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3.

STELLINGEN

Het definiëren van de bindingsenergie als een negatieve

grootheid leidt tot inconsequent taalgebruik en dient

daarom vermeden te worden.

De veronderstelling dat bij elektronvangst ten gevolge

van de verandering van de bindingsenergieën van de

elektronen energie vrijkomt welke gebruikt kan worden

voor de produktie van gaten in de L-schil is onjuist.

A . A . [ C o n s t a n t i n o v c s . , ',••••• /:'•....• •" ' •'• :• : . '•••'. • .'= • .-

.'"'.• il !o\'::.•'..'>. "' •:".'..•, uitgegeven door R. W. Kink c.s.,

U. S. 'Al-oinic Energy Commission Report no. CONF-7204O4, ! y73,

p. 2035.

Ten onrechte houden Ravn en Bøgeholt bij de berekening

van de "coincidence-detection efficiency" geen rekening

met de invloed van de instelling van de discriminator-

nivo's.

H . L . R a v n e n P . B í S g e h o U , P h y s . R e v . C ( 1 9 7 1 ) 6 0 1 .

De aanbeveling van Eadie c.s., om bij aanpassingen van

histogrammen gebruik te maken van de "maximum likeli-

hood" methode in plaats van de "least squares" methode,

gaat voorbij aan de beperking van de eerste methode,

waarbij de histogramverdeling genormeerd moet zijn.

W . T . E a d i e c . s . , •.'.•ü, ':zi •'-.;/. "','•'?".•> /'?; ''..:; ,}•-'><,.'•,' r ' ;\..-•' : ° " ,

(North-Holland, Amsterdam, 1971).



5. Indien musici besluiten êán of meerdere toegiften te

geven na een concert dienen zij zich in de keuze van

deze toegiften uitsluitend te laten leiden door de

samenstelling van het geboden programma.

6. Om de kans om aan brand te ontsnappen te vergroten

dient ieder gebouw op minstens twee verschillende

manieren verlaten te kunnen worden.

7. Het verdient aanbeveling de beoordeling van de rij-

vaardigheid tijdens het rijexamen door meer dan éën

persoon te laten plaatsvinden.

8. De baan "elektronvangst" vervalt.

23 juni 1978 J. van Pelt

* •
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INTRODUCTION AND SUMMARY

In s decay the structure of a nucleus is changing by

the transformation of a proton into a neutron or vice versa.

The first process can proceed by means of electron capture.

Here, an atomic electron is capture by the nucleus and a

proton is changed into a neutron under emission of a neu-

trino. This process is possible because atomic electrons

have a finite probability to be at the nucleus. In the

theoretical description of the electron-capture (EC) process

one has to consider both nuclear and atomic variables. In

earlier theoretical work (before « 1950) only the nucleus

and the captured electron were taken into consideration.

Later on, the influence of changes in the electron cloud

during the EC process became an important part of the for-

mulae describing the EC transition probability. Due to the

complexity of the process approximations were necessary to

carry out the calculations of atomic effects. Since that

time experimental results often induced a reconsideration

of the approximations made. Goverse (1974c) suggested that

effects due to electron correlation and configuration in-

teraction are not negligible but are responsible for syste-

matic discrepancies between experimental and theoretical

results as noticed by him. It was the aim of the work, des-

cribed in this thesis, to obtain more experimental data to

test the suggestion of Goverse (1974c).

Instead of absolute transition probabilities the pro-

bability ratios for capture from different atomic shells

are usually subject of investigation. For some types of EC

decay the nuclear parameters are cancelling and the capture

ratios can be described by very simple expressions in terms

of the EC transition energy Q__, the wave functions of the

11



captured electrons and the terms describing the atomic

effects. Experimental values for the latter terms can be

determined by comparing the expressions without the atomic

effects with experimental capture ratios.

The electron-capture ratios in the decays cf !31Ba,

lOb̂ gin ancj 19 6^U n a v e been measured by means of a 4-n inter-

nal-source Mal(Tl) scintillation spectrometer up to an

accuracy of about 1 %. Measurements on the nuclides 175Hf

and l 39Ce have shown that these elements are unfit for

investigation with the used experimental set-up.

In chapter I a review of the theory of EC is given and

expressions for the electron-capture ratios are derived.

Attention is paid to the calculations of exchange and over-

lap correction factors.

In chapter II the theoretical results are compared with

experimental values on the basis of two recently published

compilations (Goverse,1974c and Bambynek et al.,1977). In

connection herewith the chojce of the selected elements is

argued after a short review of the most accurate experi-

mental techniques.

In chapter III the experimental set-up is described

and the analysis of the scintillation spectra is discussed.

The measurements on 131Ba, described in chapter IV,

result in values for the exchange and overlap corrections

X and X and for the atomic electron-capture transition

energy Q„„. In the derivation of these values the experimen-

tal results of Gerner (1978) are also used.

The measurements on 10f'Agm, described in chapter V,

result in values for the correction factor XL/K and for

QE„. Based on this Q„c value the position of the isomeric

level in 106Ag with respect to the ground state has been

determined. In the derivation of XL/K and Q the experi-

mental result of Gerner (1978) is used.

In chapter VI the measurements on 196Au are described

and the results for the correction factors X and X

12



are given.

In chapter VII the results are interpreted in view

of the suggestion of Goverse (1974c) and are compared with

the recent calculations of Bambynek et al. (1977).

13





C H A P T E R

THEORY

1 . 1 INTRODUCTION

A basic property of a nucleus is its total energy or

mass in its ground state. The energy of a neutral atom

with a nucleus containing Z protons and N neutrons, M(A,Z),

can be given by

M(A,Z) = -B(A,Z)
(1.1)

where M„ is the mass of the hydrogen atom, M is the massn n
of the neutron and B(A,Z) is the binding energy of the

nucleus. The number A denotes the total number of nucleons

in the nucleus viz. A = N + Z. At a fixed value for A the

mass will be a function of the proton-neutron ratio of the

nucleus.

By means of Beta decay a nucleus can adjust its proton-

neutron ratio to reach a lower energy state for the entire

atomic system. In neutron-rich nuclei this adjustment can

proceed via the transformation of a neutron into a proton

as given by

n —*• p + e +v negatron emission or $ decay.

In neutron deficient nuclei the transformation of a proton

into a neutron can occur by means of the processes

or

p —> n + e + v positron emission or ß decay

p + e —>• n + v orbital electron capture.

15
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In all these processes a neutrino (v) or an antineutrino

(v) is emitted. The Beta-decay modes find their origin in

the weak interaction between nucleons (protons and neu-

trons) and leptons (electrons and neutrinos). In this the-

sis only the orbital electron capture process is subject

of investigation.

Because of the finite probability for an atomic elec-

tron to be at the nucleus, it can be captured by the nu-

cleus causing the transformation of a proton into a neu-

tron and the emission of a neutrino. The captured orbital

electron leaves a vacancy in the atomic electron cloud.

During the de-excitation of the electron cloud this vacancy

is filled up and X rays or Auger electrons are emitted.

This radiation is characteristic for the vacancy as the

total emitted energy is equal to the binding energy of the

electron in the daughter atom positioned at the previous

vacancy. After the capture process, the daughter nucleus

can also be in an excited state, giving rise to de-exci-

tation Y rays or conversion electrons. As the detection

of primary phenomena such as neutrinos and nuclear recoil

resulting from neutrino emission is very difficult, the

detection of the above mentioned secondary radiation forms

the main tool for investigation of the electron-capture

process.

Second-order processes can also occur like emission

of internal bremsstrahlung (radiative electron capture),

shake-up (internal excitation) or shake-off processes

(internal ionization).

A theoretical description of ß decay was first given

by Fermi (1934) in this theory of ß emission. The theory

of allowed electron capture was first suggested by Yukawa

and Sakata (1935) and developed by Bethe and Bacher (1936)

and Møller (1937a,b). The first experimental evidence for

electron capture was given by Alvarez (1937) by detecting

Ti K X rays in the decay of k8V.

16



Since that time orbital-electron capture has been the

subject of investigation in many experimental and theore-

tical papers, textbooks and review articles. Most recently,

Bambynek et al. (1977) have given a very extended review

of all the experimental and theoretical work in the field

of electron capture. The theoretical description of the

capture process in the following sections will mainly be

an abstract of the formalism as is reviewed by Bambynek

et al. (1977).

1.2 ELECTRON-CAPTURE RATIOS

1.2.1 Transition, matrix elements

The orbital electron capture process can be described

by means of an interaction between a hadron current (tran-

sition of a proton into a neutron) and a lepton current

(transition of an electron into a neutrino). The interaction

density is given by
G i- . -i

Hn(x) = 2- J (x) LT(x) + h.c. . (1.2)

Here, J (x) denotes the hadron current and L (x) the lepton

current. The strength of the interaction is given by the

ß-decay coupling constant G.. Fermi (1934) constructed

first this interaction in analogy to the electromagnetic

interaction between a current and a vector potential. The

lepton current can be described as

(x) = ( 1 - 3 )

where i> (x) and ij; (x) are the field operators for the elec

tron and the neutrino and y are the Dirac matrices.

a ) T h e D i r a c m a t r i c e s a r e d e f i n e d a s : y = - i ß a , y,=-ß, y . = y Y ? Y O Y A >

a = aYr> a = a y e a n d o = | Í ( T y ~ Y Y ) • F u r t h e r m o r e , we h a v e :

ij; = IJJ y , , n a t u r a l u n i t s a r e u s e d : H = m = c = l .

17



These field operators are connected by an operator consis-

ting of a vector part y and an axial-vector part y Y5-

The hadron current can be described as

(1.4)

where f (x) and \fi (x) are the field operators for the pro-

ton and the neutron. As the proton and neutron, subjected

to the weak interaction, are also strong-interacting parti-

cles, the vector and axial-vector part must be "renorma-

lized". This is taken into account by A =-C /Cy=1.250+0.009

(Kropf and Paul, 1974) in which C and C. are the coupling

constants for the vector and axial-vector interaction.

Besides the vector current tyy ty and axial-vector cur-

rent tjiy Y5<l' there are other possibilities to construct a

Lorentz-invariant product, viz. by means of a scalar (i/ty) ,

a pseudoscalar (tyy.ty) and a tensor current (ijjy Y 'J') •

However, experiments have shown that only V-A interactions

are effective. A physical interpretation can be given as

follows. As - Yc can be written as the product of the spin

operator a. and the velocity operator -a., viz. y. =a.a.,

it determines whether the spin and momentum are parallel

or antiparallel. In the parallel state y, equals - 1 , so the

operator *s (1 + Y5) projects the left-handed component (anti-

parallel state) out of a wave function. In electron capture

the neutrino will be emitted in the left-handed state

(Schopper, 1966; Konopinski, 1966).

The interaction density now gets the form

(1.5)

The transition matrix element for the electron-capture

process becomes

18



= <nv| ƒ H {x)ähx |pe'

•f 21r6(En + E v-E p-E e_) J ^ (1 + Y c) * -d3r.'5 e

(1.6)

Here, the timelike and spacelike components are separated.

The wave functions * , <|> , $ and í .of neutron, proton,

neutrino and electron, respectively, are solutions of the

Dirac equation. The delta function 6 (E + E -E - Eg_)

assures energy conservation. For convenience M is written

as

M.
EC

. -E f) <f|HEC|i> (1.7)

in which i and f denote initial and final state, respec-

tively, and H„_ is the part of HD that describes the EC

process. The initial and final nuclear states and the

initial orbital electron have definite spins. So the angular

momentum carried away by the neutrino is restricted to those

values which obey the law of conservation of angular momen-

tum. Hence it is appropriate to expand the nucleon and lep-

ton current into multipoles that represent the transfer of

a certain amount of angular momentum. This expansion results

in

<f |
EC ' = — l ("D

/2 KLsM

K+M

(1.8)

19
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Here, T„T are multipole operators, q denotes the momentum

of the neutrino and $ _(Z) is the bound-state electron wave

function in the Coulomb field of the nucleus of atomic

number Z. The quantum numbers K, M denote the transferred

angular momentum K with z component M composed from an

orbital angular momentum L and spin s. The angular momen-

tum K can have 2K+1 orientations. The spin transfer can

have two values s = 0 or s = l, if the spins of electron and

neutrino are parallel or antiparallel, respectively. As

result of the multipole expansion one can carry through

the integration over the angles for the nucleons and lep-

tons separately.

If (J.,M.), (Jf,Mf), (jx,ux) and (Jv,uv) denote the

angular momentum and magnetic quantum numbers of the ini-

tial nucleon, the final nucleon, the captured orbital

electron and the neutrino, respectively, than the trans-

ferred angular momentum (K,M) must obey the conditions

|Jf-J.

"

< K < Jf + J.

K < j + j

M f-M. = M

= - M .

(1.9)

The neutrino continuum wave function can be expanded in

partial spherical waves <j> v

jv(q) - j„ v / « ; 1 (1.10)

The index K (e.g. K , «• ) is defined as3 v x

, if j = 1-h

-(1 + 1), if j =

k = (1.11)

20



The quantum number 1 denotes the orbital angular momentum

of the neutrino and the spherical waves <)> v (q) have theKv
form

.v(q) =

JT (qr) x_^

x?
1 = 1 - sign(< ).
V V V

(1.12)

Here, the functions j. (qr) are spherical Bessel functions
p v

and x u are composed of the two-component Pauli spinors

X™ and the spherical harmonies Y^""1. The expansion coeffi-

cients b can be defined as

= 4TT (-1)
I v

y v ~ s

1
2

v s v

Jv

" u v
V

S v ( q )

(1 .13)

in which the Wigner 3-j symbol illustrates the coupling of

the neutrino orbital momentum lv and neutrino spin \ to

the total neutrino angular momentum j v . The number sv is

the magnetic quantum number of the neutrino spin. It is

useful to introduce reduced hadron and leption matrix

elements by applying the Wigner-Eckart theorem (Edmonds,

1960; Schopper, 1966)

EC

G

/2 KLsfi

x (2j
Jf K J.

-Mf M M. -U,,-M u sv "U

x Y, (q)

(1.14)
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with x = K, Lj., L , L , Mj, ... denoting the different

shells from which the electron can be captured.

1.2.2 Electron-capture transition rates

The interaction, that is responsible for the electron-
-1 2

capture process, is very weak, of the order 10 with

respect to the strong interaction of the nucleons. Therefore,

the transition probability can be calculated by means of

first-order perturbation theory. The transition probability

from an initial state i to a final state f is then given by

EC1 dW (1.15)

Here, <f|H |i> is the transition matrix element and -rp;
Li \J Q.VV

denotes the number of final states in the interval dW at

an energy which is equal to the total energy W_ of the

process. This quantity can be calculated with phase-space

statistics assuming that the number of possible states is

given by the phase-space volume devided by h3. As in elec-

tron capture the neutrino is emitted with a fixed energy

and so with a fixed absolute value of the momentum, the

phase-space volume reduces to a sphere segment with a

surface p2d«v=q
2dfi if p and q are the momentum and energy,

respectively, of the neutrino. The number of possible states

-3TJ is now given by (Schopper, 1966)

dn
dW

(2w)3
(R = 1) (1.16)

In electron-capture experiments we do not look at angular-

dependent observables, so we have to sum over the magnetic

quantum numbers Mf u and s The probability for cap-

ture of an orbital electron from the atomic x-(sub)shell

is given by

22



= 2ir
2Ji I

M.M
.M. v s
1 f X V (1.17)

Since the initial nucleus has a definite orientation we

have to devide X by the 2J.+1 possible substates. Inser-

ting the matrix element given by eq. (1.14) in eq. (1.17)

and making use of the orthogonality relations of the 3j-

symbols, we find

= G2(27r)"3(2J.+l)"!

Ls
(-l)s(2K+l)

x /4IF <<|>K (Z)
X

(q)>r2dr (1.18)

In this expression the summation over the magnetic substates

has been carried out. In addition the initial and final

states in the reduced lepton matrix element have been inter-

changed as in this form usually this matrix element is

evaluated. The summation over the neutrino quantum number

K and the transferred angular momentum KLs still have to

be carried out. The electron wave function can be written

as

:x(z) =

(sign K ) f (z,r) x_
x

Kx Kx

g (Z,r)
Kx

(1.19)

Here, g (Z,r) and f (Z,r) are the large and small compo-
X X

nents of the bound-state electron radial wave functions,

23



respectively, if K < 0 and vice versa if K > 0. The

reduced lepton matrix element can be evaluated explicitly

with the neutrino wave function given by eq. (1.10) and

with the electron wave function given by eq. (1.19). This

results in

/ 4 7 < *K (Z) l | ( l + Y 5 ) T K L s | | • (q ) > =
x v

5K (Z'r)| jl « W ' x ' V +jï GKLs(Kx'

+ (sign <Z,r) ^ G R L s (-<x ,ky ) +JT

- \) v
(-Kjt ,-kJ .

(1.20)

The quantity G„. (n.,n,) represents the spin-angular part

of the reduced lepton matrix element. The radial dependence

is now explicitly given by the electron radial wave func-

tions g (Z,r) and f (Z,r) and by the spherical Bessel

functions j. of the neutrino wave function. The electron

radial wave functions g (r) and f (r) are a solution of

the Dirac radial differential equation and can be written

as

V" =

gk (r) = ßx(Pxr
x

Hk ( r ) + h k
+ h k (r)j

k -I -1
> if <x > o,

k (r) + d (r)]
x x J

if

(1.21)

< 0.

Í7
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Here, R i s the nuclear radius , ß i s the Coulomb amplitude

and p i s the momentum of the e lec t ron . The lowest-order

terms of Hfc ( r ) , h ( r ) , D (r) and d (r) are given by
X X X X

H. (r) = 1 + . . . ,

h,. (r) = 0 + ... ,

I(k ,1,1,1,-r) + ... ,

(1.22)

Here, W and m are the energy and mass of the electron

and a is the fine-structure constant. Considering that

m = 1; W<l;a = 1/137; I(k ,l,l,l;r)<1.8 and R f» 3 . 1 x lcT3xA1//3

it turns out to be that D, (r) is of the order l.l/(2k +1)

and d, (r) is about 0.02/(2k +1). Inserting eq. (1.20) and

eq. (1.21) into eq. (1.18) and gathering the terms calcu-

lated with H, (r) and D, (r) in the quantity ML (k ,k ) and

the terms calculated with h, (r) and d, (r) in the quantity
x x

m (k ,k ), the following abbreviation can be made

Vkx'kv>}

(1.23)

In fact \ has to be multiplied by a factor B taking into
X X

account the exchange and overlap correction as will be dis-

cussed in section (1.5). Defining a function f as

X
\?- Bx x (1-24)
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in analogy to the integrated Fermi function of the ß decay

we get the following expression for the capture of a bound

electron x.

A = G2(2TT3)"' C f .x ß x x (1.25)

The total capture probability for all the (sub)shells is

given by

xc =
-1

l n C f
v X X X

(1.26)

if n is the relative occupation number in shell x, i.e.

n =1 for a closed shell. In future completely closed

shells are assumed.

2.2.3 Selection rules

In the quantity C [eq. (1.23)] the summation over

K and k is restricted to those values which obey the

condition given in eq. (1.9). However, the order of magni-

tude of the terms decreases rapidly for increasing values

of k +k . The neutrino radial wave function jj (qr) can be

written approximately as (Schopper, 1966) v

n'. : = n. (n-2) . (n-4) (1.27)

As r is restricted to about the radius R of the nucleus

(R< 0.02) and the energy of the neutrino q is not higher

than several MeV's (q< 5) it follows that qr< 0.1. So, the

neutrino spherical Bessel function ji (qr) decreases rapidly
v

1 and j (qr) <0.03.

v
for increasing values of 1 viz. jQ(qr)

The bound-state electron radial wave functions decrease

rapidly for increasing values of k as can be seen from the
k -1 x

term (p r) x [see eq. (1.21)]. The momentum p is defined
as
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Assuming that the binding energy of the electron Ex is

smaller than about 100 keV (=0.20 in nat. units) it

follows that p r< 0.012.

The condition in eq. (1.9) implies that

|j f - J. | < K < j + j . The spin change of the nucleus

determines the lowest value of K and herewith

So, the value of AJ determines

among others the order of magnitude of the transition rate.

The classification of allowed and forbidden electron-capture

transitions is now given by

AJ =

the lowest value of j + j .

AJ =0,1

AJ =0,1

AJ = n > 1

AJ = n > 1

TT.ir.=+l allowed,

Ti.li =-1 first non-unique forbidden,

TT. TI = (-l)n nth non-unique forbidden.

7T i i r f = ( - 1 )
n - 1 (n-l)th unique forbidden.

(1.29)

1.2.4 Nuclear matrix elements

The nuclear matrix elements, as composed from the vec-

tor and an axial-vector current can be written in terms of

form factors F,. (q2) which are functions of the momentum

transfer of the nucleus q. The form factor F„T (q2) des-
KLS

cribes the transition between two nuclei with an absolute

value for the relative momentum transfer of q and a relative

angular momentum transfer of L. In F„_ (q2) the angular
KLS

momentum L and the spin s are coupled to the total angular

momentum K. F (q2) can be expanded in powers of q2 yiel-
N

ding the form-factor coefficients F.,T . These form-factor
coefficients contain all the information about the initial

and final nuclear states and the V-A operator. Each form-

factor coefficient is either due to the vector or to the

axial-vector part of the nuclear current (Stech and Schülke,

1964) .
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VF N

AN
KLs

if

if

7ii-nf = (-1)
L + s

"i'f = {~1
L + s+1

(1-30)

By expanding the electron and neutrino radial wave

functions and introducing the form-factor coefficients

explicit expressions of the quantities M (k ,k ) and

nu (k ,k ) of eq. (1.23) can be derived. If only dominant

terms (of lowest order in the expansion of electron and

neutrino radial wave functions) are taken into account we

get very simple expressions in case of allowed transitions

V1'1' = V FSOO
(1.31)

In case of forbidden transitions, the expansions of

M., (k ,k ) and m,, (k ,k ) are more complicated and also
K x v K x v

electron and neutrino variables enter into these formulae.

1.2.5 Ratios of eleatron-aaptv.re probabilities

In allowed transitions, electrons can only be captured

1 I 'from orbits with K =± 1 i.e. from the K, L_, L

... shells. Capture from orbits with K = ± 2 , for example,

would be governed by matrix-elements combinations M (2,1),

M2(2,l) which are smaller than MQ(1,1) and M (1,1) by at

least a factor p R< 0.02. Consequently, we have

C (K =+ 2) <4.10"4.C (K =+1). The quantity C results in
xx " xx M •* x

C =
x

(VF° (AF° ) 2

K i o r
(1.32)

Inserting this result in eq. (1.25) leads to
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4TT2

ß 2 q2 B (VF° ) 2

1 ootr
(AF°1 I

(1.33)

If we form the ratio of capture probabilities from diffe-

rent (sub)shells we get a very simple expression, which is

independent of nuclear parameters

ß 2 q2 B
X X X

ß 2 q2 B
y ̂ y y

(1.34)

For example, the ratio for capture from the L and K shell

becomes

B I + ßT <ïf B l
J I L I L I I L I I L I I (1.35)

For reason of comparison with experimental results it is

usual to split off the exchange and overlap correction from

the capture ratio. The capture ratio is written as

(1 +
' I I 'II

) X
L/K

(1.36)

The term XL/K takes into account the exchange and overlap

correction. The Coulomb amplitudes 8 are written as the

electron radial wave functions evaluated at the nucleus

[see eq. (1.21)]. Usually the ratio qf /q? is very near
LII Li

to one and will be omitted. In the same way the ratio for
capture from the M and the L shell will give, for allowed

transitions,
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M I " i l

A, + AT 32 q2 B
LI LI LI

II II II

1 +
J I I

I

(1.37)

In first-forbidden non-unique transitions the quantity

C is a more complex expression in terms of nuclear matrix

elements and so in terms of form-factor coefficients. How-

ever, it turns out to be that to a very good approximation

C for shells with equal k does not depend on the parti-
X X

cular subshell from which the electron is captured. In

addition, capture from k = 2 shells is negligible small in

comparison with capture from k = l shells. As a consequence

the electron-capture ratios in these transitions do not

depend on the form-factor coefficients and so have the same

form as given in eq. (1.36) and eq. (1.37).

In (L-l)-forbidden unique transitions only one form-
A 0factor coefficient F enters in the expression for C

if only dominant terms are taken into account. So, the

expressions for electron-capture ratios are independent on

form-factor coefficients but do have additional p - and

q -dependent terms. For example, in first-forbidden unique
X

transitions

4i in L I L I
qK SK

f2

L

1 +-
um i n

(1.38)
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Also here, as usually is done, q? /q? and q? /q2 are
TT T TXT I

set equal to one.

In higher-forbidden non-unique transitions the quan-

tity C depends on six different form-factor coefficients,
vi7 VpO Vp.0 VpO /i, i i n A F ° Ai'° ík 1 1 11

Q L L - 1 1 ' LLO' LLO1 X' ' ' '' LL1' LL11 x' ' ' '
and FL +ur
To a certain approximation the capture ratios from shells

with the same k value do not depend on nuclear form-factor

coefficients. As a consequence only capture ratios from

shells with different k will give information about form-

factor coefficients (e.g. LII];/K, Mlll/K; Vatai, 1973).

As can be seen from eqs. (1.35-1.38) the electron-

capture ratios are only dependent on electron and neutrino

parameters i.e. the Coulomb amplitude 8X, the exchange and

overlap correction B or X and the neutrino energy q in
X X

allowed, first-forbidden non-unique and the unique forbidden

transitions (with additional p dependence). In the next

sections these parameters will be discussed in more detail.

1 .3 NEUTRINO ENERGY

The neutrino energy can be determined in a simple

phenomenological way. In the initial state we have a neutral

atom (A,Z) in its ground state with a total energy M(A,Z).

In the final state we have a neutral atom (A,Z-1) in its

ground state with a total energy M(A,Z-1), an emitted neu-

trino with an energy q and emitted X rays or Auger elec-

trons with a total energy E . The energy E is equal to
X X

the binding energy of the captured electron in the final

atom. Energy conservation will result in

M(A,Z) = M(A,Z-1) + E +q
X X

or

- E

(1.39)
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Here, Q is the mass difference between the initial and

final atom in their ground states. From this equation one

can see that the electron-capture process is energetically

possible if

(QEC - Ex) > 0 . (1.40)

We have neglected the recoil energy of the atom from

neutrino emission because this value if very small. Its

largest value, in 7Be,is only 57 eV.

If shake-up or shake-off effects occur, an additional

term E due to the rearrangement energy must be introduced

in the energy relation

and

QEC - Ex - ER * (1.41)

In the second-order process of radiative electron

capture the available energy is not carried away by the

neutrino alone but is devided among the neutrino and the

internal-bremsstrahlung (IB) photon. The IB photon origi-

nates in the electromagnetic interaction between the cap-

tured electron and the nucleus. As the final state of this

process involves a neutrino and a photon the energy will

be shared statistically and the IB and the neutrino energy

spectrum will be continuous

qx + qlB = QEC ~ Ex" (1-42)

The probability for the emission of a single photon, which

is the most probable process, is of the order of 10"1* per

electron-capture event.
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1.4 COULOMB AMPLITUDES ß

From eq. (1.21) one can see that the Coulomb ampli-

tudes Bx are normalization constants for the bound-state

electron radial wave functions. Just like these functions,

3X will be determined by the potential of the nuclear and

atomic charge distribution. It turns out to be that the

value of ßx is essentially determined by the potential

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

the nuclear electrostatic field. The finite nuclear size

and the shape of the nuclear charge distribution have less

influence on (Behrens and Biihring, 1971). The potential

produced by the nuclear charge and the atomic electron

250

x10

20 40 60 80 100

Fig. 1.1. Electron radial wave function ratios g% /f/jL ƒ? /;7? and

4'fj /d\ 3 calculated by Mann and Water (1973).
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cloud can be derived approximately from statistical models,

by solving the Thomas-Fermi equation (taking into account

only the electrostatic interaction of the electrons) or the

Thomas-Fermi-Dirac equation (in which also exchange effects

are included) (Gombas, 1956). A more exact form of the

potential can be derived through self-consistent field

calculations by Hartree-Fock or Hartree-Fock-Slater methods.

In the latter method the exchange effects are taken into

account by an approximate exchange potential.

These approaches have been used by several authors to
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Fig. 1.2. Electron radial wave function ratios 7? /Æ, calculated

by several authors, devided by the (HF-R) values of Mann and Water

(1973). (Data taken from Bambynek et al., 1977).
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calculate the Coulomb amplitudes or the electron wave

functions at the nucleus. Of the various methods, which

are listed in table 1.1, the self-consistent relativistic

Hartree-Fock calculations are based on the soundest theo-

retical grounds and so the wave functions of Mann and

Waber (1973) should preferably be used for analyzing

electron-capture experiments (Bambynek et al., 1977). The

g2 /g2., f2 /g2 an(j t n e g2 /g2 ratios of Mann and Waber
L^ K. ÍÍ I I I

are g iven as funct ions of Z in f i g . 1 . 1 . For reason of

comparison r e s u l t s of other c a l c u l a t i o n s are devided by

the r e s u l t s of Mann and Waber and g iven in f i g s 1.2 - 1.4

CM - 1

O)

oi

t

2.0

1.8

1.6

1.4

1.2

1.0

0.8

1.2

1.0

•
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• i r

SUSLOV (1969 .1970b)
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•
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Fin. l.i. Electron radial wave function ratios ƒ£ A?2 calculated

by several authors, devided by the (HF-fi) values of Mann and Waber

(1973). (Data taken from Bambynek et al., 1977).
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7'ible 1.1. List of 'jaljti'.Iations of cl-j'

inside or> near- the nucleus. (After B'Vnbyt !•• e t a l . , l i ' / 7 ) .

References

ijtysk and Rose

(1958)

Band et al.

(1956,1958)

Brewer et al.

(1961)

Watson and

Freeman (1961)

Herman and

Skillman (1963)

Winter

(1968)

Behrens and

Jänecke (1969)

Suslov (1969,

1970)

Martin and

Blichert-Toft

(1970)

Froese-Fischer

(1972b)

Mann and Waber

(1973;

R/NRa Atomic

potential

R TFD

R TFD

R TFD

NR HF

NR HFS

NR HF

R HF (Z<36)

TFD (Z>36)

R NR HFS (Z<72)

RHFS (Z>72)

R HFS

NR HF

R HF

Nuclear charge

distribution

Uniform

Uniform

Uniform

Point

Point

Point

Uniform

Uniform

Fermi

Point

Fermi

Z

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 = nonrelativistic, R = relativistic .

TFD = Thomas-Fermi-Dirac, HF = Hartree-Fock, HFS = Hartree-Fock-Slater.
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for some values of Z.

Fig. 1.2 shows that all relativistic calculations on

g£ /g| agree very well with each other for Z > 20, except

the values of Brysk and Rose. The relativistic and non-re-

lativistic ratios differ by f» 50 % for very-heavy nuclei.

For all other ratios, relativistic effects are small (see

for instance fig. 1.4).
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I .5 THE EXCHANGE AND OVERLAP CORRECTION

In the derivation of the transition probability for

electron capture [eq. (1.23)] the process has been des-

cribed in terms of parameters of the captured electron,

the neutrino and of the nucleus. However, the whole atom

is involved in the capture process as all the atomic

electron wave functions change due to the decrease of the

nuclear charge and the disappearance of an atomic electron.

As a consequence, the wave functions of parent and daughter

atomic electrons with the same quantum numbers do not have

a perfect overlap while the wave functions describing elec-

trons with different quantum numbers will have a finite

overlap. Due to this absence of orthogonality between parent

and daughter atomic states exchange effects can occur during

the capture process. For example, a hole in the K shell may

be the result of K capture, but may be caused also by cap-

ture of another electron with a simultaneous jump of a K

electron in the hole left by the captured electron. These

effects are taken into account in the expression for the

electron-capture transition probability by means of the

exchange and overlap correction factor B .

Benoist-Gueutal (1950, 1953) first suggested in a cal-

culation on 7Be that atomic electrons must be included in

the description of the capture process. Next, Odiot and

Daudel (1956) made these calculations for He, Be and A.

In the calculation of these correction factors one is

faced with the difficulty of calculating and summing an

infinite number of separate contributions from the final

atomic states. These final states must include all the

shake-up and shake-off processes. In the calculations per-

formed by several authors two approaches can be distinguished

to overcome this difficulty.

1) Bahcall's approach. Bahcall separated the atomic state

vectors into two independent parts
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I atomic > = I inner > x |outer >

and used the following approximations.

a) The innermost electrons are almost inert and there

is no exchange between inner and outer electrons.

b) The neutrino energy is independent of the final

states of the atom, as the binding energy of the

outer electrons is negligible with respect to the

neutrino energy.

c) The outer electron states (e.g. outside the 3s shell)

form a practically complete set, so he used the

closure approximation to perform the summation over

all the final atomic states.

Bahcall himself (Bahcall, 1962, 1963a-c, 1965) used non-

relativistic analytic Hartree-Fock ground-state wave

functions of Watson and Freeman (Watson and Freeman,

1961a,b) for parent and daughter atoms. So he neglected

the inner-shell vacancy in the daughter atom. In his

calculations only s electrons were taken into account.

2) Vatai's approach. Vatai does take into account the

vacancy left by the captured electron. As for the outer

electrons the change of the nuclear charge is greatly

compensated by the disappearance of the captured elec-

tron, Vatai assumes that all the outer electrons retain

their quantum numbers. So no summation over different

final states in necessary. As a consequence processes

involving shake-up and shake-off are neglected. According

to Vatai, only electrons with a total quantum number up

to j = i+1 are to be included in the calculation of the

probability of the formation of a vacancy in the is shell.

In Vatai's calculation (Vatai, 1968,1970) the effect of

the inner hole in the daughter atom is estimated by

perturbation theory. Analytic Hartree-Fock wave functions

of Watson and Freeman were used for the initial state
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and as unperturbed wave functions for the final state.

The overlap correction for the inner p and d electrons

were estimated.

Faessler et al. (1970) have calculated the Bahcall

exchange and overlap corrections using the Herman-Skillman

Hartree-Fock-Slater program (1963) and the Froese-Fischer

Hartree-Fock program (1965,1969). With these programs the

effect of the inner-shell vacancy was taken into account.

From these calculations it appears that the correction

factors for the L/K and M/L capture ratios are insensitive

to the model wave functions. The influence of rearrangement

effects on these capture ratios is very small.

Suslov (1970) followed Bahcall's approach and used

relativistic Hartree-Fock-Slater wave functions to calculate

the exchange and overlap corrections for 14 < Z < 98. The

wave functions were obtained by numerical integration of

Dirac's equation, using a nonrelativistic potential

(Herman and Skillman, 1963) for 14 < Z < 73 and an analogous

relativistic potential (Liberman et al., 1965) for Z> 74.

Finite nuclear size was included through the uniformly-

charged sphere model.

Martin and Blichert-Toft (1970) followed Vatai's

approach and used a relativistic Hartree-Slater program

with finite nuclear size for 6 < Z < 98.

Recently, Bambynek et al. (1977) have calculated the

exchange and overlap corrections following both Bahcall's

and Vatai's approach using the Hartree-Fock program of

Froese-Fischer (1972a). In both approaches the effect of

the hole in the daughter has been included. They noticed

that the degree of orthogonality of the wave functions is

very important in the evaluation of the overlap integrals.

The overlap integrals are not very sensitive to the choice

of the atomic potential if they are calculated with ground-

state wave functions. However, for calculations of inner-

shell vacancy states (e.g. Is and 2s hole states) the
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atomic model is important as the hole state wave functions

are sensitive to the potential. Bambynek et al. argue that

the orthogonality is best described in the Hartree-Fock

program of Froese-Fischer.

The exchange and overlap corrections computed accor-

ding to Bahcall's approach (Bahcall, Faessler et al.,

Suslov and Bambynek et al.) agree well within 5%, see

fig. 1.5. The calculations of the correction factors by

Martin and Blichert-Toft and by Bambynek et al. according

to Vatai's approach coincide, except for low-Z values,

see fig. 1.5. In general, the results from Vatai's approach

are smaller than those following Bahcall's theory, see

fig. 1.6a and b. The exchange and overlap corrections on
L/KL/K-capture ratios X calculated following both approaches

differ about 24 % at low Z (Z = 4) and about 1 % at high Z

í

í
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(Z = 90). For the exchange and overlap correction X these

differences are about 19 % at low Z (Z = 12) and about 3 %

at high Z (Z = 90) .
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C H A P T E R I I

EXPERIMENTS COMPARED WITH THEORY

2. 1 INTRODUCTION

In course of time in several review articles experi-

mental results on electron-capture ratios have been com-

pared with theoretical predictions. Up to 1960 there was

no important disagreement between experimental L/K ratios

and the calculations of Brysk and Rose (1955,1958), but

there were only few accurate experimental values [Robinson

and Fink (1955), Bouchez and Depommier (I960)]. Robinson

and Fink (1960) first emphasized that the experimental L/K

ratios systematically exceeded theoretical predictions by

about 10 %. Bouchez and Depommier (1963) noted that the

exchange and overlap corrections of Bahcall (1962,1963a)

removed this discrepancy but that the first accurate expe-

rimental M/L ratio (Manduchi and Zannoni 1962,1963) dis-

agreed with the exchange corrected theory. Fink (1968)

referred to the conclusion of Winter (1968) that the agree-

ment in L/K was fortuitous. If one used the wave functions

of Watson and Freeman (1961) in the calculation of both the

L/K-capture ratio and the Bahcall correction the experimen-

tal L/K values were somewhat lower than the calculated ones.

Also the experimental M/L values deviated from theoretical

results calculated with the Watson-Freeman wave functions

without Bahcall correction while the Bahcall correction

even changes the theoretical values in the wrong direction

[Renier et al. (1968), Bérenyi (1968b), Fink (1969)]. Genz

(1973) reported good agreement between experimental L/K

values and theoretical values based on the wave functions
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of Zyryanova and Suslov (1968) and the exchange and overlap

corrections of Bahcall (1963b,c) and of Vatai (1970).

According to Genz, however, no preference could be given

for a certain combination of wave-function densities and

exchange-correction calculations. Concerning M/L values

he reported good agreement for Z < 36 with the exchange

correction of Vatai (1970) and the wave functions of Wat-

son and Freeman (1961). The agreement at medium Z was

absent and at high Z was fairly well. Recently, Goverse

(1974c) has observed that the experimental L/K-capture

ratios seem to oscillate around the theoretical curve,

calculated with both the wave functions and the exchange

corrections of Suslov (1969,1970a,b). Bambynek et al. (1977)

find good agreement in L/K and M/L ratios with calculations

based on the wave functions of Mann and Waber (1973) and

the newly calculated exchange corrections following the

approaches of Bahcall and of Vatai, respectively.

The compilations of Goverse and of Bambynek et al. are

presented in more detail in section 2.3, after a short

review of the commonly used experimental techniques. In

addition, the choice of the investigated elements in this

thesis is argued.

2.2 EXPERIMENTAL TECHNIQUES

Experimentally, the electron-capture process can be

studied by means of the radiation that is emitted during

or after the process. Different types of radiation can be

distinguished:

- X rays,

- Auger electrons,

- Neutrinos,

- Y rays.
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- Conversion electrons,

- Internal bremsstrahlung,

- Electrons due to internal ionization.

After each capture event, a vacancy is left behind in the

electron cloud. This vacancy will be filled up by a higher-

energetic electron resulting in a vacancy in a higher orbit

that is filled up in an identical way. During the transition

of an electron to a lower energetic state an X ray is emit-

ted or the energy difference is carried away by another

atomic electron viz. an Auger electron. Several X rays or

Auger electrons are generally emitted before the vacancy

has been shifted to the valency shell. The total energy of

the emitted X rays and Auger electrons is equal to the

binding energy of an electron positioned at the initial

vacancy if the binding energy of the valency electrons is

neglected. So, the radiation is characteristic for the

vacancy that is left by the capture process.

The detection of the emitted neutrino in the electron-

capture decay is very difficult and experiments have not

yet met with success (Bambynek et al., 1977). After the

capture process the daughter nucleus can be in an excited

state. De-excitation gives rise to y rays or conversion

electrons. A conversion electron also leaves behind a va-

cancy in the electron cloud, so additional X rays or Auger

electrons are emitted. The radiative electron-capture pro-

cess, in which also internal bremsstrahlung photons are

emitted, is a second-order process and the probability is

of the order of 10"1* per electron-capture event. The

emission of electrons as result of internal ionization

(shake-off) is also very weak and of the order of 10"1*

per capture event.

From this survey it is clear that electron-capture

ratios only can be measured by means of the X rays and

Auger electrons as this radiation is emitted in each capture
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event and is characteristic for the vacancy created by this

process.

The experimental techniques used for measuring elec-

tron-capture ratios can be devided in two categories:

A. Methods in which the radio-active source is placed

external to the detector. In these set-ups mostly X rays

are detected as the Auger electrons are heavily absorbed

before reaching the sensitive parts of the detector. As

a consequence the measured intensity ratios have to be

corrected for the undetected radiation by means of the

fluorescence yields. Further corrections have to be

applied for the absorption of X rays, for the finite

solid angle and the efficiency of the detector and also

for the X rays caused by vacancies produced by conversion

electrons. Due to these corrections and also due to the

inaccurate values for the L-shell fluorescence yields

(Bambynek et al., 1972) the accuracy of these methods

is poor (Bambynek et al., 1977).

B. Methods in which the radio-active material is completely

surrounded by detecting material. In these cases the

solid angle of the detector viewed from the position of

the decaying atom is 4TT and both X rays and Auger elec-

trons are detected. These internal-source methods can

be devided into methods using gaseous and those using

solid sources.

Methods using gaseous sources

In these techniques the radio-active gas or vapour is

added to the counting gas of a proportional counter. The

X rays and Auger electrons, emitted after a capture event,

are detected simultaneously. The detector will produce an

integrated signal corresponding to the binding energy of
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an electron at the position of the vacancy that is caused

by the capture process. Due to the low absorption coeffi-

cient of the counting gas for X rays escape of these X rays

out of the detector can occur, through which escape correc-

tions are necessary. Escape corrections can be avoided by

measuring low-Z radio-active sources in counters with a

counting gas at high pressure. Discrimination against

escape events is possible in multiwire proportional coun-

ters by means of anticoincidence measurements between the

central and the ring counter (e.g. Drever et al., 1957).

An accuracy of about 1 % can be reached by this method, if

the atomic number Z of the sources do not exceed Z « 50

(K < 29 keV). An advantage of this method is the possibi-

lity of detecting single- and few-electron events down to

essentially zero energy (Bambynek et al., 1977).

Methods using solid sources

In these methods the radio-active atoms are built in

the lattice of a solid-state scintillator (e.g. Der Mateo-

sian, 1953). The fluorescence photons, as result of the

detection of both X rays and Auger electrons are collected

at the photocathode of a photomultiplier yielding a signal

corresponding to the binding energy of an electron at the

position of the vacancy that is caused by the capture pro-

cess. Scintillators have been used like Nal(Tl), CsI(Na),

CsI(Tl) and Cs2Pt(CN)4.H20. The latter scintillator has

been applied by Ravn and Bøgeholt (1971). Escape of radia-

tion may be possible from radio-active atoms positioned

near the surface of the scintillator. This problem can be

overcome by measuring capture ratios on crystals with

different surface to volume ratios and extrapolating the

data to a zero surface to volume ratio (e.g. Leutz and

Ziegler, 1964) . Another possibility is surrounding the

active crystal by an inactive one to ensure the detection

of the radiation escaping from the active crystal (e.g.
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Joshi and Lewis, 1960). With these techniques capture ratios

can be measured with an accuracy of about 1 %. Due to photo-

multiplier and electronic noise the lower detection limit

is about 1 keV, so measurements of L/K-capture ratios are

restricted to elements with Z > 30 and of M/L ratios to

elements with Z > 54. The use of the internal-source scin-

tillation spectrometry is further restricted to those ele-

ments which form mixed crystals with the scintillator mate-

rial. If the radio-active element does not fit in the host

crystal clustering of the guest material can occur giving

rise to undesirable absorption of radiation, particularly

of Auger electrons. Schulz (1967a) has studied this effect

in Nal(Tl) scintillates. Of course, the radio-active guest

material is not allowed to disturb the scintillation mecha-

nism of the host crystal as this would result in a reduction

of the light yield. Especially in those experiments where

the active crystal is surrounded by an inactive one, the

light yield in both crystals must be equal.

2.3 RECENT COMPARISONS

Two ways of presenting the experimental and theoretical

data have mostly been used.

A. One can define an experimental exchange and overlap cor-

rection X as the ratio of the experimental capture
6 X p

ratio and the theoretical prediction without exchange and

overlap correction, e.g.

,L/K _ ( L / K ) e x p _
(L/K)

exp
(L/K>th k

2
K

exp

I +
f£i
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The experimental correction X is then compared with

the theoretical prediction X [see eq. (1.36)].

B. One can define a pure experimental quantity, the reduced

capture ratio, by deviding the experimental capture ratio

by the energy-dependent term, e.g.

ffl(L/K)
exp

red q2 /q2

This quantity can be compared with the pure theoretical

quantity

th
1 + Xth

L/K

t

60 80 100

Fig. 2.1. Review of the experimental X values. The solid curve

represents the theoretical Å I values of Suslov (1970a). (After

Goverse, 1973a, 1974c).
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Recently, Goverse (1973a,1974c) has given a review of
L/Kthe experimental exchange and overlap corrections X and

X up to 1973. The experimental capture ratios were de-

vided by the theoretical values calculated with the rela-

tivistic Hartree-Fock-Slater wave functions of Suslov (1969,

1970b) and these data were compared with the correction

curves of Suslov (1970a), see figs. 2.1 and 2.2. Goverse
L/Knoticed that the experimental corrections X seem to

oscillate around the theoretical curve. Most of the experi-

mental values are lower than the theoretical curve in the

Z region of the transition metals and higher than the theo-

retical curve in other Z regions. He suggests that these

,M/L

t

0.8 .

Fig. 2.2. Review of the experimental X values. The solid ouwe

represents the theoretical XII values of Suslov (1970a). (After

Goverse, 1973a).

51



deviations originate from the use of electron wave func-

tions which do not include effects due to configuration

interaction and electron correlation. These effects are

expected to be considerable in the Z region of the transi-

tion metals, because in this region there is a close com-

petition between different electron configurations. As a

consequence of this competition, the sequence in which the

electron orbits are filled up with increasing Z does not

follow the pattern of the excited states in hydrogen.
M/LThe experimental Xß values are generally smaller

than the theoretical curve according to Suslov, see fig.

2.2. A too small number of experimental values has been

determined in the transition-metal region to find any

systematic behaviour with respect to the theoretical curve.

But also here systematic differences caused by configuration

interaction are expected.

The aim of the experimental work, described in this

thesis, was to investigate these suggestions of Goverse.

More recently, Bambynek et al. (1977) have compared

in their review paper experimental reduced capture ratios

with theoretical values according to approaches of Bahcall

and of Vatai, respectively (see figs. 2.3 and 2.4 and

section 1.5). Only reliable experiments are included in

this comparison. According to the reliability criterion

they selected the experiments with carefully prepared

sources, with all necessary corrections being determined

and clearly described. Results without indication of error

limits, or with errors in excess of 15 % are discarded.

The Q _ values have to be determined independently of the

capture ratios and are taken from the mass tables of

Wapstra and Gove (1971) or taken from measurements of in-

ternal bremsstrahlung spectra or (p,n) reaction thresholds.

Most of the selected experiments have been performed with

the internal-source method (section 2.2).
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Fig. 2..3'. Comparison of experimenta' reduced L/K-capf.'.re ratios for

allowed transitions (solid circles) and first-forbidden non-unique

transitions (open circles) with theoretical predictions baseil on wave

functions of Mann and Water (197/') and exchange and overlap corrections
L /K

X I' l calculated according to Bahcall's approach, (solid curve) and

according to Vatai's approach (broken c-'.r-oe). (After bambynak et al.,

1977).

The theoretical curves have been calculated with the

electron radial wave function amplitudes from the relati-

vistic Hartree-Fock calculations of Mann and Waber (1973).
L /KThe exchange and overlap correction factors X I and

X I I were calculated by Bambynek et al. (1977) according

to the approaches of Bahcall and of Vatai for Z< 54. For

Z > 54, the correction factors of Suslov (1970b) are used

in continuation of the Bahcall factors, and those of Martin

and Blichert-Toft (1970) in extension of the recalculated

Vatai factors. From this comparison Bambynek et al. arrive

at the following conclusion. Vatai's formulation causes an

underestimation of L/K-capture ratios at low Z, but leads
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Fig. 2.4. Comparison of experiment-al ra,lv/-ed A/L-ca'. i ere ratios for

allowed transitions (solid circles) and first-forbidden non-unique

transitions (open circles) with theoretical predictions bas: d on wave

functions of Mann and Waber (197,5) and exchange and overlap corrections

A l l calculated according to Bahaall's approach (solid curve) and

according to Vatai's approach (broken curvo). (After btvnbynek et al.,

1977).

to M/L-capture ratios in fair agreement with experiment.

On the other hand, Bahcall's approach yields better agree-

ment to L/K ratios with experiment, but overestimates the

M/L-capture ratios.

Due to the difference at low Z between the wave-func-

tion ratios of Suslov and of Mann and Waber (up to 20 % at
rr2 n2

Z = 5 in and up to 25 % at Z = 15 in , see figs. 1.4

and 1.6), the experimental points in the figures of Goverse

and of Bambynek et al. will differ considerable at low Z.

54



The selected experimental reduced L/K values of Bambynek

do not give an indication for an oscillatory behaviour,

however, the number of points is strongly reduced.

Goverse uses in his comparison both the wave functions

and the correction factors of Suslov. Bambynek et al. use

the wave functions of Mann and Waber whereas the correction

factors of Suslov and of Martin and Blichert-Toft are taken

for Z > 54 and those calculated with the Hartree-Fock pro-

gram of Froese-Fischer are taken for Z < 54. Winter (1968)

has noticed the importance of using the same wave functions

both in the correction factor and in the other part of the

capture-ratio formulae. However, the wave-function ratios

of Suslov and of Martin and Blichert-Toft are equal to

those of Mann and Waber for medium and high Z (see figs.

1.4-1.6). From calculations by Faessler et al. (1970) it

appears to be that the correction factors are insensitive

to the model wave functions used (see section 1.5).

2.4 CHOICE OF ELEMENTS IN PRESENT WORK

A restriction to the choice of the elements is imposed

by the half-life. Due to the time-consuming processes of

crystal growth and crystal preparation the half-life of the

elements have to be greater than about one week. To derive

exchange and overlap corrections from capture ratios the QEC

value has to be known with sufficient accuracy. Of course,

this value has to be determined independently of these

corrections.

As suggested by Goverse the capture ratios in the Z

region of the transition metals (21 < Z < 30, 39 < Z < 48,

57 < Z < 80, Z > 89) would deviate systematically from the

theoretical predictions. In the region of the Lanthanides

(57 < Z < 71) only one accurate measurement has been reported

(159Dy). Still, several interesting nuclei decaying by means
6 6
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(T, =137.5d),of electron capture can be selected viz. 1

^ P m (T, =363d), ' ?fHf (T^ = 70 d) and ^|Ta (T,=600d).

It was decided to investigate these nuclei by means of an

internal-source Nal(Tl) spectrometer as is described in

chapter III.

The measurements on ^^Hf and x|gCe have shown, however

that these elements do not form mixed crystals with the

Nal(Tl) host material and consequently are unfit for inves-

tigation with this internal-source method. Other experiments

on 1jlVI and ^8Y (Gerner, 1978) were performed with the same

result. As the chemical properties of the rare-earth ele-

ments (e.g. 5gCe and 61Pm) are identical, no attempt has

been made to measure the decay of ^ P m in this way. Because
b 1

the experiments on ^jHf an<3 l7^ lead to the same result,

the decay of ^^Ta has not been investigated either.

Schulz (1967a) has studied in more detail the subject

of dissolving radio-active sources in Nal(Tl) crystals and

has developed a chemical and physical criterion on the for-

mation of true mixed crystals. The chemical criterion is

based on the fact that the radio-active component is dis-

solved properly only if mixed-crystal formation occurs which

can be recognized by measuring the distribution of the

radio-active component along the Nal(Tl) ingot. The physical

criterion is based on the fact that clustering of the radio-

active material would cause absorption of low-energetic

electrons without detection. So, the capture events are

detected at the proper binding energy only if a mixed

crystal has been formed. Based on these criteria, Schulz

stated that Rb, Cs, Ba, Os, Tl and Pb form true mixed

crystals with Nal(Tl), while the elements P, Ca, Mn, Zn,

As, Y, Sn, Ce and Bi do not. Schulz has investigated Ce
as CeCl_, so it was not certain if CeCl, would exhibit thei 4
same behaviour. From our experiments it follows that also

4 +Ce does not meet the physical criterion likewise and gives

rise to deteriorated peaks in the energy spectrum of the
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Nal(Tl) detector.

No definite prediction can be made about the mixed-

crystal formation of still uninvestigated materials with

Nal(Tl) due to the lack of sufficient knowledge. For

further investigation only those elements have been selected

which already have been proved to form mixed crystals with

Nal(Tl). The isotoper, ̂ B a (T, =11.8d), 1™Aqm (T,=8.4d)

and ^ 6Au (T, =6.2d) have been chosen, as these nuclei are
79 2

also suitable to investigate Goverse's suggestion. These

experiments are described jn chapters IV, V and VI, respec-

tively.
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C H A P T E R I I I

EXPERIMENTAL SET-UP

3. 1 INTRODUCTION

The measurements of electron-capture ratios on ele-

ments of medium or high Z can best be performed by means

of internal-source scintillation spectrometry, as has been

pointed out in section 2.2. The capture ratios can be

measured by means of separate active (source) crystals or

by means of a crystal assemby in which the source crystal

is surrounded by inactive crystals. The first method re-

quires an extrapolation procedure to eliminate escape

effects. Consequently, additional uncertainties are intro-

duced. The second technique does not require any escape

correction at all and seems to be the most accurate one.

An additional feature of surrounding the source crystal

is the possibility of shaping the enveloping inactive

crystals to ensure optimum light collection at the photo-

cathodes .

Internal-source ^-scintillation spectrometers have

also been used in this laboratory by Goedbloed (1970a,b)

and Goverse (1973,1974a,b).

3.2 THE INTERNAL-SOURCE SCINTILLATION DETECTOR

3. %. 1 Choiae of the sain!-il Latov

An important property of a scintillating crystal is

its absolute scintillation efficiency S. This quantity is

defined as the fraction of the incident energy that is
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converted into fluorescence photons. The fraction (1-S)

is dissipated non-radiatively, mainly as heat (Birks,1964).

The absolute scintillation efficiency determines amongst

others the lower detection limit. As we are interested in

low-energetic radiation of about 1 keV, the scintillator

with the highest S value has to be used.

- Nal(Tl) is the most commonly used scintillator because

of its high scintillation efficiency (13%, Van Sciver and

Bogart,1957) and high absorption coefficient (its density

is 3.67 g/cm3).

- Csl(Na) has the advantage of a higher absorption coeffi-

cient due to its higher density (4.51 g/cm3), but its

scintillation efficiency is 65 % relative to that of

Nal(Tl) (Breiter and Schulz,1967).

- Hofstadter et al. (1964) have reported measurements on

Cal„ and Cal (Eu) . These crystals have scintillation effi-

ciencies of about twice of that of Nal(Tl).

Although these latter scintillators have the highest scin-

tillation efficiency, they cannot be used in internal-

source scintillation spectrometry. From one's own expe-

rience and that of Hofstadter it appears to be very diffi-

cult to shape Cal„ crystals because of their hexagonal

crystal structure. Like mica, very thin sheets of Cal„ can

be split off with a razor-blade but cutting perpendicular

to the cleavage plane generates shallow cleavage cracks,

leaving a frayed edge. At the edge the crystal looses its

transparancy and the disturbed crystal structure will also

affect its property to scintillate. Up till now no shaping

method has been found to overcome these problems. So,

Nal(Tl) remains the most appropriate scintillator for the

detection of low-energetic radiation.

A?'

6.?. .2 Crystal assembly

All measurements have been performed with the Nal(Tl)

crystal assembly as given in fig. 3.1. For the shape of the
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inactive enveloping crystals truncated cones have been

chosen such that the fluorescence light generated in or

near the source crystal is totally reflected against the

side walls towards the directions of the photomultipliers.

This shape has been developed by Goedbloed (1970a,b). The

size of the enveloping crystals has been chosen such that

the X rays emitted from the source crystal are completely

detected within the crystal assembly. The enveloping

crystal cones have been mounted in an aluminium container

and MgO powder has been used to maximize the reflectivity.

The cylindrically-shaped source crystal is mounted in the

hole formed by the wells in the enveloping crystals. All

crystal components are optically coupled by means of a

grease (Dow Corning, 20.057). After assembling the enve-

loping crystal cones together the crystal combination is

wrapped around with PVC tape to protect the crystals

against humidity.
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.-.. ". li Cry 3 i a X 'j pou i h

All source crystals, doped with radio-active material,

have been grown by means of crystal-growth techniques

according to the Bridgeman principle (Goedbloed,1970a,b)

or according to the moving thermal-field principle (Gerner,

1978), developed in this laboratory. In both methods a

vycor crucible, on the bottom of which the radio-active

material is applied by vaporization, is filled with dry

Nal (ultrapure, E. Merck) and 0.3 weight percent Til powder

(p.A., E. Merck) and vacuum sealed. For the growth of

crystals by means of the above mentioned techniques two

types of furnace set-ups are used. In the first one the

crucible is moving down in a furnace through a temperature

gradient. This set-up has been described by Goedbloed

(1970a,b) and Goverse (1973). The other set-up consists of

an identical furnace in which the crucible has a fixed

position during the crystal growth. The lowering of the

temperature of the crucible is achieved by decreasing the

current through the heating elements. This current is con-

trolled by a "temperature controller" that stabilizes the

temperature of the crucible on a preset value within 0.1° C,

This preset value is controlled by a "temperature programmer"

that is able to change this preset value linearly in time

between an initial and final value with an adjustable speed.

The crucible is positioned on a seat that is connected with

a copper rod that sticks through the bottom of the furnace.

Firstly, this results in a temperature gradient over the

crucible and secondly the crystal growth will start at a

definite point and in the right direction. After the crystal

is grown, the crucible is displaced to a position in the

furnace with a minimum temperature gradient and is cooled

down to room temperature. The advantages of this furnace

set-up with respect to the moving crucible system are:

a) The temperature of the crucible can be stabilized and

controlled very accurately;
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b) The furnace can be locked at the bottom and the top

which reduces air convections.

After cracking the crucible by means of a blow with a

hammer, the crystal has been shaped cylindrically by means

of a lathe to dimensions of 5 mm 0 x 3 mm. Next, the source

crystal is polished and mounted between the two enveloping

crystals. Due to the hygroscopic nature of Nal(Tl) all

these operations are carried out in air-tight glove boxes

in which dry air of about 1 % relative humidity is circu-

lated.

3.3 MEASURING DEVICE

The Nal(Tl) crystal assembly is mounted between two

photomultipliers of the type EMI 9635 QA. These photomul-

tipliers have been selected on low dark current and high

quantum efficiency. The combination of photomultipliers

and crystal assembly is enclosed within a light-tight PVC

cylinder as given in fig. 3.2. In order to reduce back-

ground radiation the whole set-up is surrounded by a 10 cm

thick lead cylinder at the inside covered with 0.3 cm Cd,

0.3 cm Cu and 0.3 cm Al layers, respectively. A hole in

this lead cylinder and a light-tight hole in the PVC cylin-

der enables a Ge(Li) detector to approach closely the

crystal assembly. This Ge(Li) detector has been used to

select the electron-capture decay to a definite level of

the daughter nucleus by means of coincidence techniques.

The Ge(Li) detectors used, are manufactured by Princeton

Gamma Tech and have a sensitive volume of 75 cm3, an effi-

ciency of 13 (12) % relative to a 3" x3" Nal(Tl) crystal

and a resolution of 2.3 (2.4) keV at the 1.33 MeV y~ray

peak of 60Co. After breakdown of the first detector, a

second one has been used with the specifications within

parentheses.

MS'
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Ge ( Li)
DETECTOR

Fig. 5.2. Cross-section of the e^per'menta1 set-up with

the 4-n internal-source scintillation detector enclosed

within the light-tight PVC cylinder' and the !'b shielding.

The Ge(Li) de Lector has been drawn in measuring position.

The block diagrams of the electronic set-up are given

in chapters IV, V and VI, but the essential part is shown

in fig. 3.3. After absorption of the energy released in a

capture event the Nal(Tl) crystal assembly generates fluo-

rescence light in all directions. Due to the shape of the

crystal assembly, this light will be focussed in two oppo-

site directions and will release photoelectrons from the

photocathodes of both photomultipliers. The anode signals are

led to preamplifiers which generate low-impedance output

signals. Both coincident preamplifier signals are added in

a sumamplifier to get an energy signal. This energy signal
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is amplified such that the energy region of interest will

be analysed and led via a linear gate stretcher to a multi-

channel pulse-height analyzer. The linear gate stretcher

can be used for additional coincidence requirements as will

be discussed below. The ADC is gated by signals generated

by the single-channel analyzer, which selects the proper

peak from the Y~raY spectrum of the Ge(Li) detector. All

electronics except the preamplifiers are Ortec designed

and the multichannel pulse-height analyzer is a Nuclear

Data ND 100. The preamplifier is based on a FET operational

amplier 50J of Analog Devices.
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It is very common to use the anode or dynode signals

as a coincidence criterion to discriminate against photo-

multiplier and electronic noise (e.g. Goverse,1973b,

1974a,b). These signals are in that case amplified sepa-

rately and selected by two discriminators. If these dis-

criminator signals are coincident a pulse is generated by

a coincidence unit and this pulse is used as gate signal

for the linear gate stretcher that lets the energy signal

pass. In this way the noise in the energy spectrum is

considerably reduced to that part that is enabled by random

coincidences of noise from both photomultipliers. However,

this method can only be applied if one is sure that all the

event pulses exceed the discriminator levels. If an event

signal from one photomultiplier does not produce a discri-

minator pulse, no gate pulse for the energy signal is gene-

rated and the event is ignored. This situation can occur

if the discriminator levels can not be set very low due to

the noise counting rate but will certainly occur if the

spectrum of the event pulses from the separate photomulti-

pliers is finite at zero energy as will be the case at very

low energy events (see section 3.5). Therefore, in most

cases we did not use this coincidence criterion.

The gain of each photomultiplier has to be adjusted

such that the mean pulse-heights of identical events from

both photomultipliers are equal to each other. The full

width at half maximum of the corresponding sum peak is then

minimal. This adjustment is necessary every time a new

source crystal has been mounted because optical couplings

can be changed very little. In practice, the high voltage

potential over one of the photomultipliers needs correction

within 1%.
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3.4 ENERGY CALIBRATION

As has been pointed out in section 2.4 it is very

important that the electron-capture peaks in the spectrum

of the internal-source scintillation spectrometer are

located at energies equal to the binding energies of the

captured electrons. Ã reliable energy calibration is not

possible when the source crystal is mounted between the

enveloping crystals because:

a) the radiation of the external calibration source will

mainly be absorbed in the enveloping crystals through

which only these crystals will be calibrated;
u) the efficiency of the light collection at the photo-

cathodes is dependent on the position of the external

s, urce. In addition, if the external source is not

positioned at a symmetry axis with respect to the

crystal assembly, this will result in different pulse-

heights from both photomultipliers.

The energy calibration of the source crystal has been per-

formed by radiating a single source crystal, mounted in a

separate container, with an external source emitting X rays

of about the same energy as those of the internal-source

material. From the external source mainly K X and K X rays

are detected yielding a peak positioned at the weighted

mean of the energies of both X rays. If all the radiation

of the internal source is well detected, the internal peak

must be positioned at the proper binding energy. The results

are given in chapters IV, V and VI.

3.5 THE COMPUTER ANALYSIS OF LOW-ENERGY

SCINTILLATION PEAKS

3.5.1 The shape of the peaks

As in section 3.3 is argued no coincidence criterion

has been applied to discriminate against photomultiplier
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and electronic noise. Consequently, the low-energy peaks

were not completely resolved from the noise. A peakfitting

program has been developed to decompose the complex consis-

ting of a low-energy peak and the noise.

The noise has been fitted with an exponential function

-x/b
(3.1)

For the shape of the scintillation peaks (peaks in the

energy spectrum of the scintillation detector) a function

is used derived by Prescott (1963). This function is based

on the statistical frequency functions of all the processes

involved in a detection event. These processes are:

a) the light production, described by a Poisson distribution;

b) the light collection at the photocathode, the photoelec-

tron production and the photoelectron collection at the

first dynode, described by a binomial distribution. These

processes constitute a Bernouilli trial, e.g. a primary

photon from the scintillator results in a photoelectron

at the first dynode or not;

c) the multiplication in the photomultiplier tube, charac-

terized by the single-electron response function and

usually described by an exponential function.

Combining these frequency functions of the separate pro-

cesses, Prescott derived the following function for the

shape of a scintillation peak

= v/Me-Nx-./2e-x/a
cl 1

(3.2)

Here, I is a modified Bessel function of the first kind,

N denotes the mean number of electrons reaching the first

dynode and is dependent on the energy of the detected

radiation and the variable a represents the parameter of

the single-electron distribution
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SOO = I e"x/a. (3.3)

For sufficiently-large values of the argument of the Bessel

function, viz. 2/Nx/a > 10, the asymptotic form for this

function is substituted and the function for the shape of

the scintillation peak becomes

exp 2 ÆH - Ï -
V a a

(3.4)

The peaks have been fitted with this analytical expression

as in all cases could be satisfied on the condition

2 / Nx/a > 10. To show the behaviour at lov; energy (low

values of x) of the scintillation peak eq. (3.2) has been

plotted (figs. 3.4a and b). For the Bessel function I (x)

the infinite serie

1

s=0 s!(s+1)I

x|2s+l
2

(3.5)

has been taken that is in contrast with eq. (3.4) also

correct for low values of x (Arfken,1971).

The sum M peak in fig.- 3.4a has been plotted with

values for the parameters a and N taken from the peak

fitting of the 131Ba M peak. At the same time a peak has

been plotted as would be expected from the separate anode

signals. For this peak the number N has been taken half of

that of the sum M peak. This figure shows clearly that the

expected anode M peak has a finite value at zero energy.

The sum M peak in fig. 3.4b has been plotted with

approximate values for the parameters a and N for the 196Au

M peak. At the same time the expected shapes of the anode

M peak, the sum N peak and the anode N peak have been

plotted. For the latter peaks, the numbers N have been taken

proportional to the energy of these peaks. Fig. 3.4b shows
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fitting of the 1 3 1 5 a erierjy spectre (see ƒ•''/'. .•'. 'a) and

for' appi'oximatcd }<avameber valves token from the 196.-1t

ener-iij spectra (see fio. 5.'lb).

clearly that the sum M peak and the anode M peak do have a

zero value at zero energy but that the sum N peak and the

anode N peak are finite at zero energy.

From figs. 3.4a and b it is clear that the use of a

coincidence criterion, at any setting of the discriminators

(section 3.3), results in a reduction of the count rate in

the 1 3 1Ba M peak and in the 1 9 6Au N peak.

.3.5.2 The peak fitting

The low-energy peaks have been fitted by means of a

computer program that uses the Marquardt algorithm in an

iterated least-squares method (Marquardt,1963) to minimize

the quantity
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M _

c

Nc
l

i=l
(3.6)

where N is the number of channels of the spectrum that

has to be fitted,

P is the number of free parameters,

y. is the measured number of counts in channel i,

f. is the calculated number of counts in channel i

(fi = (xi)+f2(xi), see section 3.5.1),

a. is the statistical error in f..

This minimizing procedure has well been described by Blok

(1972).

Usually, the statistical error a. in f. is approxi-

mated by the square root of the measured quantity y.. This

approximation is valid if y. does not deviate relatively

much from f. as is the case at large values of y.. This

approximation is not allowed if y. is small and the relative

deviation of y. from f. can be considerably. Fig. 3.5a, in

which the experimental points have been fitted, making use

of the relation a. = /yT , shows that most experimental

points are situated above the fitted curve. It is a direct

consequence of the used relation a. = /yT that the experi-

mental points below the theoretical curve have more influ-

ence in the fitting than the points above the curve.

To overcome this problem,in our computer program the

statistical errors are derived from an approximated shape

of the theoretical spectrum by smoothing the experimental

spectrum. In this way o. is defined as

ai = (3.7).J
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The number of channels taking part in the smoothing, 2k+l,

has to be chosen dependent on the curvature of the shape

of the peak. The result of this procedure is illustrated

in fig. 3.5b.

The value of the parameter N in eq. (3.4), calculated

by the fitting routine, can be used as a test for the

quality of the experimental set-up as follows.

A theoretical value which establishes an upper limit for

the number of electrons reaching the first dynode per keV

detected radiation can be estimated in the following way.

Assuming the scintillation efficiency of Nal(Tl) is about

13% (Van Sciver and Bogart,1957), the number of fluores-

cence photons at the wave length of about 4 20 nm (corres-

ponding to an energy of 2.9 eV/photon) is 45 per keV. If

all these photons would reach the photocathodes of both

photomultipliers with a quantum efficiency of 25 % (EMI

9635 at 420 nm), 11.3 photoelectrons would be generated.

If all these photoelectrons would be collected at the
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first dynodes the theoretical upper limit for N per keV

detected radiation would be 11.3 electrons. The fitting of

the M peak of 131Ba results in a mean experimental value

for N per keV of 10.3 electrons. Based on the small diffe-

rence of 8.8 % between the theoretical upper limit and the

experimental value and the assumptions made in the calcu-

lation of the theoretical value one can conclude that the

experimental set-up has functioned properly.
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C H A P T E R IV

THE ELECTRON-CAPTURE DECAY OF ! 3 1 B a

4. I INTRODUCTION

As has been pointed out in section 2.4, the decay of
1 3 1 B a is suitable to investigate Goverse's suggestion con-

cerning correlation effects in electron-capture processes.

Smith and Joshi (1963) and Schulz (1967a) have proven that

the element Ba forms mixed crystals with N a l ( T l ) . Also our

experiments show that this element fulfils the physical

criterion of Schulz (1967a). Therefore, the internal-source

Nal(Tl) spectrometer is very appropriate to measure capture

ratios in the decay of 1 3 1 B a .

The decay scheme according to the recent compilation

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

given partially in fig. 4.1. In the decay of 1 3 1 B a , only

one L/K-capture ratio has been measured by Smith and Joshi

(1963) in a X—y coincidence measurement with a Nal(Tl) y

detector.

An accurate Q„„ value is necessary for the determina-

tion of exchange and overlap corrections from electron-

capture ratios. The Q values given by Wapstra and Gove

(1971), viz. Q = 1 3 4 0 + 1 9 keV, and by Nuclear Data Sheets

(Auble et al . , 1 9 7 6 ) , v i z . Q = 1 3 4 8 + 7 keV, have been
hi L>

determined indirectly by means of the closed-cycle method.

Recently, Gehrke et al. (1976) have measured the EC/ß+

ratio to the 216 keV level in 131Cs from which value they

have derived a Q value of 13 72 + _., keV. However, the'EC v a l u e O f 1 3 7 2-20
determination of this Q_„ value from the EC/ß1

ill KJ

ratio is
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Fig. 4.1. Decay scheme of

dependent on the exchange and overlap correction used. In

our opinion the determination of a Q„„ value, more directly

and independently of the knowledge of exchange and overlap

corrections, is desirable.
L/K

To determine Q and X from L/K-capture ratios at

least two L/K-capture ratios with a very different depen-

dence on QEC are needed. In the present work the L/K-capture

ratio in the decay to the 373 keV level has been measured

very accurately. An accurate value for the L/K-capture

ratio in the decay to the 104 8 keV level has been taken

from the work of Gerner (1978). From these ratios the Q„„
L/Kvalue and X have been derived. The L/K-capture ratio

in the decay to the 620 keV level has been measured for

comparison with the work of Smith and Joshi (1963) . A value
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M / T

for X has been determined from the M/L-capture ratios

to the 373 and 620 keV levels as result of our experiments

and the M/L-capture ratio to the 1048 keV level as result

of Gerner's experiment.

The 11.8 d 131Ba nuclide was bought twice from The

Radiochemical Centre, Amersham. In one case a small con-

tamination of 7.2 y 13:iBa activity was observable (0.44 %

at the date of delivery).

4.2 MEASUREMENTS

A 4TT internal-source Nal(Tl) spectrometer has been

used to measure X rays and Auger electrons (see chapter

III). The dimensions of the crystal assembly are such that

the X rays are totally detected. The y rays, escaping from

the crystal assembly, have been measured with a 75 cm3

Ge(Li) detector. A block diagram of the experimental arran-

gement is given in fig. 4.2. After addition of the anode

signals the sum signals are amplified in two ways, to ana-

lyse the M-L energy region (ADC 1) and the L-K energy re-

gion (ADC 2) of the scintillation spectrum (energy spectrum

from the scintillation detector). No use has been made of

the dynode signals as a coincidence criterion to discrimi-

nate against photomultiplier and electronic noise as the

discriminators in this configuration would also discrimi-

nate against low-energy M-capture events. This point has

been discussed in section 3.3; see also fig. 3.4.

During every measurement the y-ray peak within the

setting of the single-channel analyzer has been recorded

by a separate ADC 3. The window has been set in such a way

that it selects the y-ray peak and a small part of the

background at the high-energy side of this peak, see fig.

4.3. With this extension in the experimental set-up it was

possible to check the position of the window during the

measurements which often went on for a week. In addition,
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Via. 4.2. Block diagram of the experimental arrangement.

the total background within the channel could be determined

by means of the background level at the high-energy side of

the y-ray peak.

Coincidence measurements have been performed with the

373 and 620 keV y rays. As these y rays are from ground-

state transitions, no coincident summation occurs in the

scintillation spectra. The coincident L-K and M-L spectra

only consist of the K, L and M peaks positioned at their

binding energies. Coincidence measurements with the intense
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496 keV y ray deexciting the 620 keV level show in the

spectra coincident summation of the 124 keV nuclear radia-

tion with the X rays and Auger electrons. Additional coin-

cidence measurements have been performed with the window

selecting a small part of the background at the high-energy

side of the 373 and of the 620 keV peaks, respectively.

In some measurements a very small 382 keV y~rav peak

was observable from the 133Ba contamination. Attention has

to be paid to exclude the 382 keV peak from the window

selecting the 373 keV y~raY peak as the window in the coin-

cidence measurements with the background also excludes the

382 keV y-ray peak.

4.3 ANALYSIS AND RESULTS

Typical coincident spectra are given in fig. 4.4.

The areas of the K, L and M peaks still have to be

corrected for the contribution coincident with the back-
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ground under the -y-ray peak. This contribution consists of

true and of random coincidences as the background under

this peak comes from Compton radiation of more-energetic

Y rays in the 131Ba decay and from real background radia-

tion. The correction has been determined by multiplying the

total background within the window which selects the Y~ray

peak by the count rate derived from the corresponding back-

ground-coincident spectrum.

4.3.1 L/K-eapture ratio in the decoy to the S73 ksV

level

The L/K-capture ratio as result of 11 coincidence

measurements with the 373 keV y ray (see fig. 4.4a) is

0.1438± 0.0010. The correction in this ratio for the back-

ground-coincident contribution never exceeds 0.58%. The

373 keV level is also fed by deexcitation of the 620, 919,

1048, 1171 and probably by the 696 keV levels. Calculations

show that the correction to the L/K-capture ratio is about

0.05% and hence negligible. The uncertainties contributing

to the error in the L/K ratio are given in table 4.1.

4.3.2 L/K-aaptupe ratio in the decay to the 620 keV

leve I

The scintillation spectrum coincident with the 496

keV y ray (fig. 4.4g) shows a peak complex due to coinci-

dent summation of the 124 keV nuclear radiation with the

atomic radiation (X rays and Auger electrons). At the same

time a small single L and K peak and a finite area between

these single peaks and the peak complex are visible. This

is an indication that the 124 keV y ray has a small chance

to escape totally or partially from the crystal assembly.

As the contribution to the peak complex of summation events

with partially-detected 124 keV y rays is unknown it was

not possible to analyse the peak complex.
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Table 4.1 Experimental L/K-capture ratios to the Z?'/, and C20 keV

levels and their error compositions. The errors in the 1,/K ratios

have been calculated as the quadratic sim of the separate uncertain-

ties.

result

statistical uncertainty (including

Student t value) - \o

uncertainty due to determination

of the peak areas, taken as 1/3

of the maximum estimated uncertainty

uncertainty due to -y-ray background

coincident contribution

number of measurements

Student t value for a la confidence

interval

a/K) 3 7 3

0.1438 ± 0.0010

0.0004

0.0007

0.0005

11

1.04

a/K) 6 2 0

0.149 i 0.003

0.002

0.0007

0.002

7

1.10

The L/K-capture ratio as result of 7 coincidence mea-

surements with the 620 keV y ray is 0.149±0.003 (see fig.

4.4<3). The correction in this ratio for background-coinci-

dent contribution never exceeds 0.51 %. The 620 keV level

is fed by electron-capture decay and by deexcitation of

the 1048 keV level. Only in case of complete escape of the

428 keV Y rays from the crystal assembly there will be a

contribution to the L and K peaks with a L/K-capture ratio

characteristic for the 1048 keV level. Partial or total

detection of the 428 keV transition will result in coinci-
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dent summation with the atomic radiation and no contribu-

tion to the L and K peaks will occur. The correction to

the L/K-capture ratio for the 620 keV level is calculated

to be about 0.008% and hence negligible. The uncertainties

contributing to the error in the L/K ratio are given in

table 4.1.

4.3.3 M/L-aapture vat'ijr, in the decay to the :'•?/, end

620 keV levels

The M peaks in the M-L spectra were not completely

resolved from the noise because we did not use a coinci-

dence criterion to discriminate against photomultiplier

and electronic noise (see figs. 4.4b and e ) . A peak-fitting

program has been used to determine the contents of the M

peak. The computer analysis of low-energy scintillation

peaks has already been discussed in section 3.5. The fitted

curves are given in figs. 4.4c and f. The maximum correc-

tions to the M/L ratios for the background-coincident con-

tributions are 0.6% and 4.4% for the 373 and 620 keV

levels, respectively. The results and the error composi-

tions are given in table 4.2.

4.3. 4 Energy calibration

The energy of the K peak has been determined by means

of the procedure described in section 3.4. A i 3 7Cs cali-

bration source has been used. The X rays of this source

arise from vacancies in the electron cloud produced by

internal conversion of the 661 keV transition in 1 3 7Ba.

So, these X rays are characteristic for the element Ba.

The scintillation spectrum of the internal source not only

originates from the decay of 1 3 1Ba but also from the EC

decay of the daughter 1 3 1Cs (T, =9.7 d ) . Consequently, the

internal K peak must be positioned at an energy which is

the weighted mean of the K binding energies of Cs and Xe
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Table 4.2 Experimental M/L-aaptuve ratios to the 373 and 620 keV

levels and their error compositions. The errors in the M/L ratios

have been calculated as the quadratic sum of the separate uncertain-

ties.

result

statistical uncertainty (including

Student t value) - la

uncertainty due to determination

of the peak areas, taken as 1/3

of the maximum estimated uncertainty

uncertainty due to y-rsy background

coincident contribution

number of measurements

Student t value for a la confidence

interval

(Ml

0.218

0.

0.

0.

1.

L>373

+ 0.006

005

002

003

5

15

(M/

0.217

0.

0.

0.

1.

+ 0.014

013

003

004

6

12

if all radiation is properly detected. The desintegration

rate has been used as weight factor. The position of the

internal K peak appears to be correct within 1 %.

%

4.3.5 Coincidence measurements with the 1048 keV y ray

Gerner (1978) has measured the L/K- and M/L-capture

ratios in the decay to the 1048 keV level in 1 3 1Cs. The

results of these experiments are:

(L/K),..B = 0.165 + 0.001 and (M/L) i n / Q = 0.215 + 0.009.IU4o 1048
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i.6 Determination of X L/K and XM/L

The Q„. and X
L/K

value can be calculated from the ex-

perimental L/K-capture ratios to the 373 and 1048 keV
L/K islevels. This is illustrated in fig. 4.5 in which X

plotted as a function of Q for the measured L/K-capture

ratios. The Q value of the intersection has been deter-
hi Li

mined by equating the reduced L/K-capture ratios

L/K

373

L/K

1048

In this equation qL and qK are the neutrino energies in

and K capture, respectively. The results are

QEC = 1372 ± 16 keV and (L/K)/(q£ /q|) = 0 .1352 ± 0.0010.

1.14

1048

I
X

Í

1.06

1.02 _

1280 1360 1440

• QEC(keV)

b'ig. 4.5. The X values in dependence on the transition energy

Qr„, given for the decays to the 373, 620 and 1048 keV levels (solid

curves). The broken curves define la error intervals.
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,L/K
has been determined with this Qpr valueThe value of X

resulting in XLi/K = 1.065 ±0.008.

The reduced M/L-capture ratio (M/L)/(q^ /q£ ) and the

exchange and overlap correction X have been determined

as the mean of the individual values of the three levels

resulting in:

M/L
= 1 . 0 4 ± 0 . 0 2 .( M / L ) / ( g 2 / q 2 ) = 0 . 2 1 4 ± 0 . 0 0 5 a n d X

MI LI
Here q„ is the neutrino energy in My capture.

The experimental reduced L/K- and M/L-capture ratios have

been calculated for comparison with theoretical values for

respectively

1 +
JII ,L/K

fL
1 +

II

„M/L

In these expressions qv, g. , q , f and fM are the K,
T T TT TT

Lj-, M-j., LJ-J. and Mj j- electron radial wave functions.

In all these calculations we have used the electron

wave functions of Mann and Waber (1973) and the electron

binding energies of Bearden and Burr (1967) .

4.4

<1. 4 . 1

DISCUSSION

Th Q „ value

Our Q value of 1372 ± 16 keV is somewhat higher than

the Wapstra/Gove (1971) value of 1340 ± 19 keV and the

Nuclear Data Sheets (Auble,l976) value of 1348 ± 7 keV, but

in excellent agreement with the QE„ value of 1372 _ 2 0 keV

determined by Gehrke et al. (1976). The observed decay to

the 1342 keV level in 131Cs (Auble,1976) has set a lower

limit to the Q value of 1348 keV if this decay can proceed
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via L capture and of 1378 keV if K capture would occur. A

QEC val,

bility.

Q value of 1372 + 16 keV does not exclude this last possi-

•i .'!.'•: L/K-S'iptui'o r a t i o i n the a c jay to th-: •':•' '-'•: V

Our L/K-capture ratio to the 620 keV level lies slight-

ly above the value of Smith and Joshi as given in table 4.3.

Table 'l.S Lxvevirncyiiol L/K- u>:d . '•"/.,-c-n, '.. i ?v >::i:oc.

L/K

1I/L

This work

373 keV level

0.1A38± 0.0010

0.218± 0.006

620 keV level

C. 49 ±0.003

0.217 + 0.014

Gerner (1978)

1048 keV level

0.165 + 0.001

0.215 + 0.009

Smith/Joshi

(1963)

620 keV leve l

0.135 ± 0.009

They used also the internal-source technique in a coinci-

dence arrangement with a Nal(Tl) y~ray detector. Owing to

the dimensions of their crystal assembly the chance of par-

tial or complete detection of the 124 keV y ray will not

be negligible. However, in the measurement coincident with

the 496 keV y ray they did not correct the K peak for con-

tributions due to coincident summation of the atomic radia-

tion after L capture with partially-detected 124 keV y rays.

Thus their L/K-capture ratio may be too lov/.

4. ;j Kxoha^r/e and aorrai.' ti'ons

Our experimental reduced capture ratios can be com-
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Table 4.4 Experimental reduced L/K- and M/L-capture ratios in comparison with theory.

The exchange and overlap\sorr>eetions X and X ' are also <jiven. The data concerning the decay

to the 1048 keV level have been taken from the work of Gemer (1978).

L/K

XL/K

M/L

XM/L

QE C = 1 3 7 2 + 1 6 keV

373 /1048 k.-.V l e v e l

0 .1352 ± 0 .0010

1 .065 i 0.008

373 keV level

0.216 ± 0.006

620 keV level

0.137 ± 0.003

1.08 ± 0.02

620 keV level

0.214 ± 0.014

1048 keV level

0.209 ± 0.009

0.214 ± 0.005

1 .0-, ± O.Oj 1.04 ±0.07 1.02 ± 0.04

1 .04± 0.02

Theory (Bambynek et a l . , 1977)

Bahcal l ' s appr.

0.134

Vata i ' s appr.

0.132

0.223 0.214

-3V



pared with the recent calculations by Bambynek et al.

(1977), see table 4.4.

Our reduced L/K-capture ratio of 0.1352± 0.0010 is in

good agreement with the theoretical value of 0.134 calcu-

lated by Bambynek. et al. according to the Bahcall approach

and somewhat higher than the value of 0.132 according to

the Vatai approach (see also fig. 7.3).

Table 4.4 shows that our reduced M/L-capture ratio of

0.214+0.005 is in excellent agreement with the Vatai value

and somewhat lower than the Bahcall value (see also fig.

7.4) .
L/KIn addition, our X value does not support the idea

stated by Goverse (1974c), that correlation effects would

result in systematic discrepancies between experimental and

theoretical exchange and overlap corrections for L/K-cap-

ture ratios.

The contents of this chapter have already been pu-

blished as J. van Pelt, C.P. Gerner, O.W. de Ridder and

J. Blok, Nucl. Phys. A295 (1978) 211.
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C H A P T E R V

THE ELECTRON-CAPTURE DECAY OF OG

5. 1 INTRODUCTION

As has been pointed out in section 2.4, the decay of
106Agm is suitable to investigate Goverse's suggestion con-

cerning correlation effects in electron-capture processes.

Schulz (1967b) has proved that the element Ag forms mixed-

crystals with Nal(Tl). Also our experiments show that this

element fulfils the physical criterion of Schulz (1967a).

Therefore, the internal-source Nal(Tl) spectrometer is very

appropriate to measure capture ratios on 106Agm.

The decay scheme according to the compilation published

in Nuclear Data Sheets (Bertrand,1974) is given partially

in fig. 5.1. The decay of the 8.41 d level in 10GAg is

probably allowed of first-forbidden non-unique. Recently,

the spin of the 2757 keV level in 10GPd has been determined

by means of angular-correlation experiments to be 1 = 5

(Idzenga,1977). Up till now no capture ratios have been

measured in the decay of 106Agm.

An accurate Q value is necessary for the determination

of exchange and overlap corrections from electron-capture

ratios. The Q value of the electron-capture decay of the
+

24 min 1 state is given by Wapstra and Bos (1977) to be

2983 ± 4 keV. This value is based on the ß endpoint energy

(Bendel et al.,1953), the 1Q6Pd(p,n) reaction threshold

(Johnson et al.,1964) and information from 1 OitPd (3He,p) and
105Pd(3He,d) reactions (Anderson et al.,1975). The energy

difference between the 8.4 d 6 state and the 24 min 1
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(8)

(92)
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„V 1229.20

I -' 511.85

0.0

46 60

'rij. o.l. lavtial decay scheme oj

state has not been measured directly. Anderson et al. have

located the 6̂  level 88 keV above the 1+ level, but their

placement is tentative.

As the available energy in the electron-capture decay

of the 6 ^ state to the 2952 keV level in 106Pd is expected

to be small, the L/K-capture ratio of this decay will

considerably depend on the available energy. The dependence

of the L/K ratio to the 2757 keV level on the energy will

be far less significant. In consequence, the Q value can be

determined from the L/K ratios in both decays.

In this chapter the measurement of the L/K-capture

ratio in the decay of the 8.4 d state of I0GAg to the 2952
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keV excited state of 106Pd is described. Gerner (1978) has

measured the L/K-capture ratio to the 2757 keV level in
106Pd. With these ratios the Q value and the exchange and

L/Koverlap correction factor X have been determined by

Gerner.

The 8.4 d 106Agm nuclide was produced by irradiation

of more than 90% enriched 106Pd with 18 MeV deuterons from

the cyclotron of the "Instituut voor Kernphysisch Onderzoek"

in Amsterdam.

5.2 MEASUREMENTS

A 4 ir internal-source Nal(Tl) spectrometer has been

used to measure X rays and Auger electrons (see chapter

III). The dimensions of the crystal assembly are such that

all X rays are totally detected. The y rays, escaping from

the crystal assembly, have been measured with a 75 cm3

Ge(Li) detector. A block diagram of the experimental ar-

rangement is given in fig. 5.2. After addition of the anode

signals, the sum signals are amplified to analyse the L-K

energy region. In the decay of 106Agm many coincident y

rays or conversion electrons are emitted at each capture

event. All the conversion electrons and a part of the y

rays are detected in the crystal assembly. These events

result in high-amplitude pulses and give rise to limited

output pulses from the main amplifier. Because these

limited pulses result in a considerable dead time of the

ADC an extra circuit has been introduced after the main

amplifier to discriminate against these limited pulses.

The single-channel analyzer (SCA) in the y-ray branch

has been adjusted in such a way that it selects the y~ray

peak and a part of the background at the high-energy side

of this peak (see fig. 5.3). The signals from this SCA are

used as gate signals for the ADC 1 gate circuit and as

90



Ge(Li )

PHOTO
MULTIPLIER

PHOTO
MULTIPLIER

Source

PRE
AMPLIFIER

PRE .
AMPLIFIER

> ADDITION

PRE
AMPLIFIER

AMPLIFIER

i
AMPLIFIER

1
DELAY

1 •

DISCRIN41N ATOR

a c t

DELAY

i
LINEAR
GATE
STRETCHER

SINGLE
CHANNEL
ANALYZER

1
UNIVIBRATOR

i
ADC 1

i
BIASED
AMPLIFIER

%

DELAY

*

cc LINEA
GATE
STRE

•

R

rCHER

ADC 2

Fig. 5.2. Block diagram of the experimental arrangement.

gate signals for the linear gate-stretcher to select the

part of the y-ray spectrum within the window setting of the

SCA. This spectrum part is recorded by a separate ADC 2.

No use has been made of the dynode signals as a coin-

cidence criterion to discriminate against photomultiplier

and electronic noise for reasons already discussed in sec-

tion 3.3.
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The Nal(Tl) spectrum has been measured in coincidence

with the 1723 keV y ray de-exciting the 2952 keV level.

In this transition the 1229 keV level is fed, so additional

Y rays (717 and 512 keV) or conversion electrons are emitted

in coincidence with the 1723 keV y ray. Other de-excitation

modes of the 2952 keV level were available for selection of

the EC decay to this level, but all ~hese modes involved

more accompanying y rays or conversion electrons. In addi-

tion, the Y rays which are used as coincidence criterion

have to be escaped completely from the Nal(Tl) crystal

assembly. For this reason the most-energetic y rays in the

decay are preferably used. Additional coincidence measure-

ments have been performed with the background at the high-

energy side of the 1723 keV Y~ray peak.

A typical L-K energy spectrum is given in fig. 5.4a.

The L and K peak are positioned at the proper binding

energies. The L peak is not completely resolved from the

noise although the L binding energy of Pd, viz. 3.6 keV,
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is not very low. The high noise count rate in these experi-

ments is caused by the multiplicity and the high energy

of the events which have to be processed by the photomulti-

plier tube and the electronics. The finite areas between

the L and K peak and at the high-energy side of the K peak

are caused by coincident summation of these peaks with

partially- or totally-detected transitions of 717 and/or

512 keV. This coincident summation is illustrated in fig.

5.4c. Here, the full spectrum of the Nal(Tl) detector is

measured coincident with the 1723 keV y ray. This spectrum

shows the K peak and three smaller peaks caused by coinci-

dent summation. The (E +512 + 717) keV peak is caused by

the complete detection of both the 717 and the 512 keV

transition within the crystal assembly. The areas between

the peaks originate from coincident summation of the atomic
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radiation with partially-detected 717 and/or 512 keV tran-

sitions.

5.3 ANALYSIS AND RESULTS

ft. S. 1 Determine tioK o :' 'eh.'.

The upper and lower limits of the K and L peak (points

A, B and C in fig. 5.5) are defined as the points where the

flat part of the spectrum pass into the curvature of the

peaks. The areas of the K and L peak in the coincident L-K

energy spectrum have been corrected for different contri-

butions:

(i) contribution to the K peak due to coincident summation

of the atomic radiation after K capture with partially-

detected 717 and/or 512 keV transitions. The amount

of this contribution has been determined from the

rectangle, defined by the levels at the left and right

ENERGY

i'Vj. 5.5. The applied corrections to the L and K peak due to

coincident summation of the atomic radiation with partially-

detected y rays.
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side, the centre and the upper limit of the K peak

(area a in fig. 5.5). This area has been taken as in

principle >-.he summation starts from the centre of the

peak. The statistical processes in the measuring

devices only change the spectrum shape but not the

amount of this contribution.

(ii) contribution to the K peak caused by coincident sum-

mation of the atomic radiation after L capture with

partially-detected 717 and/or 512 keV transitions.

The contents of this contribution have been determined

from the rectangle below the K peak defined by extra-

polating the level between the L and K peak (area b

in fig. 5.5).

The mean correction applied to the K-peak area due to

contributions (i) and (ii) is 4.8%.

(iii) contribution to the L peak as result of coincident

summation of the atomic radiation after h capture

with partially-detected 717 and/or 512 keV transitions.

This contribution has been determined from the rec-

tangle below the L peak defined by the level between

the L and K peak (area c in fig. 5.5). The mean cor-

rection applied to the L-peak area is 1.7 %.

(iv) contribution to the L and K peak resulting from coin-

cidences with the background in the window which se-

lects the Y~^ay peak. It has been determined by multi-

plying the background in this window by the count

rate derived from the corresponding background-coin-

cident spectrum. The maximum correction on the L/K

ratio is 2.9 %.

The L peak has been decomposed from the noise by means

of the peak-fitting program that already has been discussed

in section 3.5. The fitted curve is shown in fig. 5.4b.

Before the peak has been fitted the background (triangle

OAD in fig. 5.5) below the L peak has been subtracted con-

sidering that the triangle shape is a good approximation
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for this very-low background. For each channel this back-

ground is much smaller than the statistical variation in

the channel contents.

The results of the analysis of 12 individual measure-

ments are given in table 5.1.

Table 5.1. Experimental L/K-eaptuvz ratio to the 2Sb2 keV level

and the error composition. The error in the L/K ratio has been

ea.leula.ted as the quadratic sum of the separate uncertainties.

result

statistical uncertainty (including

Student t value) - lø

uncertainty due to determination

cf the peak areas, taken as 1/3

of the maximum estimated uncertainty

uncertainty due to y-tay background

coincident contribution

number of measurements

Student t value for a lo confidence

interval

(L/K) 2 9 5 2

0.203 ±0.003

0.002

0.002

0.001

12

1.04
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:i.S,.2 Energy calibration

The energy of the K peak has been determined by sieans

of the procedure described in section 3.4. A 109Cd cali-

bration source emitting X rays characteristic for the ele-

ment Ag has been used. As all L X rays from this external

source are absorbed before being detected the calibration

peak is positioned at an energy that is the weighted mean

of the energies of the Ag K and K X rays. The relative

intensities of the K and K X rays have been used as
a ß J

weight factors. The K peak from the internal source must

be positioned at the K binding energy of Pd provided that

all radiation is properly detected. This has been checked

and appears to be correct within 1 %.

b . 0 , ó Determination of X L/K and the V in.lue

Gerner (1978) has measured the L/K-capture ratio to

the 2757 keV level in 106Pd with the result

(L/K)2757 = 0.1457± 0.0010.

By means of the L/K-capture ratios to the 2757 and the

2952 keV levels he has determined the Q value and XL in

the same way as is described in section 4.3.6. The result

is

Q = 3053 ± 3 keV X L / K = 1.071 ± 0.025.

This calculation is based on the assumption that the decay

to the 2952 keV level is either allowed or first-forbidden

non-unique. The reduced L/K-capture ratio has been calcu-

lated to be

(L/K)red = 0.126 ± 0.003.
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In all these calculations the electron wave functions of

Mann and Waber (1973) and the electron binding energies

of Bearden and Burr (1967) are used.

5.4 DISCUSSION

5.4.1 The Q value

The position of the 8.41 d level in 106Ag relative to

the 24 min level can be calculated as the difference of the

Q values of the decays from both levels (3053 ± 3 keV and

2983 ± 4 keV respectively). The energy difference is 70 ± 5

keV. This result does not support the tentative location

of the 8.41 d level at 88 keV above the 24 min level by

Anderson et al. (1975).

5.4.2 Reduced L/K-capture ratio

Our experimental reduced L/K-capture r a t i o can be com-

pared with c a l c u l a t i o n s by Bambynek e t a l . (1977) , s e e

t a b l e 5 .2 and f i g . 7 . 3 .

Table 5.2. Experimental and theoretical reduced L/X-carture ratios.

The calculations are from the work of Bambynek et al. (1977).

a) modified value, see Gerner (1978).

Reduced L/K-capture ratios

Experiment

This work

0.126± 0.003

Schulz (1967b) - 105Ag

see also Bambynek (1977)

0.123 ± 0.003 0.128±0.002a)

Theory

Bahcall's

approach

0.124

Vatai's

approach

0.123

* « * •
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Table 5.2 shows that there is a good agreement between our

experimental reduced'L/K-capture ratio and both calculations

of Bambynek et al. Our experimental result can also be

compared with data derived from experiments on the allowed

and first-forbidden non-unique electron-capture decay of
105Ag by Schulz (1967b) (see Bambynek,1977). Also here the

agreement is very good.

In addition, this work does not give an indication

for systematic discrepancies between theory and experiments

due to configuration interaction effects.

The contents of this chapter have already been published

by C. P. Gerner, J. van Pelt, 0. W. de Ridder and J. Blok,

Nucl. Phys. A295 (1978) 221.
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C H A P T E R VI

THE ELECTRON-CAPTURE DECAY OF 196Au

6. 1 INTRODUCTION

As has been pointed out in section 2.4, the decay of
195Au is suitable to investigate Goverse's suggestion con-

cerning correlation effects in electron-capture processes.

Figure 2.4, in which experimental reduced M/L-capture

ratios are compared with theoretical results (Bambynek et

al.,1977), shows in the high-Z region disagreement between

the experimental values and the predicted values according

to both Bahcall's and Vatai's approach. To test the dis-

agreement, more experimental data in the high-Z region are

required.

The formation of mixed-crystals of Au with Nal is ex-

pected by Schulz (1967a) and is proved by Goverse (1973b)

by his experiments on 295Au. Also our experiments show

that this element fulfils the physical criterion of Schulz

(1967a). Therefore, the internal-source Nal(Tl) spectrome-

ter is very appropriate to measure capture ratios on 196Au.

The decay scheme of 19eAu, taken from Nuclear Data

Sheets (Schmorak,1972), is partially reproduced in fig.

6.1. Wapstra et al. (1962) have measured the L/L+M+...-

capture ratio to the 1447 keV level in 196Pt (L/L+M+ =

0.64±0.06). A value for the L/K-capture ratio to the 689

keV level can be deduced from the experimental data of

Gupta (1958,1960) to be (L/K).on = 0.24±0.02. However,

results with a better accuracy are needed.

The Q_c value, necessary for the derivation of exchange

and overlap corrections from electron-capture ratios, has
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been taken from Wapstra (1977), viz. Q = 1485.3±8.7 keV.

This value is partially based on the L/L+M+...-capture ratio

in the decay to the 144 7 keV level measured by Wapstra et

al. (1962) and the EC/ß ratio measured by Ikegami et al.

(1963), viz. EC/e+ = 2.0 + 0.4X106. In the derivation of

•'EC
from these ratios no exchange and overlap corrections

have been applied. However, if these corrections are applied,

their effect on Q is much smaller than the given error

of 8.7 keV. For example, the Q value derived from the

L/L+M+... ratio will only change about 2 keV if approximate

corrections are applied. This change will hardly influence

the error in QEC- In our experiments we have measured cap-

ture ratios in the decay to low-energy states in 19GPt.
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The dependence of these ratios on Q is very weal;. There-

fore, we can conclude that the Q value given Ly Wapstra

(1977) is of sufficient accuracy for the determination of

exchange and overlap corrections from these ratios.

In the present work the L/K- and M/L-capture ratios

have been determined from coincidence measurements with

the 356 keV y raY de-exciting the first excited state of
I96Pt.

The 6.2 d 196Au nuclide was produced by irradiation

of 97.15% enriched 196Pt with 16 MeV deuterons from the

cyclotron of the "Vrije Universiteit", Amsterdam.

6.2 MEASUREMENTS

6.2.1 General

A 4TT internal-source Nal(Tl) spectrometer has been

used to measure the X rays and Auger electrons (see Chapter

III). The dimensions are such that the X rays are totally

detected. The y rays, escaping from the crystal assembly,

have been measured with a 75 cm3 Ge(Li) detector. A block

diagram of the experimental arrangement is given in fig.

6.2. After addition of the anode signals, the sum signals

are amplified in two ways to analyse different energy re-

gions of the scintillation spectrum. The M energy region

has been measured with and without noise discrimination,

respectively, by means of an additional coincidence crite-

rion (see fig. 6.2, left side of the dashed line; section

3.3 and fig. 3.4b). During every measurement the y-ray

peak as well as the background at the high-energy side of

this y-ray peak have been selected by two separate single-

channel analyzers and have been recorded simultaneously by

a third ADC (see fig. 6.3). The signals from the SCA that

selects the y-ray peak are used as gate signals for the

Nal(Tl) spectra. The advantage of the use of two SCA's is

that the width of the window which selects the y-ray peak
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could be made very small in order to obtain a high peak-

to-background ratio. The background level under the y-ray

peak is expected to be the same as that recorded within

the window selecting the background at the right side of

the y-ray peak. The scintillation spectra have been mea-

sured in coincidence with the 333 keV y ray, the 356 keV

y ray and the background at the high-energy side of the

356 keV peak, respectively. These coincidence measurements

have been performed for the separate L-K, M-L and M energy

regions.

6.2.?. Coincidence measurements with ?>'/<$ fee'/ y rays

Coincidence measurements with 333 keV y rays have been

performed because in this way the decay to the 689 keV level

is selected. The feeding of the 689 keV level by higher ex-

cited states is 0.10% (Schmorak,1972) and hence can be

neglected. However, no capture ratios have been determined

from these experiments. In the coincident spectrum of the

L-K energy region (fig. 6.4a) different contributions can

be distinguished:

(a) The separate L and K peaks, caused by events in which

the coincident 356 keV y ray completely escapes from

the Nal(Tl) crystal assembly.

(b) Two smaller peaks at equal distances from the L and

K peak, respectively. These peaks are caused by events

in which the 356 keV y ray is Compton scattered in the

Nal(Tl) crystal assembly and the scattered photon is

detected within the window of the 333 keV y-ray peak.

The energy absorbed in the crystal (as 23 keV) will then

be added to the energy of the L or K peak. Due to this

summation process the shape of the summation peaks will

be different from that of the separate L and K peaks.

(c) A level at the high-energy side of both the L and the

K peak caused by coincident summation of the atomic

radiation with partially-detected 356 keV y rays.
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The analysis of this spectrum is difficult because of

the different contributions and the difference in the shape

of the peaks resulting in an L/K ratio with a considerable

error. So it was decided to switch over to coincidence

measurements with the 356 keV y ray, although such a mea-

surement has the disadvantage that it does not select the

decay to a single level.

' 9 7 Coincidence measurements 'J~'tk

In coincidence measurements with 356 keV y rays the

first-forbidden non-unique transitions to the first and

second excited states in 196Pt are selected. The feeding

of these levels by higher-excited states is 0.26 %

(Schmorak,1972) and hence negligible. Typical coincident

energy spectra are given in fig. 6.4(b-f). The capture

decay to the 689 keV level only contributes to the K, L or

M peak if the 333 keV y ray completely escapes from the

crystal assembly. Partial or complete detection of the 333

keV transition results in coincident summation out of these

peaks. The full scintillation spectrum (see fig. 6.4b)

shows the K peak, the peak complex and the intermediate

area. The peak complex is caused by coincident summation

of the atomic radiation with completely-detected 333 keV

transitions. The intermediate area is caused by coincident

summation of the atomic radiation with partially-detected

333 keV y rays. The probability that the 333 keV transition

is not detected at all in the crystal assembly can be de-

termined from the relative intensity of the individual

peaks in fig. 6.4b and the branching ratio in the decay to

the 689 and 356 keV levels. The scintillation spectra in

the L-K and M-L energy regions are given in fig. 6.4(crd).

The scintillation spectra in the M-energy region have

been measured with and without the use of a coincidence

criterion to discriminate against photomultiplier and elec-

tronic noise, respectively (see section 3.3). The spectrum
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which was obtained without noise discrimination (see fig.

6.4e) shows some evidence of an N peak between the noise

and the M peak. If noise discrimination is used the noise

completely disappears and the N peak stands out more clearly

(see fig. 6.4f). However, the contents of the N peak turned

out to be dependent on the adjustment of the discriminators

which produce the gate signals for the coincidence unit.

The contents of the M peak on the other hand were not

affected by the discriminator setting if the levels were

not set too high. The influence of the discriminator setting

has already been discussed in section 3.3. The theoretical

shape of the low-energy scintillation peaks is given in fig.

3.4b.

6.3 ANALYSIS AND RESULTS

6.3.1 Determination of L/K- arid M/L-captur-e ratios

The following procedure has been used to determine

the contents of the K, L and M peaks from the scintillation

spectra coincident with the 356 keV y rays.

(a) The peak areas have been corrected for the contri-

bution due to coincident summation of the atomic radiation

with partially-detected 333 keV y rays by extrapolation of

the levels next to the peaks. For example, the level on the

right side of the K peak is caused by summation of the ato-

mic radiation after K, L or M capture with Compton radiation

of the 333 keV y rays. The mean corrections to the K and L

peak are 2.1 % and 0.8 %, respectively.

(b) The peak areas have to be corrected for the contri-

bution caused by events coincident with the background under

the Y~ray peak. This contribution has been determined by

multiplying the background under the y'^ay peak by the count

rate derived from the corresponding background-coincident

spectrum. This correction turns out to be negligible (0.03 %)

because of the low y-ray background and the high peak-to-
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background ratio caused by the narrow window over the 356

keV y~ray peak.

(c) The L and K peaks in the coincident, spectra appear

to have small low-energy tails. These tails are probably

caused by incomplete collection of the fluorescence light

in the crystal assembly. The low-energy tail of the L peak

also contributes to the M peak and has to be estimated by

extrapolation of the shape of the spectrum between the M

and L peak. This correction results in an uncertainty in

the shape of the M peak. As at the same time the shape of

the M peak itself is expected to differ from the theoreti-

cal shape no use has been made of a peak-fitting routine

to determine the contents of the M peak.

The results for the L/K- and M/L-capture ratios are

given in table 6.1.

6..3.2 Energy calibration

The energy of the K peak has been determined by means

of the procedure described in section 3.4. An external
196Au calibration source has been used. The K peak from

the external source is positioned at the weighted mean of

the individual platinum K X-ray energies. If all radiation

of the internal source is detected properly this would

result in a K peak of the internal source positioned at the

K binding energy of platinum. This has been checked and

appears to be correct within 1 %.

6.4 DETERMINATION OF XL'K AND XM'L

The exchange and overlap correction X can be deter

mined from the experimental L/K-capture ratio and the ex-

pression composed from the theoretical capture ratios to

the 356 and 689 keV levels as follows:
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'S'ibLe 6.1 Experimental L/K— ri.KdM/L—c'a:>t>irc i»itu>a vad '.heir error

—.•mi osi.Li.ons. The errors in the L/K <md 'A/L vat'os have b.-en c-ilc-u-

Lub^d as the quadratic; sion of the ccr arate .{'«jertninties.

result

statistical uncertainty (including

Student t value) - la

uncertainty due to corrections

mentioned in (a)

uncertainty due to tail of the L

peak, taken as 1/3 of the total

correction

uncertainty due to estimation of

left side of the M peak, taken as

1/3 of the total estimated area

number of measurements

Student t value for a la confidence

interval

L/I'. ratio

0.1 920 ±0.0007

0.0003

0.0002

0.0006

7

1.10

M/L ratio

0.243 ± 0.005

0.001

0.0002

0.003

0.004

7

1.10

ft] iVi
p • fp i

]
J exp

1 +

(6 .1)

1 0 9



Here, P and P denote the probabilities for L and K cap-

ture, respectively (e.g.,(P ). is the number of K-capture

events to level 1 devided by the total number of capture

events to level 1). The subscripts 1 and 2 refer to the

356 and 689 keV level, respectively. The numbers e. and e«

indicate the total number of capture events to level 1 and

2, respectively, that contributes to the K, L and M peaks.

The ratio (P,_) „/(P,J , can be expressed as

(PK)2
1 +

1 +

P L

K

Ii.
2

-

p

(6.2)

and (PT/P„). can be written as
Li K 1

= X
L/K

(6.3)

where (PT/P„). is the theoretical L/K-capture ratio with-

out exchange and overlap correction. The capture decay to

the 689 keV level contributes to the K, L and M peaks only

in case of complete escape of the 333 keV y ray. So, the

value E„/E. can be determined by multiplying the branching

ratio of the two levels by the probability that the 333 keV

transition is not detected at all in the crystal assembly.

This results in e2/
ei = °- 1 3 5 ± 0.002. The experimental M/L-

capture ratio has been substituted for the (PM/PT), and
L/K

(P /P )„ ratios. The value for X can be calculated from

eqs. (6.1)-(6.3) and the result is given in table 6.2.
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Table 6.2 Calculated X value from experiment il L/K-nar 'ewe ratio.

VL/K
A

1.055 + 0.016

uncertainty due

to error in experi-

mental L/K ratio

(0.1920 + 0.0007)

0.011

uncertainty due

to error in

e2/El
(0.135 ± 0.002)

0.0005

uncertainty due

to error in QE(,

(1485.3±8.7 keV

0.011

The reduced L/K-capture ratio can be calculated from the

expression for allowed transitions

•A,
red

1 +• (6.4)

Here, qv, g and fT are the K, LT and LTT electron

radial wave functions, respectively. This calculation re-

sults in

(L/K)red = 0.169 ± 0.003

The exchange and overlap correction X"' " can be deter-

mined from the experimental M/L-capture ratio and the ex-

pression composed from the theoretical M/L-capture ratios

to the 356 and 689 keV levels.
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( PM )1- £1 + ( PM )2- E2
Li exp

1 +
(P L) 2

(6.5)

Due to the small difference between the two M/L-capture

ratios, the ratio (pL) c a n b e a P P r o x i m a t e d bY
The ratio (P„/PT). can be written as

M
= X

M/L
(6.6)

where (P /P )9 is the theoretical M/L-capture ratio with-
M/L

out exchange and overlap correction. The X value calcu-

lated from egs. (6.5) and (6.6) equals

X M / L = 1.030 ± 0.022 .

The error contribution due to the uncertainties in Q_
ij C»

(1485.3 ±8.7 keV) and e./e, (0.135± 0 .002) is equal to
M / T

0.0003 and hence negligible. The given error in X is

completely caused by the uncertainty in the experimental

M/L ratio (0.243±0.005). The reduced M/L-capture ratio

can be calculated from the expression for allowed transi-

tions

M
L red

1 +

(6.7)
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and MtI electron radial waveHere, gM and fM are the

functions, respectively. This calculation results in

(M/L)red = 0.238 ± 0.005

The theoretical capture ratios have been calculated by

means of the electron wave functions of Mann and Waber

(1973) and the electron binding energies of Bearden and

Burr (1967).

6.5 DISCUSSION

The experimental reduced capture ratios can be com-

pared with the theoretical values, calculated according

to the approaches of Bahcall and Vatai, see table 6.3,

figs. 7.3 and 7.4. Ã comparison of our data with the

values based on the results of Goverse's experiments on
195Au (Goverse,1973b) is meaningful since the reduced

capture ratios are isotope independent (table 6.3).

Our reduced L/K-capture ratio is in good agreement with

the theoretical value calculated according to Bahcall's

approach, but is somewhat larger than would follow from

Vatai's method. It is also in good agreement with the value

obtained by Goverse. Our reduced M/L-capture ratio is in

good agreement with the theoretical value calculated ac-

cording to Vatai's method and somewhat smaller than would

follow from Bahcall's method. It is in disagreement with

Goverse's result.

In their study on l95Au Goverse et al. have measured

a peak complex caused by coincident summation of the atomic

radiation and totally-detected y rays. The contents of the

contributing peaks were obtained by decomposition of the

peak complex by means of a peak-fitting procedure using

gaussian functions. If the experimental shape of the peaks
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Table 6.3 Experimental and theoretical reduced electron-capture

ratios.

(L/K)reduced

(M/L>reduced

Experiment

This work

O.lö9±O.OO3

0.238±0.005

Goverse (1973b) - 1 9 5Au

weighted mean values

0. 168 ± 0.004

0.3I8± 0.013b)

Theory

(Bambynek et al.,1977)

Bahcall's

approach

0.168

0.247

Vatai's

approach

0.165

0.239

a)
The weighted mean values based on Goverse's resul ts have been
calculated with Q (195Au) = 229± I keV.

b) This value i s based on the experimental M+../L ra t ios and

corrected with a theoretical N+../M r a t i o .

should deviate from a perfect gaussian function, however,

this peak-fitting procedure would generate incorrect peak

contents. In this case the contents of the M peak is ex-

pected to have the largest error because in the peak com-

plex this peak is situated on the left flank of the L peak.

So the M/L-capture ratios would change stronger than the

L/K-capture ratios if an incorrect theoretical shape is

used by the peak-fitting procedure.
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C H A P T E R VII

RESULTS AND DISCUSSION

The results of the experiments on 131Ba, 106Agm and
196Au, described in this thesis, are depicted in figs.

7.1 - 7.4.

In fig. 7.1 (Goverse,1974c) is shown that the present
L/KX values agree very well with the theoretical curve of

Suslov. The oscillatory behaviour of the experimental data

around this curve, as noticed by Goverse (1974c), is not

confirmed by our experiments. Especially in the region

Z = 55,56 and Z = 74-81, where almost all the experimental

L/K

Í

0.8-

60 80 100

Fig. 7.1. Review of the experimental x values. The solid aurve

represents the theoretical X I values of Suslov (1970a). (After

Goverse, 1973a,1974e). Our present values at Z = 47, 66 and 79 are also

included.
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points are lower than the Suslov curve, our values are in

good agreement with this curve. We can conclude that our

experiments do not give evidence for the suggestion of

Goverse that effects due to electron correlation and confi-

guration interaction cause systematic differences between

experimental and theoretical capture ratios for different

Z regions.

In fig. 7.2 (Goverse,197 3a) is show that our X1

values are lower than the curve of Suslov, but the devia-

tions are smaller than those of many other points.

, M / L

t

0.8 _

100

Fi<j. 7.2. Review of the experimental A values. The solid auroe

represents the theoretical XI I values, of Suslov (1970a). (/fter

Goverse, 197Ja). Our present values at 7. - b6 and 79 are also included.

The present r e s u l t s , presented as reduced capture
r a t i o s , are a l s o g iven in f i g s . 7 .3 and 7.4 (Bambynek e t
a l . , 1 9 7 7 ) .
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0.18

Í
0.14 _

0.10 .

4 0 6 0 8 0

'Hij. 7.3. Comparison of experimental reduced L/.<-eaptnre ratios j'or

allowed transitions (solid circles) end first-forbidden r.on-v.niqy.e

transitions (open circles) uitii theoretical predictions based on wave

functions of Mann and Wobei1 (197o) and exchange and overlap sorvee-

tions A I i calculated according to Bahcall's approach (solid curve)

ar.d according to Vatai's zpproach (broken curve). (After K-znbynek et

al. ,197?). Our present values at I = •'•?, in' and 79 are also incly.did.

In fig. 7.3 i s shown that our experimental reduced
L/K-capture ratios l i e systematically above the Vatai curve
and even above the Bahcall curve, although the deviations
with respect to the latter are smaller than the error inter-
vals. According to the conclusions of Bambynek et al . (1977)
Vatai's formulation causes an underestimation of L/K-cap-
ture ratios at low Z whereas Bahcall's approach yields
better agreement to L/K ratios with experiment. Based on
our results this conclusion seems also true at medium and
high Z.

The present reduced M/L-capture ratios (see f ig. 7.4)
l i e systematically below the Bahcall curve, but are in
excellent agreement with the Vatai curve. This result i s
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0.26 .

t
0.18 .

0.10

Fig. 7.4. Comparison of experimental reduced M/L-caj-tui-e ratios f.-r

allowed transitions (solid circles) and first-forbidden non-uniqy.e

transitions (open circles) with theoretical predictions based on wave

functions of Mann and Waber (137S) and exchange and overlap correc-

tions X I' I calculated according to Bahaall's approach (solid curve)

and according to Vatai's approach (broken curve). (After Bambynek et

al.,1977). Our present values at Z = 56 and 79 are also included.

in agreement with the conclusion of Bambynek et al. (1977)

that Bahcall overestimates the M/L-capture ratios whereas

Vatai's formulation leads to good agreement.

i j»'

The differences between the various calculations on
L /K M/L

X and X have to be considered in view of the approxi-

mations made. In the calculations of Bambynek et al. (1977)

following Bahcall's as well as Vatai's approach the exchange

corrections have been calculated in a similar way, while

the overlap corrections are treated differently. In Bahcall's

approach the closure approximation leads to an overestimation

of the contribution due to processes that involve shake-up

or shake-off and consequently to an underestimation of the

correction due to imperfect overlap in the correction

118



factor B.. In Vatai's approach contributions involving

shake-up or shake-off are simply neglected as all outer

electrons in his approximation retain their quantum num-

bers. This leads to an overestimation of the overlap cor-

rection in the factor B.. The effect of the approximations

is stronger according as the vacancy originates in a higher
L/K

shell. This explains why also the correction factors X

and X according to Vatai's approach are lower than those

calculated following Bahcall's approach.

More refined calculations of the overlap correction

are needed to resolve this discrepancy and to bring the

theoretical results in better agreement with the experi-

mental values.
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SAMENVATTING

In dit proefschrift worden experimenten beschreven

aan het radioaktieve verval van atoomkernen als gevolg van

baanelektronvangst. In dit proces wordt een elektron uit

de elektronenwolk ingevangen in de kern waarop een proton

met dit elektron een neutron vormt en een neutrino wordt

uitgezonden. Tengevolge van dit vangstproces ontstaat een

gat in de elektronenwolk. Via een cascade van elektron-

overgangen zal dit gat naar de valentieschil verplaatst

worden onder uitzending van röntgenstraling en Augerelek-

tronen. In de theoretische beschrijving van het elektron-

vangstproces (zie hoofdstuk I) werd in eerste instantie

alleen rekening gehouden met het ingevangen elektron en de

atoomkern. Later (na ± 1950) werd eveneens het belang onder-

kend van de veranderingen die de elektronenwolk ondergaat

tengevolge van de vermindering van de kernlading met één

eenheid. Doordat de elektronenbanen van moeder- en dochter-

atoom niet aan elkaar gelijk zijn kan een herrangschikking

plaats vinden tijdens het vangstproces. Het aantal mogelijk-

heden hiertoe is bijzonder groot waardoor in de berekeningen

benaderingen moeten worden toegepast. Bekende benaderingen

zijn die volgens Bahcall en volgens Vatai.

Goverse heeft in 1973 gesuggereerd dat de wisselwerking

tussen de elektronen onderling en tussen verschillende elek-

tronenkonfiguraties een belangrijke invloed heeft op de

waarschijnlijkheid van het vangstproces (zie hoofdstuk II).

De invloed hierop zou vooral merkbaar zijn in de Z-gebieden

van de overgangsmetalen en de zeldzame aarden. Het onderzoek,

beschreven in dit proefschrift, had ten doel meer experimen-

tele gegevens te krijgen in deze gebieden van het periodiek

systeem.
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De metingen aan isotopen van barium (131Ba), zilver

(106Agnl) en goud (196Au), beschreven in de hoofdstukken

IV, V en VI, zijn uitgevoerd met een 4TT interne-bron

scintillatiespectrometer (zie hoofdstuk III). In deze

methode wordt gebruik gemaakt van NaJ(Tl) scintillatie-

kristallen waarbij de radioaktieve atomen in het kristal-

rooster zijn opgenomen. Het voordeel hiervan is dat de bij

het elektronvangstverval uitgezonden röntgenstraling en

Augerelektronen volledig gedetekteerd worden. Daar de hier-

door verkregen d'ïtektorsignalen evenredig zijn met de

bindingsenergie van het elektron, dat oorspronkelijk de

plaats van het gat bezette, is direkt te bepalen in welke

atomaire hoofdschil het gat zich bevond na het vangstproces.

Metingen aan isotopen van hafnium (175Hf) en cerium

(139Ce) hebben aangetoond dat deze op grond van hun chemische

eigenschappen niet geschikt zijn voor de gebruikte methode.

In de metingen aan 131Ba, 106Agm en 196Au zijn de

verhoudingen bepaald van de waarschijnlijkheden op vangst

van verschillende baanelektronen. Uit de resultaten van deze

metingen zijn echter geen afwijkingen met de theorie

gevonden welke zouden wijzen op de door Goverse gesugge-

reerde effekten. In de vergelijking met de theorie is ge-

bleken dat onze resultaten deels overeenstemmen met bere-

keningen volgens Bahcall's benadering en deels met bereke-

ningen volgens Vatai's benadering (zie hoofdstuk VII).
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