of the internal-

source scintillation method.
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4.2 THE ELECTRON-CAPTURE DECAY OF 181W

The electron-capture decay of 181W to the ground state

of 181Ta is an allowed transition, whereas the decay to the

first excited state is a first-forbidden non-unique transi-

tion, supposing that the ground-state of 181W has a positive

parity. A partial decay scheme, based on the scheme of

Nuclear Data Sheets (Ellis, 1973), is shown in fig. 4.1.

According to the theoretical knowledge at the end of

the sixties, as mentioned by Zyryanova (1968) at the Inter-

national Conference on the Electron Capture and Higher

Order Processes (Debrecen, 1968), L/K-capture ratios in

first-forbidden non-unique transitions are considered to be

equal to L/K-capture ratios in allowed transitions to an

accuracy of 3 %, for any energy except in the region near

the K-capture threshold. A good test for this theoretical

prediction is the measurement of an allowed and a first-

forbidden non-unique L/K-capture ratio within one isotope.

For this reason the nucleus 18iW has been chosen to be

examined. Moreover, as a Q__ value is known, determined

independently on L/K-capture ratios (Rao et al., 1966) the
L/KX values for both transitions can be determined.

9/21" _2° 121.2(1
181w
74 W 107

QEC = O.193 (7)

an- O Q00621 / 6 8 os 34'lo

/* Qfi/
1 8 1 T„

7 3 T Q 1 O 8

6.9

6 6 % 6.7

F i g . 4 . 1 . Decay scheme of 1 8 1W.
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Only mean L/K-electron capture ratios averaged over

both transitions have been measured (Bisi et al., 1955;

Jopson et al., 1961; Muir et al., 1961 and Rao et al., 1966)

All these measurements have been carried out with external

solid sources. As there exists a discrepancy between the

different results it seemed useful to remeasure this L/K-

capture ratio.

The 181W activity was bought from N.E.N. Chemicals

GmbH, Western Germany, and some sources were produced with

the Free University cyclotron by the reaction '8*Ta(p,n)l81W

with 15 MeV proton energy.

4.3 EXPERIMENTS

Nal(Tl) crystals and CsI(Na) crystals doped with 181W

have been grown with the twin furnace as well as with the

power controlled furnace (see sections 3.1.2.1 and 3.1.2.2).

We shaped these crystals to source crystals which have been

measured in the 4ir scintillation spectrometer. A block

diagram of the spectrometer is given in fig. 4.2. Referring

to the remarks of section 3.5 it can be said that in this

set-up the dynode signals of the photomultipiiers are used

as a coincidence criterion to separate the energy signals

from the photomultiplier and electronic noise. The anode

signals are added and amplified and the added signal passes

a linear gate, operated by the output of the coincidence

unit, and enters the ADC. The energy spectra have been re-

corded by a Nuclear Data ND 160 multichannel pulse-height

analyzer.

The only spectrum with good statistics is shown in

fig. 4.3a. No background subtraction has been made. Energy

spectra from other source crystals that contain far less

activity show the same tendency. An energy calibration with

external 57Co and 2M1Am sources, holding only for the
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Fig. 4.2. Block diagram of the experimental arrangement

in the measurements on 181W.

enveloping crystals, was performed and yielded an energy

for the right peak in the spectrum of 59.7± 0.9 keV. This

value is the mean of different individual measurements and

the error is the standard deviation with la confidence

level. The most intense peak of the spectrum is found to be

strongly varying in place with respect to the right peak.

This variation amounts up to 15 keV. The most left position

corresponds to source crystals containing the highest amount

of active material and vice versa. On the contrary, the

energy of the right peak varies only between 58.5 and 60.5

keV.

Additional to the measurements with source crystals

in the 4ir enveloping crystals also measurements have been

performed with source crystals directly mounted between the

two photomultipliers. Such a spectrum, recorded for the
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Fig. 4.3a. Energy spectrum of 1 8 IW decay, measured by means of the 4IT

scintillation spectrometer.

A.3b. Energy spectrum of 1 8 1W decay, measured by means of a set-up

in which the source crystal is mounted directly between two

photomultipliers.

same source crystal as the one used in fig. 4.3a, is given

in fig. 4.3b.

It was not possible to perform an energy calibration

in this set-up. For that reason a source crystal was mounted

in a container on only one photomultiplier, giving a similar

spectrum as in fig. 4.3b. The energy of the most intense

peak was found to be 63.2±3.0 keV (estimated uncertainty).

The energy of the less intense peak turns out to be

34.0 ± 3.0 keV.
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4.4 DISCUSSION

From the energy spectra recorded with the 4 IT spectro-

meter, like the spectrum of fig. 4.3, one can see that no

L peak is registered, although the L--binding energy of
181Ta is 11.6 keV. As the K-binding energy of 181Ta is

67.4 keV and the average K X-ray energy of 181Ta is 58.9

keV, the most right peak of the spectrum (59.7±0.9 keV)

is interpreted as the registration of K X rays, detected

in the enveloping crystals. The most intense peak in the

spectrum is interpreted as the peak of K-capture events,

detected in the source crystal. The ratio of the areas of

the two K peaks is in agreement with the estimated escape

of K X rays from the source crystal into the enveloping

crystals. Furthermore, the place of the most intense peak

is not reproducible. The varying position of this peak may

be caused by the varying light yield of the source crystals

with respect to the light yield of the enveloping crystals.

Therefore, the energy calibration of the enveloping crystals

does not hold for the source crystals. The supposition con-

cerning the most intense peak as being the K peak detected

in the source crystal is supported by the spectrum of

fig. 4.3b, measured without enveloping crystals. There is

no peak at the right side of the most intense one. This

peak is interpreted as the K peak and the left peak is

supposed to be the Iodine escape peak, as the energy is

about 29 keV lower than that of the K peak.

Finally, the calibration of the separate source crystal

gives an energy for the K peak of 63.2+3.0 keV from which

we can see that not only K X rays are detected but also a

part of the Auger electrons or L X rays originating after

a capture event, as the K peak is not registered at the

binding energy nor at the average K X-ray energy of 181Ta.

We can conclude that according to our results and to

the physical criterion of Schulz no mixed crystals of
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Nal(Tl) with 1 8 1W are formed.

Another test on the formation of mixed crystals gives

the chemical criterion. The distribution of the active

material has only been determined roughly by measuring the

activity of three or four source crystals in each ingot.

We find different distributions by which the active mate-

rial in most cases is located in the top source crystal.

No distribution can be described with one of the functions

given by Schulz- These functions describe the distribution

when mixed-crystal formation occurs.

A final indication that no mixed crystals are formed

is that only a part, varying from 3 to 68 %, of the active

material added is grown into the ingot.

An attempt to measure 1 8 1W energy spectra in a diffe-

rent chemical environment, by growing the active material

in CsI(Na), gave the same unfavoured results as forNal(Tl).

Finally, as the bought 1 8 1W source was not carrier-

free but contained one radio-active 1 8 1W atom to 105 inac-

tive W atoms, we produced a new 1 8 1W source by the reaction
18!Ta(p,n)18XW at a proton bombarding energy of 15 MeV.

After chemical separation no 181Ta contamination was ob-

served. However, also with this source only a few per cent

was grown into the crystal and the energy spectra were the

same as the former ones.

Consequently, we concluded that it was impossible to

form mixed crystals with 1 8 1W in Nal(Tl) and CsI(Na).

4.5 THE ELECTRON-CAPTURE DECAY OF 88Y

The electron-capture decay of 88Y to the excited state

of 88Sr with an energy of 2.7 MeV is an allowed transition,

whereas the decay to the 1.8 MeV excited state is a first-

forbidden unique transition. A partial decay scheme, based

on the scheme of Nuclear Data Sheets (Bunting et al.,1976)

is given in fig. 4.4.
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Fig. U.U. Decay scheme of 88Y.

The nuclide 88Y allows to test a suggestion of Goverse
T lY

(1973,1974) that the experimental X ' values oscillate
L /K

about the theoretical X curve. From the compilation of

Goverse (1973.1974) can also be seen that the transition

metal 8 8Y lies in an area of unknown L/K-capture ratios,

thus giving an additional argument for the choice of this

nuclide. As the Q„_ value is known, determined independently
Ct Li

on L/K-capture ratios (Bunting, 1976), based on the measured

end-point energy of the 3 spectrum and on the determination

of the threshold energy of the reaction 88Sr(p,n)8SY, the
i IK

X ' value for the 2.7 MeV level can be determined. If the

capture events are measured in coincidence with the 898 keV

Y rays, deexciting the 2.7 MeV level, only the allowed decay

to this 2.7 MeV level is selected. If, on the other hand,

no coincidence measurement is performed, the capture ratios

of transitions to the 2.7 MeV and to the 1.8 MeV levels are

measured simultaneously (singles measurement).
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The carrier-free 88Y activity was bought from the

Radiochemical Centre, Amersham.

4.6 EXPERIMENTS

Nal(Tl) crystals doped with 88Y have been grown with

the twin furnace as well as with the power controlled fur-

nace. From this material source crystals have been cut

which were measured in the 4ir internal-source scintillation

spectrometer. A block diagram of the experimental arrange-

ment is given in fig. 4.5. Apart from the gamma-ray branch

this block diagram differs from the one given in fig. 4.2

by the following points:

1. integrated preamplifiers (PA), as mentioned in section

3.5 are used;

2. after the linear gate the energy signal enters a limiter

circuit consisting of a delay, an upper-level discrimi-

nator, an Univibrator and a linear gate-stretcher. When

a signal causes a limited output pulse in the main ampli-

fier of the type Ortec 450 this signal has a tail on

which oscillations are superposed. To prevent double

recording of those events by the multichannel the limiter

circuit has been incorporated.

The block diagram of fig. 4.5 is given for coincidence mea-

surements. For the measurement of the singles spectra the

gamma-ray branch has been omitted. The gamma-ray branch

consists of a Ge(Li) detector with a preamplifier, an am-

plifier, a biased amplifier and a single-channel analyzer

(SCA). The output of the SCA operates a linear gate in the

main branch. For the measurement of the singles spectra as

wel 1 as for the measurement of the coincident spectra a

Nuclear Data ND 160 multichannel pulse-height analyzer was

used.

Two different energy spectra are shown in figs. 4.6a,b.
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Fig. 4.5, Block diagram of ehe experimental arrangement

in the measurements on 8eY.

Those spectra have only been measured on a few source crys-

tals. In most of the recorded spectra the left peak is not

present because of the high background at the low-energy

side of the peak (fig. 4.6b). The measurement of seven

singles spectra like that shown in fig. 4.6a results in a

mean intensity ratio of the two peaks of 0.031 ± 0.004.
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Fig. 4.6a,b. Two singles energy spectra from different 88Y source crystals,

measured in the An scintillation spectrometer.

4.6c. Coincidence energy spectrum from 8BY source crystal, measured

in the 4ii scintillation spectrometer.

The error is the standard deviation with lo confidence

level. Only on three source crystals of one ingot it was

possible to perform coincidence measurements. A coincidence

spectrum is shown in fig. A.6c. The measured mean intensity

ratio derived from these spectra is 0.030 ± 0.004, where the

error is the standard deviation (lc).

An energy calibration on four different source crystals

have been performed. Each source crystal was mounted in a

container on only one photomultiplier. The calibration re-

sulted in a mean energy of the right peak of 13.5± 1.0 keV.

The quoted error is the standard deviation (la).
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4.7 DISCUSSION

The singles spectra are not reproducible as can be

seen from figs. 4.6a,b. In view of the energy calibration

the right peak of the spectra is interpreted as the regis-

tration of K-capture events and the left peak of fig. 4.6a

as the L peak. The measured values for the L/K-intensity

ratio vary strongly between 0.027 and 0.036. This gives a

strong indication that 88Y is not built-in properly into

the Nal(Tl) lattice. Another indication is given by the

energy calibration of the source crystals. The K peak is

not registered at its binding energy of 16.1 keV but at an

energy of 13.5± 1.0 keV. As the mean K X-ray energy of
88Sr is 14.4 keV it is obvious that mainly K X rays are

detected. The measured values for the L/K-intensity ratio

for coincident spectra do also vary strongly between 0.026

and 0.033.

From these facts it can be seen that 88Y does not form

mixed crystals with Nal(Tl). This is in agreement with the

deviation of the measured L/K-intensity ratio from the

theoretical L/K-capture ratio of 0.113, as is calculated

with the wave functions of Mann and Waber (1973) .

As 88Y is not dissolved properly in the Nal(Tl) lattice

according to the physical criterion of Schulz, this has to

be also in agreement with the chemical criterion. So we

measured the distribution of the radio-active component

along the crystallized Nal(Tl) ingot. The distribution was

measured in two ways viz. by determining the activity of

three or four source crystals per ingot and by measuring

the radiation, escaping from an ingot, by means of a sepa-

rate Nal(Tl) spectrometer provided with a 3 mm wide and

50 mm deep Pb collimator, as mentioned in section 3.2.

The crucible with the Nal(Tl) crystal as well as the

Nal(Tl) crystal alone were measured with the latter set-up.

None of the measured distributions can be described by one
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of the functions given by Schulz (1967b).

Further on, we determined the part of the added active

material to the crucible that was grown into the crystal and

found values varying from 5 to 32 %.

Additionally, we tested whether the method of adding

the active material to Nal was of importance for the for-

mation of mixed crystals. Usually, the solution containing

the active material is brought into the crucible, the sol-

vent is evaporated and the active material remains at the

inside of the crucible. Another method is to fill the

crucible first with Til and Nal powder and after that to

add the active solution to the crucible with a pipette.

The last method we tried was to mix the active material

with the Nal powder in a mortar and bring the mixture into

the crucible. However, in all cases the active material got

attached strongly to the crucible and no mixed crystals

were formed. When the active solution in the last method

was mixed with the Nal powder and the solvent was evapo-

rated in a vacuum exsiccator we established that the active

material had not attached to the crucible.

The application of quartz instead of vycor as crucible

material did not improve the situation.

Finally, we tested the influenco of the velocity of

crystallization. The velocity of the crucible in the twin

furnace was increased from 2.3 5 to 4.70 mm per hour,

however, with the same negative results.

We concluded that it is impossible to form mixed crys-

tals of Nal(Tl) doped with 88Y.

4.8 FURTHER EXPERIMENTS

During the experiments on 88Y a Nal(Tl) crystal, doped

with llt3Pm, has been grown. The activity was produced with

the Free University cyclotron by the reaction l k 3Nd(p,n) 1 "* 3Pm,
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with a proton energy of 10 MeV. About 9 0 % enriched ll43NU

was used. After chemical separation the active material

was used to grow one doped Nal(Tl) crystal. As the source

distribution, measured with the Nal(Tl) detector with the

Pb collimator, was incorrect, no more attempts were made

to dissolve 1 4 3Pm properly into the Nal(Tl) lattice.

In view of the results on I 8 1W, 8 8Y and llf3Pm only

nuclei, of which Schulz indicated that they could be built

into the Nal lattice, have been selected for further expe-

riments. Moreover, we required that for the nuclei an inde-

pendently determined Q„„ value has to be known or that the

Q„_ value could be derived from our measurements.

The nuclei 1 3 1Ba and 1 0 6Ag satisfied these requirements.

Furthermore, they are suitable to test the suggestion of

Goverse concerning the oscillatory behaviour of the experi-
T /K L /K

mental X values around the theoretical X curve.
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C H A P T E R V

THE ELECTRON-CAPTURE DECAY OF l3lBa

5. ] INTRODUCTION

In the previous chapter, in section 4.8, the nucleus
131Ba is indicated as being suitable to test the sugges-

tion of Goverse (1973,1974) concerning correlation effects

as a possible explanation for the systematic discrepancy
L/K

between experimental and theoretical X values.

Smith and Joshi (1963) and Schulz (1967c) have per-

formed electron-capture measurements on 131Ba and 133Ba,

respectively, with an internal-source Nal(Tl) spectrometer.

We wished to check also ourselves the mixed-crystal forma-

tion of Nal(Tl) with 131Ba. According to the physical as

well as the chemical criterion it can be concluded that
131Ba is dissolved properly into the Nal(Tl) lattice.

A partial decay scheme, based on the scheme published

in Nuclear Data Sheets (Auble et al.,1976), is given in

fig. 5.1. The electron-capture decay of 131Ba populates

levels in 131Cs. Only the decay to the 620 keV and 696 keV

levels together has been measured by Smith and Joshi (1963)

but their value is not very accurate.

For the determination of exchange and overlap correc-

tions from the measured electron-capture ratios an accurate

Qx,„ value is necessary. This Q__ value has to be determined

independently of L/K-capture ratios. The QEC values given

by Wapstra and Gove (1971), viz. 1340+19 keV, and by

Nuclear Data Sheets (Auble et al.,1976), viz. 1348± 7 keV,

have been determined indirectly by means of the closed

''$:

#
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Fig. 5.I. Decay scheme of 131Ba.

cycle method. The Q value given by Gehrke et al. (1976),

viz. 1372_ 2 0 keV, has been derived from the measured

EC/ß+ ratio to the 216 keV level in 131Cs, this value is

however dependent on the applied exchange and overlap cor-

rections. In our opinion the determination of the Q _

value, more directly and independent of exchange and over-

lap corrections, is desirable. The Q value can be derived

from at least two L/K-capture ratios of transitions to

different levels. The dependence of these L/K-capture

ratios on Q must be very different.

So we decided to determine the L/K-capture ratio of

the allowed transitions to the 1048 keV level in 131Cs

while van Pelt (1978) measured the L/K-capture ratio of

the allowed decay to the 373 keV level. From these data
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the Q_„ value has been derived (van Pelt,1978). Besides,

we determined the M/L-capture ratio of the decay to the

1048 keV level. From this M/L-capture ratio and the M/L-,

capture ratios of transitions to the 373 keV and 620 keV
M/L

levels, measured by van Pelt, the X value has been

derived by van Pelt (1978).

Two sources of 231Ba (T, =11.8 d) were bought from
2

The Radiochemical Centre. In one of them a small contamina-

tion of 133Ba (T, =7.2 y) was observed (0.44 % at the date
2

of delivery).

5.2 MEASUREMENTS

Nal(Tl) crystals doped with 131Ba have been grown with

the twin furnace as well as with the power controlled fur-

nace. These crystals have been shaped to source crystals

to be measured in the 4ir scintillation spectrometer. The

dimensions of the Nal(Tl) crystal assembly are such that

the X rays are totally detected. The 1048 keV y radiation

escaping from the crystal combination is detected with the

75 cm3 Ge(Li) detector. A block diagram of the experimental

arrangement is given in fig. 5.2. This block diagram dif-

fers from the one given in fig. 4.5 on the following points:

1. the Y-ray branch has been extended with a delay and a

linear gate-stretcher by which the y peak can be recorded

by a separate ADC within the window setting of the SCA.

In this way the position of the y peak with respect to

the window was checked during the measurements, often

going on for a week. The window has been set in such a

way that a small part of the background at the high

energy side of the y peak was selected, see fig. 5.3.;

2. the energy signal from the sum amplifier was amplified

in two ways, giving the possibility to record energy

spectra in the L-K region by ADC 1 and in the M-L region

by ADC 2 at the same time;
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Fig. 5.2. Block diagram of the experimental arrangement.

the limiter circuit in the main branch has been deleted.

Double recording of events as a consequence of the os-

cillations on the tail of the limited output pulses of

the main amplifier is avoided by shortening the output

pulses of the main amplifiers and by broadening the

output pulses of the linear gate-stretchers;

the output of the SCA in the gamma-ray branch does not

operate a linear gate in the main branch but enables

directly the ADC's in the main branches;

in the circuit at the right side of the dashed line

the dynode signals are used as a coincidence criterion
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- P«ak

Fig. 5.3. Window setting of the SCA with respect to the 1048 keV y peak.

to reduce the photomultiplier and electronic noise.

This circuit has been used in the recording of some

L-K spectra. After it has appeared that the contents

of the M peak in the M-L region was affected by the

setting of the discriminator levels the L-K and M-L

spectra have been recorded without this coincidence

criterion. However, as we have proved that the contents

of the L peak was not affected by the setting of the

discriminator levels the results of the L-K spectra,

recorded with the dynode coincidence circuit installed,

can be used.

. The scintillation spectra, i.e. the energy spectra

from the scintillation detector, have been recorded by a

Nuclear Data ND 100 multichannel pulse-height analyzer.

Measurements of scintillation spectra have been performed

coincident with the 1048 keV Y ray. Typical scintillation

spectra are shown in fig. 5.4a,b. The L-K spectrum is shown

in fig. 5.4a, while the M-L spectrum is given in fig. 5.4b.

No background has been subtracted.

To check whether the crystals meet the physical
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Fig. 5.4. Typical energy spectra.

5.4a. L-K spectrum coincident with the 1048 keV y radiation.

5.4b. M-L spectrum coincident with the 1048 keV y radiation.

5.4c. Fit of M peak of fig. 5.4b.

criterion of Schul (1967b) an energy calibration with

external 137Cs and 131Ba sources has been performed. For

that reason the source crystals have been mounted in a

container on a photomultiplier. We have to take into

account that the K peak produced by the internal source

of the crystal is caused by the electron-capture decay of
131Ba as well as by the electron-capture decay of the

daughter 131Cs. The energy calibration gives an energy of

the K peak that is equal to the weighted mean of the K

binding energies of Cs and Xe within an accuracy of 1 %.

So, the source crystals meet the physical criterion.

We checked also whether the crystals met the chemical

criterion by measuring the source distribution on 7 diffe-

rent Nal(Ti) ingots in the same way as described in section

4.7. The source distributions are in good agreement with

one of the distribution functions given by Schulz. So, the
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source crystals do meet also the chemical criterion of

Schulz.

Finally, we determined the part of the active material,

added to the crucible, that was grown into the crystals and

found values higher than 9 6 % . So we concluded that 1 3 1 B a

dissolves properly into the Nal(Tl) lattice.

5. 3 CORRECTIONS

From the measured L-K and M-L spectra the L/K- and

M/L-capture ratio, respectively, can be derived. First we

consider several different corrections on the peak areas

and the necessity to apply them.

1. The areas of the L and K peaks have to be corrected for

the contribution of the low energy tail of the K peak.

This tail may be caused by the incomplete light collec-

tion in the crystal assembly. This correction is at

maximum 1.6% of the L-peak area.

2. The contribution to the peak areas as a consequence of

accidental coincidences has been estimated and is smaller

than 0.02 % with respect to the K peak and can be ne-

glected.

3. The peak areas have to be corrected for the contribution

of events coincident with the background under the 1048 keV

Y peak. This background is merely real background radiation

as the onlyy ray with an energy higher than 1048 keV in

the l 3 IBa decay has a very low intensity. The background

under the y peak can be determined from the measurement

of the Y peak and a part of the background at the high

energy side of this peak during each measurement of the

coincident energy spectrum. At the same time a separate

measurement of the events coincident with the background

at the high energy side of the y peak has been performed.

From these measurements the correction for the back-

ground-coincident contribution has been derived and
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turns out to be smaller than 0.64 % with respect to the

L/K-intensity ratios and smaller than 4 „9% with respect

to the M/L-intensity ratios.

After correction 1. and 3. have been applied the L/K-

and M/L-intensity ratio can be derived. Next, we have to

consider whether the following corrections have to be

applied to the intensity ratios.

4. From the decay scheme of fig. 5.1 can be seen that a

1047 keV Y ray is deexciting the 1171 keV level in
131Cs. As this v ray cannot be separated from the 1048

keV Y ray the intensity ratios have to be corrected for

the interference of the capture ratio of transitions to

the 1171 keV level. The 1047 keV y ray is coincident

with a 124 keV Y ray to the ground-state of 131Cs. Only

when the 124 keV Y ray escapes from the crystal assem-

bly the interference appears. The escape of the 124 keV

Y ray has been measured and is about 0.95%. This cor-

rection on the L/K-intensity ratio is about 0.02%, and

hence negligible.

5. Finally, the interference of the electron-capture decay

to the 620 keV level in 131Cs has to be examined as this

level is much stronger populated by electron-capture

transitions than the 1048 keV level. The 620 keV level

is deexcited by a 496 keV Y ray, followed by a 124 keV

Y ray to the ground-state. When both these Y rays do

escape completely from the crystal assembly the transi-

tions to the 620 keV level can interfere with the inten-

sity ratio of the decay to the 1048 keV level. This in-

terference occurs when the transitions to the 620 keV

level are accidentally coincident with the 1048 keV

Y ray through which summation of X rays and Auger elec-

trons from both decays takes place. This correction

turns out to be smaller than 0.12% with respect to the

L/K- and M/L-intensity ratios and can be neglected.

No correction has been applied for the contamination
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of the 1 3 1 B a source with 1 3 3 B a . This correction is at

maximum 0.21 % with respect to the L/K-intensity ratio in

the last measurement with this source, and is hence negli-

gible.

5. 4 ANALYSIS AND RESULTS

h.4.1 The L/K-capture ratio of the decay to the 1048

keV level

The measurement of 21 different L/K-intensity ratios

of the decay to the 1048 keV level in 1 3 1 C s and the appli-

cation of the mentioned corrections result in an L/K-elec-

tron capture ratio of

1048
= 0.165 + 0.001.

The errors are explained in section 5.5.

5.4.2 The M/L-capture ratio of the deoay to the 1048

keV level

From fig. 5.4b can be seen that the M peak is not

resolved from the noise as no coincidence criterion has

been applied to discriminate against photomultiplier and

electronic noise. So we had to use a peak-fitting computer

program to determine the contents of the M peak. This

program makes a least-squares adjustment of the theoretical

shape of the M peak to the measured M peak by means of the

Marquardt algorithm (Marquardt,1963; see also van Pelt,

1978) . For the theoretical shape of the M peak we have used

a function derived by Prescott from a statistical analysis

of the complete scintillation process (Prescott,1963). The

noise has been fitted with an exponential function. As the

Prescott function in the asymptotic form in his paper is

not normalized we give here the proper normalized function:
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f(x) = exp

Here, N is the mean number of electrons reaching the first

dynode of the photomultiplier. The variable a is the para-

meter for the function describing the single-electron res-

ponse.

In fig. 5.4c the fit of the M peak of fig. 5.4b is

shown.

Ten different measurements of the M/L-intensity ratio

of the decay to the 1048 keV level and the application of

the mentioned corrections result in a M/L-capture ratio

of

!j ± 0.009.

The errors are explained in the next section.

5.5 THE DETERMINATION OF ERRORS

The errors in the electron-capture ratios have been

built-up with different components, as is indicated in

table 5.1. These components have been added quadratically.

5.6 THE DETERMINATION OF X
L/K

AND QEC

Van Pelt (1978) has measured the L/K-capture ratio of

the allowed decay to the 373 keV level of 131Cs with the

result L/KL,, = 0.144 ±0.001. By means of this L/K value
T / Tf

and our value for L/Kj]0,g the Q value and the X

value have been determined by van Pelt, as described in his

thesis. This procedure is the same as is described in the

next chapter. The result is
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TABLE 5.1.

The errors in the L/K- and M/L-capture ratios and their components

result

statistical error (la)

(including Student t value)

uncertainty due to the deter-

mination of the peak areas,

taken as 1/3 of the estimated

maximum uncertainty

uncertainty due to the y~

background-coincident

contribution

number of measurements

Student t value for a la

confidence interval

(íí/L>1048

0.215 ± 0.009

0.008

0.004

0.003

10

1.04

( L / K )1048

0.165 ± 0.001

0.001

0.0008

0.0004

21

1 .02

Q„„ = 137 2 ± 1 6 keV
IJ L»

and XL/K = 1.065 ± 0.008

while the reduced L/K-capture ratio appears to be

L / K = 0.135 + 0.001 .

Here, qK and qL are the neutrino energies in K and Lj

capture, respectively.

Van Pelt (1978) has measured the M/L-capture ratios

of the decays to the 373 keV level and the 620 keV level,

respectively, with the result M / L L _ 3 = 0.218 + 0.006 and

M/Lj, 0 = 0.217+0.014. From these values and our M/Lj ,„

value a mean reduced M/L-capture ratio has been determined
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of

M/L
= 0.214 ± 0.005

Here, g,j is the neutrino energy in Mj- capture.

In the same way the mean exchange- and o"erlap-correc-
M1L

tion factor X has been determined from the three indi-

vidual values with the result
XM/L = 1.04 +0.02 .

In all these calculations the electron wave functions

of Mann and Waber (1973) and the electron binding energies

of Bearden and Burr (1967) have been used.

5.7 DISCUSSION

Ò.7. 1 The J, r «alue

When our Q value of 1372 ± 16 keV is compared with

the value of Wapstra and Gove (1971), viz. 1340± 19 keV,

and the value of Nuclear Data Sheets (Auble et al.,1976),

viz. 1348+ 7 keV, we see that our value is somewhat higher.

On the contrary, our value is in good agreement with the

value of Gehrke et al. (1976), viz. 1372 * *o keV-

t>. 7. 1: The s'eduoed aavtuve ratios

Our experimental reduced L/K-capture ratio of

0.135±0.001 can be compared with the theoretical values

of Bambynek et al. (1977) calculated according to the Bah-

call approach (0.134) and according to the Vatai approach

(0.132). There is a good agreement of our value with that

according to the Bahcall approach whereas the value accor-

ding to Vatai's approach is somewhat lower. This is shown

in fig. 5.5, taken from Bambynek et al. (1977) in which

our value is indicated.
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Fig. 5.5. Comparison of experimentally determined L/K-capture ratios for

allowed transitions (solid circles) and first-forbidden non-

unique transitions (open circles) with theoretical predictions

based on wave functions of Mann and Waber and exchange and
L/K

overlap corrections X according to Bahcall's approach (solid

curve) and Vatai's approach (broken curve) (after Bambynek et

al.,1977).

The experimental reduced M/L-capture ratio of

0.214+0.005 is indicated in fig. 5.6, also taken from

Bambynek et al.. Here, an excellent agreement with the

Vatai curve is shown whereas our value lies slightly lower

than the Bahcall curve.
L /K

Finally, we do have to remark that our X value

does not support the suggestion of Goverse that correlation

effects are responsible for the systematic discrepancies

between the experimental and theoretical exchange and over-

lap corrections for L/K-capture ratios.

The contents of this chapter have already been

published as J. van Pelt, C.P. Gerner, O.W. die Ridder and

J. Blok, Nucl. Phys. A295 (1978) 211.
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Fig. 5.6. Comparison of experimentally determined H/L-capture ratios for

allowed transitions (solid circles) and first-forbidden non-

unique transitions (open circles) with theoretical predictions

based on wave functions of Hann and Waber and exchange and

overlap corrections X according to Bahcall's approach (solid

curve) and Vatai's approach (broken curve) (after Banbynek et

al.,1977).
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C H A P T E R V I

THE ELECTRON-CAPTURE DECAY OF I 0 6 A g m

6. INTRODUCTION

As has been pointed out in section 4.8 the decay of

iO6Ägm ig suitable to test the suggestion of Goverse

(1973,1974) concerning correlation effects as a possible

explanation for the systematic discrepancy between experi-
L/Kmental and theoretical X values.

It has been indicated by Schulz (1967b) that Ag forms

mixed crystals with Nal(Tl). Also according to our experi-

ments the element Ag is dissolved properly into the Nal(Tl)

lattice.

A partical decay scheme based on the recent compila-

tion of the Nuclear Data Sheets (Bertrand,1974) is given in

fig. 6.1. The electron-capture ratios of 106Agm have not

been measured up to now.

An accurate Q value is necessary for the determination

of exchange and overlap corrections from electron-capture

ratios. According to the compilation of Wapstra and Bos

(1977) the Q value, i.e. the Q value of the ground-state

to ground-state transition, is well-known. This O_„ value
+

is based on a measurement of the 6 end-point energy (Bendel

et al., 1953), on the 106Pd(p,n)106Ag threshold energy

(Johnson et al., 1964) and on information from the reactions

io<*Pd(3He/p)iO6Ag a n d i05pd(3Hefd)io6Ag (Anderson et al.,

1975). However, the position of the 6(+) isomeric level of

iO6Agm iS uncertain. Recently, Anderson et al. (1975) have

located the isomeric level at 88 keV as a result of their
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Fig. 6 .1 . Decay scheine of 106Agm.

work on the reactions: l°3Rh(a,ny)106Ag, x°7Ag(p,d)106Ag,
105Pd(3He,d) 106Ag and ! OitPd(3He,p) x 06Ag, but their place-

ment of the level is tentative. It is possible, however,

to determine the Q value from the L/K ratios for capture

to two different levels, provided the L/K ratios, respec-

tively, are changing differently if Q is varied.

In the present work the L/K-capture ratio of the

decay to the 2757 keV level has been measured. The value

for the L/K-capture ratio of the decay to the 2952 keV

level has been taken from the work of van Pelt (1978).
L/KFrom these ratios the Q value as well as the X value

has been derived.

According to the decay scheme of fig. 6.1, the decay

is probably allowed or first-forbidden non-unique as the

spin and parity of the isomeric state are 6(+) and of the
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populated levels in 106Pd they are (5)+. Recently, the

spin of the 2757 keV level has been determined by means of

angular-correlation experiments to be 5 (Idzenga,1977).

The dependence of the L/K-capture ratio on Q is the same

for allowed and first-forbidden non-unique decays. With

the reservation that the decay to the 2952 keV level is

either allowed or first-forbidden non-unique, it was pos-

sible to determine the Q value and the exchange- and over-
L/K

lap-correction factor X from the two measured L/K ratios.

The radionuclide loeAgm (Tj = 8.41 d) was produced

by irradiation of more than 90% enriched 106Pd with 18

MeV deuterons in the cyclotron of the "Instituut voor

Kernfysisch Onderzoek" in Amsterdam.

6.2 MEASUREMENTS

Nal(Tl) crystals doped with 106Ag have been grown

with the twin furnace as well as with the power controlled

furnace. The source crystals, cut out of these crystals,

have been measured in the 4ir scintillation spectrometer.

The dimensions of the Nal(Tl) crystal assembly are such

that the X rays are totally detected. The 1528 keV -y ray

radiation, escaping from the crystal combination, is de-

tected with a 75 cm3 Ge(Li) detector. A block diagram of

the experimental arrangement is given in fig. 6.2. The

experimental set-up is almost the same as the one used for

the investigation of 13lBa given in fig. 5.2. The points

of difference are twofold.

The energy signal from the sum amplifier is amplified

in one way as only the L-K region is recorded.

After the main amplifier and the delay in the main

branch, a combination of a delay, a discriminator and

a linear gate-stretcher was included. When a signal

caused a limited output pulse of the main amplifier.
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Fig. 6 .2 . Block diagram of the experinencal arrangement.

the following circuit discriminated against these pulses.

This is particularly of importance since each capture

event was accompanied by an energy release of 717 and

of 512 keV. In the majority of these cases the energy

releases were totally or partially detected in the crys-

tal combination, giving a limited output pulse. Each

limited pulse causes a busy state of the ADC of at

least 15 lisec. So it was very useful to discriminate

against these limited pulses.

Also in this experiment a window has been set in the y-
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spectrum by means of a single channel analyzer to select

the 7 peak and a small part of the background at the right

side of the y peak. In this way the Y radiation could be

recorded by a separate ADC to monitor its place and at the

same time the background could be measured during the

experiments.

Coincidence measurements have been performed with the

1528 keV y radiation deexciting the 2757 keV level. The

background under the L-K spectrum has been approximated by

a measurement with the window selecting a part of the back-

ground at the low-energy side of the 1528 keV -y peak. The

measurement of the background over a reasonable number of

channels at the right side of the y peak was almost impos-

sible because of the nearest 1572 keV y peak. The diffe-

rence in background level at the right and left sides of

the 1528 keV y peak was corrected for. Random coincidences

have been measured with a non-radio-active crystal between

the enveloping crystals and with «agual window settings as

for normal coincidence measurements.

The energy spectra as well as the y peaks have been

recorded by a Nuclear Data ND 100 multichannel pulse-height

analyzer.

6.3 RESULTS

A typical coincident spectrum is given in fig. 6.3a.

The background has not been subtracted. In an internal-

source spectrometer, the orbital electron binding energies

are registered instead of the X-ray energies, assuming that

the binding energy released in a capture event is detected

at the proper energy. In the case of the K peak this has

been verified within 1.2% by means of a 109Cd external

calibration source.
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Fig. 6.3a. Typical L-K spectrum coincident with the 1528 keV y radiation.

6.3b. The corresponding L peak fitting.

0.3.1 Background subtraction

From the measured energy spectra the following back-

ground subtractions must be made:

1. a subtraction from the L peak due to coincident summation

of L X rays and Auger electrons with partially detected

energy releases of 717 or 512 keV;

2. subtraction of the same background from the K peak;

3. a subtraction from the K peak due to coincident summation

of K X rays and Auger electrons with partially detected

energy releases of 717 or 512 keV;

4. subtraction of the contribution to the spectrum, coin-

cident with the background in the ypeak-selecting window,

from the L and K peak. This background has been deter-

mined from the background measured next to the y peak

during the measurements and from the count rate in the

separately measured corresponding background-coincident
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spectrum. The contribution of random coincidences to the

scintillation peaks was totally negligible.

The L peaks in the L-K spectra were not completely

resolved from the noise as we did not discriminate against

photomultiplier and electronic noise by means of the dynode

signals. The noise of the L peak has been analysed by a

fitting routine. This program fitted the noise with an

exponential function and the L peak with the Prescott

functions in normalized form mentioned in section 5.4.2,

see fig. 6.3b.

6.3.2 L/K-capture ratio of the decay to the 2767 keV

level

The measurements coincident with the 1528 keV y radia-

tion result in an L/K-capture ratio of

LI
KJ2757 = 0.146 ± 0.001 .

The correction for background-coincident contribution in

the measured ratios never exceeds 1.7 %. The 2757 keV level

is also fed by deexcitation of the 2952 keV level. This inter-

ference only occurs if the 195 keV y radiation escapes from

the crystal assembly. If the 195 keV Y ray is detected to-

tally or if conversion of the 195 keV deexcitation energy

takes place, the capture event is summed out of the L or

K peak. However, this interference in the L/K-capture ratio

is calculated to be smaller than 0.03 % and is hence negli-

gible.

6.3.3 Determination of errors

The error in the electron-captu1-« ratio has been built

up with different components, as is indicated in table 6.1.

These components have been added quadratically.
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TABLE 6.1 .

The error in Che L/K-capture ratio and i t s components.

result

statistical error (la)

(including Student t value)

uncertainty due to the deternination

of the peak areas, taken as 1/3

of the estimated maximum uncertainty

uncertainty due to y~background-

coincident contribution

number of measurements

Student t value for a la confidence

interval

(L/K) 2 7 5 7

0.I46±O.OO)

0.0008

0.0007

0.0006

12

1.04

6.3.4 L/K-aapture ratio of the daaay to the 2952 keV
level

By van Pelt (1978) s c in t i l l a t ion spectra have been
measured in coincidence with the 1723 keV y radiation. The
result i s an L/K-capture ratio of

2952 = 0.203 ± 0.003 .

The correct ion for y-background-coincident contr ibut ion in
the measured r a t i o s never exceeds 2.9%.
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6.3.5 Determination of Q and X
L/K

The Q value of the isomeric level can be calculated

from the experimental L/K-capture ratios of the decay to

the 2952 keV and to the 2757 keV level, by equating the

experimental reduced L/K-capture ratios

L/K L/K

Here, q„ and qT are the neutrino energies in K and LT cap-

ture, respectively. From this Q value and the experimental
L/KL/K-capture ratios the X value can be calculated. In

fig. 6.4 X ' is plotted as a function of Q for the 2952

keV level as well as for the 2757 keV level. The intersec-

tion of both curves gives as result

Q = 3053 ± 3 keV and XL/K = 1.071 + 0.025

The error in the Q value is very small because of the very

sensitive dependence on Q of the L/K-capture ratio for the

decay to the 2952 keV level. In addition, the experimental
L/Kreduced L/K-capture ratio — — , _ >., has been calculated for
I

comparison with the theoretical reduced L/K-capture ratio
gLI 1 +

V
resulting in L/K

(qLl/qK)
2 0.126 ±0.003.

Here, gK, gL and fL are the K, Lj. and Ljj. electron wave

functions, respectively. In all these calculations we used

the electron wave functions of Mann and Waber (1973) and

the electron binding energies of Bearden and Burr (1967).
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6.4 DISCUSSION

6.4.1 The Q value

The Q__ value is given by Wapstra and Bos (1977) and

is 2983 ± 4 keV. Together with our Q value of 3053+ 3 keV

we can deduce an energy of the isomeric level in 106Ag of

70 ± 5 keV. This result does not support the tentative loca-

tion of the isomeric level at 88 keV by Anderson et al.

(1975).

6.4.2 Reduced L/K-aapture ratios

The theoretical value for this ratio calculated by

Barabynek et al. (1977) according to the Bahcall approach
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is 0.124 and according to the Vatai approach is 0.123.

With these two values our value of 0.126 i 0.003 is in good

agreement. On account of our result in 0.126±0.003 for

the reduced L/K-capture ratio of 10bAgln, however, it is

impossible to make a distinction between the two given

theoretical values; see also fig. 6.5, taken from Bambynek

et al. (1977).

Our experimental result can also be compared with the

reduced electron-capture ratios of Schulz et al. (1967d)

for the allowed and for the first-forbidden non-unique

decay of 1 0 5Ag as given in table XV of Bambynek et al.

(1977). The reduced L/K-capture ratio of 0.127 for the

first-forbidden non-unique decay, however, has been changed

0.18

t
0.14 .

0.10 .

80

Fig. 6.5. Comparison of experimentally determined L/K-capture ratios for

allowed transitions (solid circles) and first-forbidden non-

unique transitions (open circles) with theoretical predictions

based on wave functions of Mann and Waber and exchange and overlap
L/K

corrections X according to Bahcall's approach (solid curve) and

Vatai's approach (broken curve) (after Bambynek et al.,1977).
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into 0.128. From the L/K-capture ratio of 0.152+0.002 and

the corresponding («ÏLT^K'2 = ^l^O w e fin<3 a reduced L/K-

capture ratio of 0.128+ 0.002. With this value as well as

with the reduced L/K-capture ratio for the allowed decay

of 105Ag of 0.123±0.003 our experimental value is in good

agreement.
L/KIn conclusion, we have to remark that our X value

does not support Goverse's idea that correlation effects

would cause systematic discrepancies between theory and

experiment.

The contents of this chapter have already been published

as C. P. Gerner, J. van Pelt, O. W. de Ridder and J. Blok,

Nucl. Phys. A295 (1978) 221.
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SAMENVATTING

Baanelectronvangst is een proces waarbij een electron

uit de electronenwolk van een atoom ingevangen wordt in de

atoomkern. Tengevolge van de zwakke wisselwerking tussen

het ingevangen electron en een proton uit de kern gaat dit

proton over in een neutron, waarbij een neutrino wordt

uitgezonden. Daar het neutrino erg moeilijk is waar te

nemen is electronvangst slechts te bestuderen aan de hand

van secundaire processen, d.w.z. processen die op de elec-

tronvangst in de kern volgen. Er is gebruik gemaakt van

twee verschillende secundaire processen.

1. Nadat een electron uit de electronenwolk is ingevangen

in de kern is het aantal electronen in de wolk met ëën

verminderd, terwijl de kernlading door de overgang van

een proton in een neutron ook met één eenheid verminderd

is. Het gat in de electronenwolk wordt opgevuld vanuit

verder van de kern gelegen schillen. Hierbij worden

röntgenstraling en Augerelectronen uitgezonden met een

totale energie gelijk aan de bindingsenergie van het

ingevangen electron.

2. De kern van het atoom zal na de vangst van een electron

veelal in een aangeslagen toestand achter blijven. Deze

aangeslagen toestand zal naar de grondtoestand van de

kern vervallen onder uitzending van y straling.

Door nu de röntgenstraling en de Augerelectronen en

de y straling te detecteren is vast te stellen naar welke

aangeslagen toestand van de dochterkern de moederkern vervalt

bij het baanelectronvangstproces, en uit welke schil van de

electronenwolk een electron is ingevangen. De verhouding

van de aantallen vangstprocessen uit verschillende banen

van de electronenwolk levert gegevens op betreffende de

overgangsenergie van het electronvangstproces en de mate
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waarin atomaire effecten, zoals die optreden bij de her-

rangschikking van de electronenwolk, van invloed zijn op

het vangstproces.

In dit proefschrift worden verschillende baanelectron-

vangstmetingen beschreven.

In hoofdstuk I wordt een kort overzicht gegeven van

de theorie van het electronvangstproces. Aan de hand van

formules wordt zowel het nucleaire als het atomaire aspect

van de theorie belicht. Tevens worden de door Goverse

(1973,1974) veronderstelde correlatieeffecten besproken.

Dit zijn effecten die het gevolg zijn van de wisselwerking

tussen wolkelectronen onderling en die een systematische

afwijking tussen experiment en theorie zouden kunnen veroor-

zaken.

In hoofdstuk II worden verschillende experimentele

technieken behandeld en wordt aangegeven waarom de interne-

bronmethode voor ons onderzoek werd toegepast. Verder wordt

in dit hoofdstuk een vergelijking gemaakt tussen meerdere

theoretische berekeningen, die het vangstproces op ver-

schillende manieren benaderen, en het beschikbare experi-

mentele materiaal.

In hoofdstuk III wordt de interne-bronmethode beschre-

ven, die gebruik maakt van met radioactief materiaal gedo-

teexde scintillatiekristallen. Twee verschillende methoden

van kristalgroei worden besproken. Tevens komen lichtop-

brengstmetingen aan de orde die gedaan zijn aan door ons

gegroeide kristallen ter bepaling van de concentratie van

de chemische bestanddelen die een optimale lichtopbrengst

van de gegroeide kristallen tot gevolg heeft. Tenslotte

wordt de spectrometer beschreven met dat gedeelte van de

apparatuur dat in alle metingen gebruikt is.

In hoofdstuk IV worden de mislukte pogingen beschreven

om wolfraam (181W) en yttrium (88Y) in te groeien in het

kristalrooster van de scintillatiekristallen. De door

Schulz (1967b) opgestelde criteria waaraan moet worden
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voldaan opdat homogeen gemengde kristallen worden gevormd

worden besproken. Verder wordt nagegaan welke consequenties

dit heeft voor de toepassingsmogelijkheden van de interne-

bronmethode .

In de hoofdstukken V en VI worden de metingen aan

barium (131Ba) en zilver (1Oèhgw) beschreven. Uit de geme-

ten vangstverhoudingen worden de relevante grootheden

afgeleid die vergeleken kunnen worden met de theoretische

voorspellingen. De resultaten geven geen aanleiding tot

ondersteuning van de veronderstelling van Goverse betref-

fende het optreden van correlatieeffecten. Vergelijking

van de experimentele resultaten met twee verschillende

theoretische benaderingen, n.l. van Bahcall en van Vatai,

toont aan dat er een goede overeenstemming is met beide

voorspellingen. Er is echter op grond van de experimentele

resultaten geen eenduidige voorkeur uit te spreken voor

één van deze twee theoretische voorspellingen.
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