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PREFACE .

Considerable theoretical interest lies in the
measurements of the L/K capture and K/B+ branching ratios,
but in most cases, particularly for the middle and high
atomic number elements, the experimental accuracies are
far from being satisfactory enough to be compared
profitably with the relevant theory. This arises from
the technical difficulties associated in the detection
and analysis of the soft X~rays and Auger electrons which
accompany capture transitions.

Chapter I contains a brief account of the general
theory of B-decay and a discussion of the theory of L/K
capture, and K/B* branching ratio. The interpretation of
the Fierz interference term, in the light of recent
development of B-~decay theory, which can be derived from
the K/B* measurements, is presented. The results of the
theory which have a direct bearing on the present work
and a review of the more reliable experimental results on
the subjects are also given.

A description of the new well-type technique
developed for the measurement of the L/K capture ratios

for the middle and high atomic number elements is given in



Chapter II. This technique eliminates the need for the
surface escape corrections.,
The next three chapters respectively deal with the

experimental measurements on the L/K capture ratios for

131 and Balgl, and for the

"unique" first forbidden transition leoh. The deter-

the allowed transitions Cs

mination of the Fierz interference term from the K/B*

58

in Chapter VI. The B spectral branch in leoh has also

ratio in pure Gamow-Teller interaction of Co is presented

been reinvestigated and the results extended down to
10 KeV. There were no previous measurements on the L/K

131 204

ratios for Cs ’ Ba131 and T1 and the present

experimental results provide a critical examination of the

58

validity of the theory. The measurement on Co is of
sufficient accuracy to enable a closer limit to be put
on the Fierz interference term. Suggestions regarding
the future applications of the technique particularly
for the study of higher order processes in the electron
capture transitions are presented in chapter VII,

The author shares a joint responsibility with Dr.
G.M. Lewis for the development of the technique and

131 58

the work on Cs and Co” . The rest is entirely his own.
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CHAPTER T

GENERAL INTRODUCTION

The main features of the beta-decay can be described
as nuclear transitions between states of equal mass
number resulting in the creation and/or destruction of
light particles called leptons (8% and neutrino). It
is necessary for single beta-decay that the nuclear
charge should change by unity. The principle of the
conservation of angular momentum together with the
conservation of statistics, and the number of heavy
particles as experimentally observed imply that the
beta~decay must involve the direct interaction of four
particles called fermions (spin 3). These four particles
are two nucleons, a neutron (n) and a proton (p) and two
leptons, an electron (e~ or e') and a neutrino (v orv ).

The beta-decay process can be represented by

n-o>p + e +) negatron-emission
P> n + et +V positron~emission
Pp+e <>n +Y electron-capture
(n + et p + Y ) positron-capture

The last, included for symmetry, is associated with the
hypothetical positron capture.

Positron emission can also be regarded as the



inverse of negatron emission, an electron and an anti-
neutrino being drawn from the negative energy sea and
being absorbed in the nucleus:

p + e- +;3-+ n,
the 'hole' left b; the absorption of electron and anti-
neutrino appearing as the anti-particles, a positron and
a neutrino.

The first successful theoretical formulation of
beta decay was developed by Fermi in 1934, The theory
was based on the neutrino hypotheses put forward by
Pauli (1933), to enable the maintenance of the conservation
of energy and spin in beta decay. The neutrino was
assigned a vanishing small rest mass with neutral charge
and % spin. According to Fermi, beta decay is generated
in proportion to the four-vector current density
associated with the intertransformation of a charged
and a neutral particle (neutron < proton, electron <>
neutrino ). The mathematical structure was similar to
one which was used to describe the electromagnetic
interactions of photons with charged particles., It

predicts the shape of the beta spectrum and the

relationship between the half life and transition energy.



This information was useful for the knowledge of spin
and parity change involved in the transi@ions and was
used as an additional data in constructing the decay
scheme.

By the end of 1956 the nature of weak interactions
which underlie beta-decay seemed to be becoming clearer.
The five interaction coupling constants appearing in
the interaction Hamiltonian and représented by scalar
(CS), vector (CV), tensor (CT), axial vector (CA) and
pseudoscalar (CP) were reduced to °S and °T together
with a small proportion of CP term (Jackson 1958).

The remaining question was the relative magnitude and
sign of these terms. Then followed a revolution in

the understanding of beta-decay. This started with the
well known T - © puzzle which led Lee and Yang (1956)

to examine the question of parity conservation in weak
interactions. They pointed out that the existing
experimental evidence was mainly based on the measurements
of scalar gquantities such as allowed, forbidden and

unique forbidden beta spectral shapes, beta-neutrino

correlation and beta~gamma correlation. None of these

experiments would answer the parity question as these



\

wili not measure the interference terms between the
coupling constants for the parity conserving and parity
non-~conserving terms. One must measure a pseudoscalar
formed out of the experimentally measured quantitiés.
Lee and Yang suggested several experiments that would
test the validity of parity conservation in weak
interactions. The first experimental demonstration

of parity non-conservation was carried out by Wu et al
(1957) on the decay of 0060—+ Ni%0 4 ™ (neutrino).
They observed a large asynmetry in the intensity of
beta-particles from polarised 0060 nuclei with the
preference of emission antiparallel to the direction

of nuclear spin. This experiment further showed

that charge conjugation is also not conserved. No
experiments exist regarding the time reversal invariance,
Since then several experiments have been done in the
field of beta~decay (Konopinski 1959) as well as in

mu~ and pi-meson decays (Jackson 1958) which have all
confirmed the non-conservation of parity in weak
interaction, This followed in the introduction of

I/ ! ! /

g+ Cys Cps C

parity non-conserving coupling constants C r Ca



and C; in addition to the previous parity-conserving

constants C C C

gt Gy Cpo CA and CP' Moreover, recent

experimental evidence is in favour of Cv and CA inter-

action instead of the former Cs and CT' This is
discussed in page 22 in connection with Fierz inter-
ference term,

Following the discovery of parity non-conservation
in weak interactions Lee and Yang (1957) as well as
Salam (1957) and Landau (1957) have proposed a two-
component theory of the neutrino. In such a theory
the spin of neutrinos must be completely pblarised
parallel or anti-parallel to their direction of motion,
In case of positron emission, the associated neutrinos
have left-~handed spin (i.e. anticlockwise as seen from
the nucleus), and the antineutrinos, which accompany
negatrons, have right-handed. In order to satisfy the
relativistic invariance the mass of the neutrino should
be identically zero.

The two-component neutrino theory combined with the

principle of lepton conservation accounts for the

observed non-—conservation of parity and charge conjugation

in weak interactions.



In recent years there has been considerable increase
in experimental data in the field of beta-decay by beta-
emission and this has greatly helped the understanding
of beta interaction. The subject has been reviewed
by Konopinski (1959). However, comparatively very little
experimental work has been done in the electron capture
process., This arises from the technical difficulties
encountered in the efficient detection and analysis of
the soft x-~rays or Auger electrons associated with the
electron capture transitions. Therefore the york on
electron capture was undertaken here with a new internal
source scintillation counter technique developed by the
author. But, before giving a detailed description of
this technique (in Chapter II) it is necessary to give
a brief review of the theory of orbital electron capture
which has a direct bearing on the experimental work

presented in this thesis,

ORBITAL ELECTRON CAPTURE

The main interest in the study of orbital electron
capture transitions are twofold. In the first place

the capture of an electron from the electron cloud of an



atom by the proton of the nucleus indicates the influence
of the atomic electrons on nuclear properties. Secondly,
electron capture is essentially a proton-neutron transition
in the nucleus arising from the coupling between the
nucleons and leptons. In this respect the electron
capture studies give information, as in case of beta-

decay by béta-emission, of the associated weak-interactions
responsible for the transition,

The experimental parameters of interest in electron
capture transitions, which serve as a basis for useful
comparison with relevant theory, are the relative
probabilities of L~ and K-capture events, or the K-
capture/ positron branching ratios, which are of main
concern in this thesis, and the higher order processes
such as inner bremsstrahlung energy distribution and
'shake off! electron distribution following capture
events.

Yakawa and Sakata predicted theoretically electron
capture in 1935, Two years later Alvarez (1937)
demonstrated K-capture for Vh8 by using a thin walled
Geiger Muller counter, Since then more than 150

isotopes have been identified to decay by electron



capture, mostly by capturing electrons from the K=~shell
of the atom., L-shell capture, which occurs with a
lesser probability than that of a K~electron, was shown
experimentally by Pontécorvo et al for 237 in 1949,

In electron capture the energy released in the
transition is not detected. It is postulated that
the neutrino carries off the available energy if there
is no gamﬁa emission, In general an electron capture
transition can be represented by

(p) + e > (n) +v (1)

Here the bracket indicates that the proton and the
neutron are bound to the other nucleons in the nucleus,
and ¥V referes to the neutrino emitted following capture.
If the masses of the initial and final atoms are M., and

1

M2 respectively electron capture can occur energetically

when the following relation is satisfied
My =M, 7 |E_| | (2)

Here 1En] is the binding energy of the electron in the

ﬁm state, The corresponding energy released from

capture is given by

q, = AM + A€ --]En] (3)

representing AM = Ml - M2 and A€ the reduction in



energy corresponding to the change in atomic binding
energy. Ac¢ 1is generally negligible. The recoil
energy of the final nucleus is very small and is neglected.
The rest mass of the neutrino is very small or identically
zero in the light of two-component theory and can be
considered as wholly kinetic (in analogy with photon
except the difference in spin).,

For positron emission the energy condition which
must be fulfilled is

M, =M, 7 2moc2 + €, (%)

Here €, is the binding energy of the valency electron
in the parent atom and is generally very small.
Positron emission is always accompanied by electron
capture, and occurs mainly from the K~shell, Even
when the transition energy is sufficient for positron
emission, it often happens that orbital electron capture
is predominant,

In certain cases the capture from the K~shell is
energetically forbidden. In such cases capture from L

and higher shells could still occur,
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ELECTRON CAPTURE TRANSITION PROBABILITIES

The transition probabilities for K-capture was
calculated by Yakawa and Sakata (1935), Bethe and
Bacher (1936) and Mgller (1937) on the same lines as
the theory of betardecay by beta-emission by Fermi (1934),
The expression involves the wave functions of the
electron and the neutrino evaluated at the nucleus and
the nuclear matrix element, The equations developed
for beta-emission in general (Konopinski 1953) may be
applied to electron capture with minor changes:
(a) the electron wave functions are those of the bound
electrons instead of free electrons and, (b) the
electron energy being discrete, the neutrino energy is
also discrete. In general, transition probabilities
depend not only on the properties of the nucleus, but
also on the characteristics of the captured electron,
which are influenced by the size of the nucleus, and the
properties of the electron cloud surrounding the nucleus,
Moreover, electron capture, like beta-emission, also
depends on the energy, spin and parity associated with
the initial and final nuclear states.,

The allowed transitions, which occur with the
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largest probability, correspond to the selection rule:
AI =0or 1l and no. Recent evidence (see p. 22)
indicates that the beta decay interaction is a mixture

of V (vector) and A (axial-vector). The transitions
with AT = O are produced by either V or by A, But

the 0— 0 transitions are produced only by the V and

are called Fermi. The transitions with AI = 1 are
produced only by the A and are called Gamow-Teller.

For allowed transitions the K~capture decay constant

is given by the expression

2
Mk =-f;§ lM\2 qé gi (1 +6&) (5)

where g is the universal beta-decay constant,

2

IMI2 = (¢~ + c; 2)[MF[2 + (¢, £

/2 2
+ C, )[MGT|

neglecting CS and CT terms,

Qg is the energy given to the neutrino in K-=capture

(qK =E - €, E is the electron capture transition

energy and € .. the K-shell binding energy),

K

8k is the radial part of the "large" component of the
Dirac wave function of the K-electron evaluated at
the nucleus,

and b is the Fierz interference term,
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The nuclear matrix element M consists of Fermi

MF and Gamow=Teller MG

the value of gz is given by the following expression:
K

T parts. As a good approximation

2 1 QY = 2 l\2 1
gK=§T(;ﬁyR (20 2/)%7 * (6)

/
where ¥ = 1 = GK y 2 =2 -g , g being the screening
correction factor and is approximately equal to 0.3,

-13 1/
R = 3,9 x 10 x A 3 s the nuclear radius in units
of ’K/mc:

and Q¢ = 1

137

In allowed transitions, the capture takes place

is the fine structure'constant.

mainly from the L1 subshell and with a small proportion

from subshell, The L. contribution never exceeds
1 IT

more than ten percent of the LI and falls off rapidly
for low atomic number elements. Capture from the LIII

subshell is generally negligible. The L11 subshell

differs from L, in parity but has the same angular

1

momentum, The L111 subshell has a different angular

momentum and hence it has a different selection rule.
For allowed transitions.the decay constant for the

L-capture probabilities is given by

L. + L =Ef_|M12q2 (&2 + £2 )1 +6) (8)
I II th L Ll LII
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T Lt

of the Dirac wave functions for the LI and LIi

where and f are the "large" and "small" components
eL & .

electrons,
qy, is the energy given to the neutrino in L-

capture (qL =E - €. , €. 1is the L shell binding

L L

energy) .
The difference in binding energy between LI and LII
subshells can practically always be neglected.,
The transitions with AI = 2, AT = =1 are first
forbidden "unigue" transitions. They are characterised
by a unique matrix element, The X, LI + LII and LIII

orbital capture transition probabilities are given by

the general relations:

—g—lelz b eZ (14b) (9)

L = ...E.’.z_ IM]Z 4 g2 + £° (1 +6) (10)
I+II 367 2 L LI LII
and
2 -2 2
L ﬂ-—lml g (1 +4) (11)
IIT - .2 Lirz
' 2 / 2 2
where IMI = (chl +1C,l )lMGTl ;
and R is the nuclear radius,
The angular momentum for L electron is one unit

IITI
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greater than that of LI or LII' This introduces an

additional factor (qR)—2 which enhances the L. .

contribution.

L/K CAPTURE RATIO

Allowed Transitions (AI = 0O or 1, no)

The L/K capture ratio for allowed transitions can

be obtained from the equations (5) and (8) of the

preceeding section. The capture ratio is given by
2 2 2
AL 9p 0 8L+ froo
§§'=(3;) ( 5 ) (12)
4
K

Marshak (1942) used Dirac rad%al wage functions

with Slater screening to compute EEI_;_EEZI. Rose

&x
and Jackson (1949) used Hartree self-consistent field

wave functions for low atomic number elements and
relativistic wave functions for a Thomas-~Fermi atom

g
for other wvalues. They constructed a graph of 21

€k
as a function of Z.
More recently Brysk and Rose (1955 and 1958) have

carried out extensive numerical calculations on the
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p* Lyy and Lpgq

electrons, using machine computation. They have taken

Dirac radial wave functions of K, L

into account the corrections arising due to the secondary
effects of the finite nuclear size, ?ariation of the
electron wave functions over the nuclear volume, and the
screening. The results have Eeen extended to include
forbidden transitions.

The Dirac radial wave functions consist of "large"
and "small" components. The "large" components make

a contribution in the allowed and the "unique" forbidden

3=,
transitions and are denoted bx‘gLI, b 3 the

and
L1T L1’

"small" components are f b § In

a f .
E' *vr* €yt ¢ ‘Linz

general f2 is small and g2 can be expected to wvary as

i§ where n is the principal gquantum number, So as a
n
first order approximation equ.(12) becomes
2
)\L q
L 1 :
™ =(—-— g (13)
A A

In the approximation of large radial distance the

LII contribution is given by
L
II __ 2 2
5 ‘I% a® 2z (1%)
L

I
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This ratio varies between 23% to 8% for Z between
50 to 80 and falls off rapidly with decreasing Z.

If the electron capture transition energy is much
higher than the K- or L~shell binding energy so that

g = s €. (12) reduces to

2 2
g, * fL
AL I II
X‘- = 2 (15)
K 8k

First Forbidden "Unique" Transition (AI = 2, yes)

From equs. (9), (10) and (11), the capture ratio

would be
2 2
\ \ 4 g + £
Lp + "L =(q_L_) K L L1 (16)
2
\ 2 2
Lrry 99 CL1TT (17)
- 2 2 -z
K qK R gK

The equ. (16) shows that the L___-~capture is

III

favoured with low transition energy for "unique"
transitions,. Even for high transition energy the

magnitude of L contribution is comparable with LII

IITI
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and for the energy corresponding to the positron

threshold (2 mocz:: 1 MeV) L ratio is of the

rrr/r
order of unity. It shows little Z-dependence and
varies from 1 for Z = 15to 0,2 fo: zZ = 95,

For allowed and "unique" forbidden transitions,
the L/K-capture ratios are independent of the nuclear
matrix element as in these cases a single element occurs
in the numerator and denominator which cancel out
automatically. This is not the case in the forbidden
transitions in which the multiplicity of matrix elements
hampers precise comparison between the theoretical and
the experimental capture ratiés. The knowledge of matrix
elements is very poor, . e So measurements on the
L/K-capture ratios for the allowed and "uﬁique" forbidden
transitions only can provide critical check of the relevant
theory.

Further amendment to the theory of orbital electron
capture ratio has been made by 0Odiot and Daudel (1956)
15587, They have treated the electron wave functions
taking into account the correlations which exist among

the positions of the atomic electrons. This was

shown to increase the theoretical L/K value by a factor



of 10 for He (2 = 2), 2 for Be (Z = 3) and by about 25%
for Ar (2 = 18), However, the correction falls off
rapidly as Z increases and becomes insignificant for

middle and high Z elements,

K~CAPTURE TO POSITRON RATIO AND THE FIERZ INTERFERENCE

TERM,
For allowed transitions, the probability per unit
time that a positron is emitted with energy between W

and W + dW is given by Fermit!'s formula

N(W)aw = §3§]M‘2 F( z,w)pw(wo-w)zdw(laé?) (18)
2K

1
in which ¥ = (1 - 0222)7, a = T%? and M is the nuclear

matrix element given by

IMIZ 2 4 | ¢

1, 2 2 r, 2 2
st ,Cv' + | Cy! ) ,MF’ *

= (\cs\

(legl® + legl® +le,12 + gl ®) g 2

here MF and MGT are the Fermi and Gamow-=Teller matrix

element respectively, CX referes to the well known

coupling constants for the X-th interactions (i.e.

S, v, T, A, or P, the pseudoscalar P being absent for

allowed decays), and the dashes the parity non-conserving
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terms, F(Z,W) is Fermi's function for allowed decays,

: g T ¢¢gf %455
p is the positron momentum, Wo the total energyAavailable
for the transition and, Z the nuclear charge which is
negative for positron emitters.,

The total transition probability is obtained by

integrating eq. (18) which is

2 oo 2 Yb
A, = §;3 | M| &F(Z,W) pW(W_ - W)" aw(l - <~ (19)

The F function which takes into consideration the
correction due to Coulomb field acting on the positrons
is given by Felster (1952) in zero order approximation
and by Dzelepov and Zirianova (1952) with second order
correction., These must be corrected to allow for the
effect of nuclear radius and of screening. The former,
which is about 1%, has been evaluated by Rose and Holmes
(1951) and the latter by Reitz (1950). The screening
effect becomes important for Z greater than 16 (See
Perlman et al 1958).

The term b is the Fierz interference term (1937)
and arises due to the interference between the scalar

(s) and vector (V) interactions in Fermi and the tensor



(T) and axial-vector (A) in Gamow-Teller transitions

respectively. b is given by the general expression

. (cscv +C gc;*):MF|2+(cTcA* A )[MGH (20)
([cs\ \Cv.l ﬂcsl qcv‘ )IMF\ +(1Cy ﬂc'x\ -nic ﬂci‘ )|MG,1\

here the star (*) denotes complex conjugate.
From equs. (5) and (19) the X/p* ratio for allowed

transitions is given by

2 2
QK . (21)
* SF (z,w) pw(w_ - w)2 aw(1 - 2
|
For b = 0, the eq.(2) becomes
2
T}Z K gK (22)
j (z,w) pW(Wo - w)2 aw
From equs. (21) and (22) then
x _ 14+ b >\K
K _ — (23)
A 1= prdwT >/\+ b=o
Wo
)2 & dw
(24)

gF (z,w) pW(Wo - W

here <W-]7=

Wo
SF (z,w) pw(v - W)
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The quantity <_W-1,> can be obtained by averaging
W~ over the theoretical positron spectrum by graphical
integrafion me thod.

The theoretical value of K--capture/ﬁ+ branching
ratios have been calculated by Zweifel (1957), Perlman
et al (1958) and more recently by Nguyen~Khac (See
Depommier et al 1960). Nguyen-Khac has used Dzelepov
and Zirianovat's tables with second order corrections
(1952) for PB* emission and Brysk and Rose's curves
(1955, 1958) for the radial functions of the bound K-
shell electr;n. He has also taken into account nuclear
radius (finite size) aﬁa screening effects. Experiﬁental
results have been reviewed by Perlman et al (1958),
Konijn et al (1958) and Bouchez and Depommier (1960).
Distinction should be made between the total electron
capture/ﬁ+ ratio and K-capture/B+ ratio while refering
to the above review articles.,

For allowed and "unique" forbidden transitions,
the huclear matrix elements cancel out the numerator and
denominator of the K--capture/ﬁ+ branching ratio, So

the Fierz interference term b can be determined by

inserting the experimental and the theoretical values for



- 22 -

M

K-capture/B+ ratios given by x§;and ( iy respectively

)b=o
in eq(23).

The interpretation of the Fierz interference term
has changed in recent years, following the introduction
of the two-component neutrino theory and the increase
in beta-~decay data. Before the overthrow of parity
conservation in weak interaction, a small value of b
implied that either (:A/cT or cT/cA in Gamow-Teller and
CV/CS or CS/Cv in Fermi interactions were small, The
two-component theory requires a combination of the coupling
constants in the form CX =iC; where X = S,V,T,A or P,

For allowed transitions P would be absent. If the
interaction is invariant unde: time reversal the coupling

constants will be real, For Gamow-Teller decay the

experiment of Herrmannsfeldt et al (1958) on the recoil

/
energy spectrum from He6 showed that (lCA 2 + |CAl2 )
2 !
is large compared to (‘CTI + jCle). For Fermi
transitions the recoil experiment for both N619 and A35

by Herrmannsfeldt et al (1957, 1958) showed that
2 /2 2 12
(|Cvl + | cyl ) is greater than (]Csl + [CS] ). The

longitudinal polarisation experiments on the Gamow=Teller
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B~ radiation of 0060 by Frauenfelder et al (1957)

and the Fermi radiation of both Ga66 and ClBh by
Deutsch et al (1957) and Boehm et al (1957) showed

that the relation CA = +C£ and CV =+C4 holds., These
results are supported by the Goldhaber, Grodzins and
Sunyar experiment (1958) on Eu152. They studied the
resonant scattering of gamma-rays with a Sm202
scatterer and observed those events in which the gamma-

ray and neutrino go in opposite direction. From this

they found that the neutrinos emitted are left-handed.

/ / / /
Both CT = +CT, CT --CT and CS = +Cs, CS = -CS are
consistent with two-component theory. Hence the present

evidence demands the following choice of coupling

constants
/ /
CA = +CA ’ CT = -CT
/ / (25)
or CA = +CA ’ CT = +CT
and
/ /
Cv = +Cv ’ Cs = -CS
/ / (26)
or CV = +C.V. s Cs = +CS
/ / / /

In the form C, = +C, , Cp = =Cp and C, = +Cy , Cg = =Cg
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(20) shows that b should vanish identically, On

: / ! /
the other hand, if CA = +CA ’ CT = +CT and Cv = +Cv s
Cs = +Cg 3 b does not vanish.

Restricting attention to pure Gamow-Teller
transitions, which is the main concern in this thesis,
the experimental values of b are necessary to check the

validity of the two-component neutrino theory if

!
CT = -CT or to delimit further the maximum magnitude
/
of CT and C y 1if CT = +CT. Moreover, the expression

for the electron polarisation experiments, designed to
examine the validity of the theory and the relative

o+ Coo
polarisation P is given by

magnitudes of C contains b explicitly. The

p = AR/Y_

1+b/W
here A = % 2R°‘°T I - % ) (27)
(logh ® +icp\® +1c,0 2 +1cj) )

From this point of view also it is desirable to know
the magnitude of b experimentally.
Apart from the assessment of the Fierz interference
term, the measurement of K-capture/B+ ratio provides
Pécub ot
several importanﬁkinformation. For allowed and "unique™"

forbidden decay the nuclear matrix element cancels out



the denominator and the numerator of the theoretical
expression of the K-capture/B+ ratio, So the measure
of the K-capture/B+ branching ratio provides a good
comparison of the validity of beta-decay theory. In
addition, it provides information concerning the
magnitude of the finite nuclear size and second order
corrections on the transition probabilities, As
belief on the theory of branching ratio grows stronger,
a precise measurement of the K-capture/ﬁ+ ratio could
be most useful in determining the energy available for
the transition. This, in principle, can be done by
comparing the calculated and measured branching ratios.
Since branching ratios are sensitive to the transition
energy, this application can be very useful or even
better than the value obtained from beta-=spectrum
studies,

As this chapter is mainly devoted to the theoretical
description of the subject it may be convenient to
include here the theory of "unique" beta-spectrum
referred to in Chapter V in comnnection with the work

on leoh'
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THE "UNIQUE" FORBIDDEN BETA SPECTRUM

The "unique" forbidden transitions provide one of
the strong pieces of evidence for the existence of
Gamow~Teller interactions because they could arise only
from A or T coupling. They are characterised with spin
change AI = n + 1 and parity change A7l= (--1)n where
n = 1,2 and 3. One of the most significant features
of the "unique" spectra is that the Fermi-XKurie plot
shows a distinct "S" shape (Langer et al 1949). This
could be linearised with proper shape correction factor.

The energy distribution for B” emission is given by

2 a2 2 Tb
N(w)aw = E— |¥|° F(+2,W) pW(W_-W)“dw(1+==)
21(3 (o] W U»n
(28)
"2 2 1,2 2 ?, 2 2
here|M|© = (lep S+ jepl “+le ) “+cy) %) M, f
and Q. is the shape correction factor, The expressions

for an, taking into account the coulomb effect on the

electron, is given by Konopinski (Siegbahn p.305,1955) as

= / (2n + 1) ! (2Y + 1) 1 2(n=V)
" %? 22°(11)2 (2020 +1) 1 “v(p,+ 2) (29)

here q = (Wo - W), L) is the tabulated function of Rose
Perry and Dismuke (Siegbahn App.II) For the first

forbidden "unique" transitions (n = 1), the expression (29)
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gives the shape factor:

2
a; = a"Lo(py,+ 2) + 99L;(p;,+ 2) (30)

In general the shape factor an is insgnsitive to
the Coulomb effect for "unique" transitions. This
is not the case with most types of forbidden spectra.
However, for high atomic number elements, as in the case
of leoh (z = 81), the simplified formula based on low.
Z approximation (Siegbahn p.304) was found to be
inadequate by Wu (Siegbahn p. 331)-to give a linear

Fermi-~Kurie plot.

From eq. (28) with b = 0 n =1 and G = (B)F, it
follows that
[N(w)/Ga]%/w = K(W_ - W) (31)

here K = (5—3 \M‘ )7 and is independent of W. The
values of G are given by Rose, Perry and Dismuke
(Siegbahn App. II) and Z refers to the daughter nucleus.
The left hand side of this equation plotted against W
is known as a corrected Fermi-~Kurie plot. Such a plot
will yield a straight line, the intercept of which

with the W axis giving the transition energy. Without

the shape correction factor (a = lj,this will show a
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distinct "S" shape for "unique" spectra.

EXPERIMENTAL DATA OF L/K-CAPTURE RATIOS

There are three principal methods which have been
used to measure L/K capture ratios: external source,

coincidence technique and internal source spectroscopye.

i

4Externa1 Source Spectroscopy

The radioactive source is kept outside the
sensitive volume of a detector which is in general a
thin window proportional or a scintillation counter and
the relative intensities of K and L x-rays are measured.
Large corrections for the source scattering, self
absorption and variation of detection efficiency with
energy must be applied. Some of the L~ and K-shell
vacancies are filled by Auger transitions. So a knowledge
of K~ and L-fluorescence yield of the daughter element
are required., These are not accurately known. This
introduces considerable uncertainty in the results,

71 the experimental value of Langevin (1954,1955)

For Ge
of 0,30 becomes about 0,15 when the measured value of

0.53 of Drever et al (1956) is used instead 0.45 given
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by Burhop (1952). Moreover, the x-ray intensity ratio
must be allowed for the fraction of Ka.x-rays which
could spuriously record as L-capture event. In

view of this the external source method is considered
to be inadequate for a reliable check cof the relevant

theory.

Coincidence Technique

This technique is similar to the indirect technique
used for the measurement of the K-capture/B+ ratio as
described below. In this case it is necessary that
the capture should proceed to an excited state of the
daughter element followed by a high energy gamma-ray
transition. This method also involves inaccuracies in
the data regarding fluorescence yield, the relative
intensity of Ka x-rays, and the gamma-ray detection

efficiency.

Internal Source Spectroscopyv.

The radioactive source is thoroughly dispersed in
the sensitive volume of the detector. The source

thickness would be negligibly small so there would be no
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source self-absorption or scattering. In the
proportional counter application the source is intro-
duced in the counter in a suitable gaseous form, The
advantage of the method is that the knowledge of K and

L fluorescence yield is not required. If the counter
is large enough and the pressure of the filling gas is
high (6 atmos for Z = 35) essentially all the L-capture
events which consist of L x-rays or L-Auger-electrons
would be completely absorbed for elements with atomic
number of the order of 35 or less, The K-capture
events would comprise of K x-rays or K-Auger-electrons.,
K-Auger would be completely absorbed in the filling

gas, But some of the Ka x=-rays could escape undetected
from the counter and would record as a spurious L-capture
event. To overcome this Drever et al (1956) developed
an ingengous proportional counter technique. They

used two concentric proportional counter system

without the intervening wall. The escaping Ka X-rays
from the main central counter were detected in the outer
ring counter which was used as an anticoincidence pulse,
Thus the false recording of L-events arising due to the

escape of Ka x-rays could be avoided. The loss of K~
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events was compensated by choosing a suitable design
so that the same number of K x-rays entered the ring
counter from fhe insensitive space at the ends. This
method gives L/K-capture ratio directly from the
observgd L-and K-peaks,

An internal source scintillation counter method
has been used by der Mateosian (1953). Scintillation
crystal of NaI(T1l) was grown with a trace of the source
being studied. The L/K-capture ratio was deduced from
the K x-ray peak and the intensity of the low energy
gamma-ray, assuming each gamma-ray accompanies the
capture transition, More recently, Scobie and
Gabathuler (1958) produced an internal source of 1126
b& irradiation of a NaI(T1) crystal in a gamma-ray

127(Y,ﬁ)1126 reaction.

beam of a Synchrotron by I
The L/K-capture ratio has been determined for a
number of nuclei, The most comprehensive review of the

experimental results up to 1960 has been given by
Robinson and Fink (1960) and Bouchez and Depommier
(1960). The majority of the cases are done by indirect

technique and in many cases the electron capture decay

energies are not known, So these results are not
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suitable for comparison with the theory, However,
there are a few cases, mainly at low Z elements (Z<40),
in which the electron capture transition energies are
known and the L/K-capture ratios have been measured

by internal source technique. These measurements
which are precise enough to be compared with the theory

of Brysk and Rose (1955, 1958) are made for the simple

the parity forbidden decay of 1126. The results of

allowed decays of A and for
these measurements as compared with the theoretical wvalue
with the name of the author and the date of the
experiment are shown in figure 1. Figure 1 shows that
the experimental results are 10 to 20% higher than the

37 the theoretical value of

theoretical wvalues. For A
L/K = 0,08 increases to 0,10 when the effect of
correlations existing between the positions of the

electrons proposed by Odiot and Daudel is taken into

consideration.

EXPELRIMENTAL DATA OF K—CAPTURE/B+ RATIO AND THE FIERZ

INTERFERENCE TERM,

Extensive reviews of the total electron capture/B+
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Comparison of the experimental and the calculated
results of L/K capture ratios. The uncertainty in
R is represented by the vertical bars. The cross
37 denotes the value with the 0diot and Daudel
correction. (18Ar37 by Santos-Ocampo and Conway,
1960; 26F955 by Scobie, Moler and Fink, 1959;
270058 by Moler, 1961; 32Ge71 by Drever and Mol jk,
1957 and communicated by Drever, 1959; 36Kr79
communicated by Drever, 1959; 531126 by Scobie and

Gabathuler, 1958),

for Ar
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ratio meausrements are given by Radvanyi (1955),
Perlman et al (1958), Konijn et al (1958) and Bouchez
and Depommier (1960)., Mainly two methods have been
used: direct and indirect. The direct method consists
in a meausrement of the x-rays or Auger electrons
following capture. The positron intensity is measured
from the B+ spectrum or the annihilation gamma-rays,
In the indirect method it is necessary that the
transition proceeds to an excited state of the daughter
nucleus which éubsequently emits a gamma-ray. Then
the intensity measurement of the gamma-rays gives the
total rate of decay by total electron capture and
positron emission. The rate of decay by positron
emission is generally measured by taking coincidences
between the gamma-rays on the one side and the B+-
particles or the annihilation photons on the other,
Among the direct methods, the internal gaseous
source proportional counter technique with the provision
for the elimination of escape corrections, developed by
Drever and Moljk (1957), gives results on K-capture/p"
ratios with better accuracy. When a solid source is

used and the K x~rays are measured in a counter it is
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necessary to estimate the absolute counter efficiency
and the correction required for the x-ray absorption in
the source and counter window. This is not easy to
ascertain with sufficient accuracy. On the other
hand, if the Auger-electrons and the positrohs are
measured in the same counter, the need for determining
counter efficiency can be avoided. However, in this
case the self—absorpgibn and scattering of Auger-
electrons would be most severe, Similarly, indirect
methods have, too, their own iimitétions. Considerable
systematic errors may arise from the instrumental
correction factors and from the determination of the
gamma-rays detection efficiencies. Moreover, indirect
methods involve the measurement of the total electron
capture from the various shells which require the
assumption of the L/K ratio data and the relative
contributions from higher shells. For low atomic
number elements, in which region the total electron
capture/B+ measurements are more numerous, there exists
a discrepancy of 10=20% between the experimental and the
calculated L/K values (Fig. i, ).

In recent years there has been considerable
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accumulation of data mainly on the total electron
capture/ﬁ+ branching ratios. Although the experimental
and the calculated values are claimed to be in fair
agreement, the possibility of a large systematic error
in the experimental data cannot be ruled out in view of
the difficulties stated above. This can be seen from
a considerable scatter in the experimental results.
This is particularly true when these data have been used
for the evaluation of the Fierz interference term b,
which is one of the main subject of concern here,
For the determination of b it is highly desirable that
the transition should be either pure Fermi or pure
Gamow~Teller in order that the result on b could be
interpreted. Only a few isotopes have been shown to
be a pure transition.‘ Therefore, reference will be
restricted to those few cases which are precise and
reliable, and the Fermi Gamow-Teller admixture is known,
Among the indirect measurements, the best results
are of Sherr and Miller (1954) for the Gamow-Teller
decay of Nazz. This isotope decays by electron capture
and by ﬁ+ emission predominantly to the 1,28 MeV level

22
of Ne with a spin change of 1 and no parity change,
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They used a coincidence arrangement with a scintillation
counter to determine 1,28 MeV gamma-ray intensity and a
Lx Geiger-Muller counter for the ﬁ+ intensity., By
these methods they deduced the value of total electron
capture/B+ ratio to be 0,110 * ,0o06,. They compared
this value with the theoretical value of 0,1135 and
obtained the upper limit of the Fierz term b to be 6%,
according to the notation adopted here(}See €eq. (20).
Indirect measurements on the total electron capture/ﬁ+

58

ratio for the pure Gamow=Teller radiator Co have been
done by several workers, Their values are listed in

Table I and vary between 5,48 and 6,7.

Table I
Author Total electron capture/B+ ratio
Good et al (1946) 5.8 * 0,2
Cook and Tomnovec 5.9 ¥ 0.2
(1956)
Grace et al (1956) 6.7 * 1,3
Konijn et al (1958) 5.67 * 0,16
Ramaswamy (1959) 5.48 + 0425
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58

The recent theoretical K-capture/B+ value for Co
by Nguyen-Khac (See Depommier et al. (1960)) with
second order correction is 4.87. Previous value by
Perlman et al (1958) was 5.2. The upper limit of the
Fierz interference term has been quoted by Konijn et al
and by Ramaswamy as 5.2 and 3.6 respectively in the
notation adopted here (See eq. (20))., The theoretical
L/K~-capture ratio from Brysk and Rose's graphs (1955,1958)
is 0,092, The experimental value by MolZXer (1961) with
wall-less internal source proportionél counter is 0,108
+ 0.004, Therefore, the b value would alter depending
on the adoption of theoretical or experimental value
on L/K-capture ratio.

Direct measurements by a wall-less proportional
counter and an internal gaseous source have been done
by Drever et al (1956) and by Scobie and Lewis (1957).
Drever et al obtained a value of 0,030 * 0.002 for the
K-capture/B+ ratio for the Gamow-teller decay F18.
Comparing this result with the theoretical value of
0.0295 they obtained the upper limit of b to be about
5%. Scobie and Lewis, by means of similar technique,

obtained K-capture/B’ ratio to be (1.9 * 0.3) x 1073
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for the predominant Fermi transition Cll. They assumed

the value of Drever et al for the Gamow=Teller
contribution and comparing the experimental value with
the theoretical value of K-capture/B+ ratio of 2,0 x 10_3,
deduced b for Fermi transition to be less than about 20%.
These measurements are free from the corrections arising
from the source scattering, assessment of detection
efficiency and uncertainty in the L/X data. The main
difficulties in these measurements are the determination
of the total XK-capture events under the K-peak and the
estimation of the background effects,

The limit on Fierz interference term obtained from
the beta spectrum shape are not as well defined as those
obtained from the K-capture/ﬁ+ ratio measurements.

These are reviewed by Wu (Siegbahn 1955) and by Konopinski
(1957). For pure Fermi transitions the lifetime work
of Sherr and Gerhart (1956) could be referred.

Thus it has been shown that the situation in the
experimental field for the measurements of L/K-capture
ratios seems to be better than that for the assessment

of b from the orbital-capture/B+ ratio, But it should

be noted that most of the reliable experiments on



L/X=capture ratios are confined to low atomic number
elements (Zj;35). Therefore, more work on middle and
high Z-elements are desirable before the relevant theory
could be verified. The work described in this thesis
is an attempt to fill thé gap, by means of a technique
developed by the author, This technique was also used
for the measurement of Fierz interference term for the
pure Gamow~Teller decay of 0058. The result is free

from the main difficulty involved in an indirect method

in the estimation of counter detection efficiency.



CHAPTER II

EXPERIMENTAL METHODS

It has been pointed out in the previous chapter
that there exists a great interest in the experimental
measurements of the L/K capture ratios for the middle
and high atomic number elements, where the magnitude
of electron wave functions are more accurately known
and the experimental results are so scarce. In this
region the K x-rays being of the order of 30 KeV or more
the gaseous source proportional counter technique would
not be suitable, as the majority of the x-rays would
escape the counter even at high pressure and large
counter dimension; For this reason the use of
proportional counter technique has been restricted to
zZ = bo. On the other hand, internal source scintillation
counter technique has several advantages and seems to
be the appropriate method of investigation for the
energy range of interest. Hence, a new type of
internal source scintillation counter technique was
developed which gave results free from surface effects
and was successfully used in the determinations of the
L/K capture ratios for the middle and high atomic

number elements., In addition, this method was also
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used for the measurement of K-capture/ﬁ+ ratio.
The utility of this technique has been found to be very
wide and is discussed in Chapter VII.

The internal source scintillation counter technique
consists of incorporating the radioactive source under
study in a suitable scintillation crystal, This is
achieved by growing a scintillation crystal containing
a trace of the source. In this way the source is
thoroughly dispersed in the sensitive volume of the
detector which, for practical purposes, could be regarded
as having zero thickness. Thus there is no source
self absorption or scattering and by virtue of i4x
geometry, the detection efficiency is 100%. The method
was introduced by Scarff-Goldhaber et al (1951) and
Bannerman et al (1951) and was used for a few specific
nuclear problems, However, its potency has not been
fully exploited espeéially for the study of low energy
radiations consisting of Auger electrons. In view of
this a thorough undefétanding of the performance,
general utility and limitations of the intermnal source
scintillation technique seemed desirable. In the

course of these investigations it was envisaged that the
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undesirable escape correction could be eliminated by
employing an improved well-type method. Throughout
the work described here thallium activated sodium
iodide scintillator was used as this is the most
efficient phosphor as regards maximum light output per
quantum of energy absorbed and shows a linearity of
response for electron energy from 1 KeV to 6 MeV

(Tayler et al 1951, and West et al 1951).

Well-type Method.

The improved internal source scintillation counter
technique developed here is illustrated in figure 2,
This methéd was developed initially for the measurement
of electron capture studies and later extended for the
studies of beta-decay process in general. The inner
NaI(Tl) crystal was grown with the radioactive source
under investigation. This crygtal size was usually
of the order of 5 mm diam x 5 mm and was cut, cleaned
and polished from a grown crystal of size about 1 cm
diam x 13 cm. The outer crystal was supplied by
Nuclear Enterprise (Edinburgh) and the crystal size
varied from 4" cube to 2 cm’ cubt.The well could be

readily made with an ordinary hand drill and expanded



Fig. 2,

Well-type method which eliminates escape
correction: The inner crystal is grown
with a trace of the radioactive source
and enclosed in an outer well crystal

fitted with a 1lid,



- 43 -

by dissolving away in absolute alcohol., The drilling
operation was carried out with the crystal covered with
liquid paraffin. The 1lid was usually cut from the same
crystal ignot and provided a close fit. The whole
crystal assembly was immersed in liquid paraffin or
mounted in dry air,.

For the intermediate and the high atomic number
elements the L-capture events consist of energies of
about 5 KeV and 15 KeV radiations respectively
corresponding to the binding energies of the daughter
elements., These radiations comprise L x-rays or L-
Auger electrons. In a crystal of size 5 mm3 the
L x=rays as well as the L-Auger electrons are completely
absorbed. Similarly the K~-Auger electrons are
completely absorbed. But some of the K x-rays or the
iodine x-rays associated with the detection process
liberated near the surface layer of the active crystal,
could escape. These later would be detected in the
outer well-type crystal and the aggregate energy
released by successive ionising radiations would be
integrated and be registered as a K~capture event.

No escape correction would therefore be necessary and
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the L/K capture ratios follow directly from the relative
intensity (counts) of the observed L- and K-peaks.

Hence the results would not depend on the uncertainties
regarding L- and K-fluorescence ylelds data and a
knoﬁledge of Kq x-ray group which if undetected would
record as a spurious L-event, This method has proved
to be simple, and effective in operation.

For the investigation of beta-spectra, it was
necessary to mount the crystal in a dry air as the
liquid paraffin enclosed between the active inner
crystal and the well=type crystal could distort the
beta-spectrum. This could arise from the partial loss
of energy in the intervening paraffin of the escaping
beta particles before being detected in the outer
crystal. A dry box was used for mounting the crystal
assembly., It was necessary to leave the crystals and
the necessary accessories in a dry box over a period
of about 1 to 2 days before being assembled.
Phosphorous pentoxide was used as a drying agent and
the air was circulated by means of a fan fitted inside
the dry box. However, it was found that the arrangement

with paraffin made little difference when the inner
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crystal fitted closely inside the well (cf Ch. V p. 82)

Crystal Growing.

Single crystals of NaI(Tl) were grown by Bridgman
method (1925)., This method, shown schematically in
figure 3, illustrates most of the principles involved
in growing single crystals by solidification. A thin
walled (~ 1 mm)satin-surfaced fused silica tube obtained
from the Thermal Syndicate Ltd., Great Britain, was
used for growihg crystals. The internal diameter was
about 1 cm and length about 1 inch. A capillary was
drawn at one end to allow for the formation of a seed
crystal. A clear quartz tube about 4" diam and 6
inches long was provided at the other end. Approximately
4 to 5 gms of thallium activated sodium iodide chips,
procured from Nuclear Enterprise Ltd, were cut into
small pieces by stiff valet-~type razor blade, cleaned
with absolute alcohol and dried by filter paper.

FEach of these pieces were touched with a radioactive
source which was in a solution form and introduced in
the quartz tube. Usually a drop of the source was used.
The quartz tube was evacuated through a trap immersed

in liquid oxygen. After evacuation which took about
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Schematic diagram of the vertical tube

furnace used for growing crystals.,
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10 to 15 minutes the tube was slightly heated to drive
off any water vapour and sealed off with oxygen flame
while still under vacuum,

To produce a single crystal the quartz crucible
was suspended by a platinum wire 0,002" diam in a
vertical tube furnace. The central portion of about
2" in the middle of the furnace was maintained at 680°C
with a temperature gradient of 40°c per inch. The
inner diameter of the furnace was 1 inch with a bore
thickness about l/16", 36 gauze nicrome wire was used
as the heating element. The total number of turns
was 56 covering a length of 4" of the tube furnace.,
To obtain adequate temperature gradient the spacing
was kept closer in the central portion. The tube
furnace was surrounded with asbestos to minimise heat
loss., A clear glass tubing was cemented at the bottom
end to permit observation. The crucible was slowly
lowered (4" per hour) with a clockwork mechanism into
a cooler zone, A seed crystal is first formed in the
capillary and this continues to grow until all the
ligquid solidifies on it, A single crystal, the shape

of the crucible, could be obtained. The whole
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operation takes about 10 to 12 hours.

The difficulty most frequently encountered in the
formation of a single crystal was due to the
probability of multiple nucleation. This could be
avoided by making a sharp point at the end of the
capillary. Moreover, it was often observed that the
crystals produced were rather imperfect, with large
€racks and holes, This was particularly true when
attempts were made to bring the temperature down
rapdily. It was found desirable to allow about 5 to
6 hours for gradual cooling after the crystal has formed.,
This was achieved by stopping the clockwork when the
crystal was grown and turning the volts off the wvariac,
supplying current toc the heating element of the furnace,
in steps of 10 volts from 120 volt to 90 volts at
intervals of 1 to 1% hr. Finally the furnace was
switched off and left overnight to cool to room
temperature,

Another requirement for growing good crystals was
that absolute cleanliness should be exercised during
the process of packing. In addition; the heating

should not be applied before the crystal completely dried.
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Crystal Cleaning and Mounting.
The crystal when ready could be taken out by

cutting open the quartz crucible with a diamond saw,
The crystal was washed several times with absolute
alcohol to remove any source sticking on the surface.
It could be cut in any required shape with a fine fret
saw followed by rubbing down cut surfaces on waterproof
silicon carbide paper, grade 400e. The whole
procedure was handled under liquid paraffin. Finally
the crystal was washed with absolute alcohol, treated
with a buffer solvent of benzene to dissolve the alcohol
remaining on the surface and transferred to several
baths of liquid paraffin in succession. At all times
touching the crystal by hand was avoided, and normally
small tweezers were used for manipulation. The liquid
paraffin usually contained air bubbles and it was
desirable to drive if off by heating. The advantage
of using several baths of paraffin was to remove any
film of dissolved Nal in the solvent clinging on the
surface which would turn the crystal yellow in a few
minutes. In spite of all these precautions it was

often observed that the crystal became cloudy or yellow



in a period of a few days. This would decrease the
energy resolution. In such cases the crystal was
recleaned before being used., The obvious disadvantage
was the gradual dissolving away of the crystal,

At first the crystal was mounted in a glass
container with a thin flat glass window cemented with
tAralditet., It showed high phosphorescence effects
in the region below 2 KeV and it was discarded in favour
of an aluminium container with a thin mylar or glass
window cemented with ‘'Bostik®'., The crystal assembly
was generally immersed in liquid paraffin and surrounded
by aluminised mylar 0,001" thick. It was found
subsequently that the Mgo reflector gives much better
results, The optical contact between the crystal and
the glass window was obtained by using a thin paint of
silicone fluid between the glass window and the crystal
surface., The liquid paraffin from the crystal surface
was removed before packing with Mgo as this caused a
loss of light resulting in the decrease of energy

resolution.

Photomultiplier Consideration.

For the measurement of low energy radiation the



photomultiplier noise and the photo=cathode efficiency
are of considerable importance, and in fact these are the
main sources which limit the range of measurements.
For these reasons an initial attempt to use a Du Mont
6292 phototube to ﬁnalyse ~ 5 KeV 05131 L-peak was not
successful. | Below 10 KeV the photomultiplier thermal
noise was so severe that cooling the tube to freezing
brine temperature was of little help. These
difficulties were overcome by using the recently
developed E.M.I. 9514S photomultiplier, which was
specially made for low energy work. The thermal noise
was considerably lower which made it possible to extend
the measurements down to 5 KeV region. Moreover, the
*S?' tubes are made with glass free from potassium,
which contains the natural radioactive element Kuo.
Figure 4 shows thevschematic diagram of the cooling
Jacket used in the L/K capture ratio measurement for
CslBl described in Ch, III. Thermal equilibrium was
obtained by maintaining the jacket at freezing brine
temperature over a period of many hours. Dry ice

(so11d Co,) was used to freeze the brine. Figure 5

shows the reduction in the photomultiplier thermal noise



ks poLvreme " Leao

IE"—"L.EAD

1 "POLYTHENE INSULATOR
EREEZING MIXTURE

COPPER VESSEL

S S S NS N SN SSNND

!,“DIA THIN COPPER
DisC

COPPER CAN
CONTAINER

ALUMINIUM
REFLECTOR

PHOTOMULTIPLIER

LSS S S S S S S S A A S S Y A S YsSssx

VYT W

Fig. 4.

Arrangement for cooling the multiplier

131

used for Cs experiment,.



400 -
1
-
w
4
< (o]
I «——2IC
o
a 200 -
w
a.
W)
’_
=z
2
0
O
..... ;_4_.[
o 4
ENERGY IN Kev.

Figo 50

Reduction in the photomultiplier (E.M.I. 95148)
thermal noise by cooling.



- 51 =

from the room temperature of 21°C to the -15°C.

Above 2 KeV the noise was very small and differed little
when the tube was cooled. However, in the use of recent
improved photomultiplier, the cooling was not necessary

because the noise was practically negligible.

The Operation of the Well-type Method.

131 obtained with

Figure 6 shows the K-peak of Cs
the inner radioactive crystal alone. The peakewith the
crystal enclosed in the well-type outer crystal fitted
with a 1lid is shown in figure 7. The energy resolution
given by full width at half height in either case was
about 33% for the K-peak and this indicated an excellent
matching between the activated and the inactive well-type
crystal. It was seen that the amount of the dissolved
source in the crystal, which was of the order of less
than about 0.1%,did not affect the relevant scintillation
properties of the crystal.,

Difficulties appeared in the assessment of the lower

131

energy ends of the L-peaks for Cs and Ba131 and the

58 131

K-peak for Co”°°. For Cs 131

and Ba the low energy

rise persisted even after allowing for the background
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effects and this was attributed to the possible
contribution from the M-capture events which would

occur at about 1 KeV energy region. In view of this
the curve was fitted with a statistical distribution
(cf. W.B. Lewis 1942) assuming the K-peak as a standard.
The validity of this assumﬁtion was further confirmed
by a recent experiment on 0058 activated NaI(Tl) crystal
with an E.M.I. 9514S photomultiplier having much
improved photo-cathode efficiency (70p amp/lumen).

58

The Co K-peak is presented in figure 8 and shows the

peak to valley ratio as 30/1. The K-peak with the

previous 21y amp/lumen multiplier is shown in figure 30.

Nature of Source Distribution.

In order to ensure the absence of possible surface
effects the crystals were washed in absolute alcohol
several times reducing its size from about 1 cm diam x
1% cm to about 5 mm>.  The crystals were washed from
time to time even during the course of the experiments
and the consistency of the results so obtained also

confirmed the lack of source concentration near the

surface of the crystals. Rough checks of the ratio
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of source counts to the amount of crystal could be made,
this ratio remained constant.

To investigate the nature of source distribution
inside the crystal, the Bal31 activated crystal was
broken into four roughtly equal pieces and the counting
rate under the K-peak was noted down against the weight
of the crystal. This is shown in figure 9 and
indicates that the source distribution was fairly
uniform. The barium K x-ray energy being very near
the iodine K absorption edge the Ba13l K x-rays in
NaI(Tl) crystal would be mostly absorbed. However,
the iodine x-rays, associated with the detection process,
could escape from the edges of the crystal depending on

the surface to volume ratio.
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CHAPTER III

The L/K Capture Ratio in 05131.

1. Introduction

The isotope 09131 possesses several features which
make this very suitable for L/K capture measurements.
03131 decays by pure electron capture, with a half life
of 9.6 days (Yaffe et al. 1949), to the ground state of

stable Xelsl. According to the nuclear shell model,

the spin of the ground state of 09131 is d5/2. This

value was confirmed experimentally by Goldhaber and
Hill (1952). The ground state spin of cel3! was
measured by Bellamy and Smith (1953) and was found to be
d3/2. In terms of the two measured spins, the transition
can be classified as obeying the selection rules
ds/z—) dyz, AI =1, no. These are the properties of
allowed transition if Gamow=Teller selection rules are
followed. Evidence for the allowed transition is further
derived from the log ft value of 5,3. The decay scheme
is shown in figure 10. The intensities of the L and K
x-rays have been studied by Fink (1955).

The electron capture transition energy is known from

the inner bremsstrahlung spectrum end-point to be 355 % 10

KeV (Saraf 1954). This value has been further supported by the
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subsequent measurement of the electron capture inner

bremsstrahlung work of Hoppes and Hayward (353 % 10 XeV)
and Michalowicz (360 X 15 KeV). With a value of 355 KeV
for the transition energy, the theoretical L/K capture
ratio was calculated at 0,145 from the Brysk and Rose's
curves of the electron wave functions.

The L/K capture ratio had not been measured in csl3l
before the present work. The experimental measurements
were mainly confined to low atomic number elements,

Among a few more accurate cases, there existed
discrepancies of the order of 10-20% more than the
calculated value. It seemed desirable therefore to
study the electron capture process further; and
particularly for an intermediate Z nucleus, For such
nuclei L/K values are very scarce, This direct
measurement of the L/K capture ratio in a simple allowed

131

decay of Cs provides, therefore, a critical check of

the wvalidity of the relevant theory.

2+ Experimental Method .
131

Carrier free Cs was prepared chemically at Amersham
Radiochemical Centre by separating the daughter nucleus of

12 day half-life Bal3l produced by an (n,Y) reaction on
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natural Ba(003)2 at U.K.A.E.A., Harwell., It was obtained
in solution form, dissolved in normal HC1l solution, with
a specific activity of about 2mc/ml,

To check the radiochemical purity of the sample, a

thin source of the C5131

was mounted between two pieces

of 1/16" thick perspex sheet., Using this as an external
source a search was made for any gamma-emitting impurities
in the source. A 2" diam x 2" NaI(Tl1l) Harshaw scintillator
mounted on a Du Mont 6292 photomultiplier tube was used

as a gamma-detector, A 1430A Dynatron pulse amplifier

was employed and the spectrum was analysed in a C.D.C.
transistorised multichannel pulse height selector. To
minimise the room and cosmic-ray background effects the
detector was shielded with 2" of lead shielding, provided
with a 5 mm copper lining to absorb lead x-rays. The

gain of the amplifier was adjusted to cover a wide energy
range. Calibration was effected by external gamma-ray
standard sources of Rad (46.5 KeV), Hg203 (279 Kev),
Na?? (511 KeV and 1.277 MeV), csl37 (662 KeV) and o0
(1073 and 1.333 MeV). Except for a very prominent clear
photopeak at approximately 30 KeV, no line radiations were
observed in the region of 10 KeV = 1 MeV, indicating that

the source was very pure. The 30 KeV peak is due to the
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predominant Ka x-rays following K~capture in 03131.

Typical Cs131 K«~peak with an external source as described
above is shown in figure 11,

For the L/K capture measurement a few drops of the
08131 source were diluted about temn times with distilled
water and a thallium activated sodium iodide crystal was
grown with one drop of the diluted source. The crystal,
when grown, was first cleaned with absolute alcohol to

Cs131 source sticking on the surface

dissolve away any
of the crystal. It was then treated with benzene to
remove the absolute alcohol and finally immersed in liquid
paraffin to keep it free from moisture. The crystal
could be cut and cleaned as often as needed. Several
similar crystals were grown.

Two series of experiments on thel/K capture ratio
were done with separate sources. The first one was done
without the ﬁell-type device and used single active grown
crystals, The crystal sizes were approximately

3 and 7 mn diam x 1,0 cm. Both crystals

6 x 8 x 3 mm
were separately employed in the L/K ratio measurements.
The crystal was mounted in liquid paraffin and surrounded

by an aluminium coated mylar reflector of 0,002" thickness.,

A glass container with a thin glass window, cemented with
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Durofix or Araldite, was used. In view of the poor
adhesive quality of Durofix and phosphorescence effects
showed by Araldite, a thin mylar window stuck by Bostik
cement to an aluminium container was used in the subsequent
work.

It must be mentiohed here that an initial attempt
to observe the 05131 L-peak (~'5 KeV) with a Du Mont 6292
photomultiplier was unsuccessful. This was due to the
photomultiplier noise in the low energy region arising
from the thermal emission of electrons from the photo-
cathode. Below 10 KeV the noise was so0 excessive that
cooling the tube to freezing brine temperature («1500)
was not enough. This difficulty was overcome to a great
extent by using low noise and high resolution R.C.A. 7265
and E.M.I. 9514S phototubes. The E.M.I. 9514S is
especially suitable for low energy measurement because
the tube has been made with potassium free glass,
Naturally occurring potassium contains Kho which is a
long lived radioactive source and could give rise to
undesirable background. The E.M.I. 9514S tube was found
superior to the R.C.A. 7265 from the noise considerations,
The tube had been kept in the dark for a long period, and

was not exposed at all during the experiments,
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The L/K capture measurements with single active
crystals were carried out with the R.C.A. 7265 photo~-
multiplier. The phoﬁocathode and the crystal were
cooled for several hours, in a cooling jacket, ﬁith
freezing brine (=15°C). The system was surrounded by
2 in, thick lead shielding to minimise background effects,
The pulses were amplified in a 1430A amplifier, inverted
in an anode-~follower and displayed on a C.D.C. multi-
channel pulse height analyser,

In the single crystal experiments it was necessary
to assess the escape from the crystal edges of Ka X=Tays.
This could give rise to the detection of L x~rays in
coincidence with KQ x=rays and thereby introduce errors
in the L/K capture ratio. As K-capture is of the order
of 7 times more frequent than L-capture, 1% escape of
Ka x-rays would increase the result by about 7%. The
x-ray escape correction can be calculated from absorption
data. It seemed desirable, however, to measure this in
a separate experiment. This was done by mounting the
active crystal on top of a thin flat crystal (1.5 cm x
l.4 cm x 2 mm) with a thin aluminium sheet interposed in
between, The spectrum thus obtained consists of K“

x=rays on the one hand and of Ks x-rays, or the iodine
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K=escape x-rays associated with KB x=-rays on the other
hand, it being impossible to resolve the latter KB X=rays
from the iodine x-rays. . The Kﬁ x-ray can, however, be
expected largely to be converted into an I x-ray as the
absorption coefficiént for KB X-rays in sodium codide is
relatively very high. As a first order approximation
the escape of KB x-rays may be assumed to be zero (~2%
of total K escape), I x-rays escaping instead. For the
large crystal, which was cylindrical in form, the
measurement was done by rotating the crystal through 900
each time. The solid angle presented in each case by
the flat crystal was 1/3 of the total solid angle due to
the whole surface excluding the ends.

For the well type application, which gave results
independent of the escape corrections in the L/K

measurements, a single radioactive crystal grown with
131

5 mmj. This was inserted in the well-type crystal of

Cs was cut and cleaned to a size of approximately
Harshaw NaI(T1) which had an external size 1% cm3, the
walls of this latter were approximately 3 mm thick and
was fitted with a 1id 2 mm thick. The whole crystal
assembly was mounted in liquid paraffin and 0,001" thick

aluminised mylar reflector was used. An aluminium
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container with a thin mylar window was used. The
photomultiplier used was an E.M.I. 9514S tube. The
pulses were amplified in a non-overloading amplifier
(type NE 5202) and were displayed in a C.D.C. Kicksorter,
The tube was kept in the dark for a long time to minimise
the photomultiplier dark current. The tube was never
exposed to any kind of light and the crystal mounting

operation was carried out in complete darkness.

3. Results

The K- and L-peaks obtained with single active crystal
spectroscopy will not be given here. However, the results
will be presented and compared with the value obtained
by the well-type method in the next section.

Typical K- and L-peaks obtained with the well-type
method are shown in figure 12(a)and 12(h). By comparison
with an external RaD (46.5 KeV) gamma-ray source the
peaks were found to occur in the 35 KeV and 5 KeV regions,
which correspond closely to the K-and L-shell binding
energies of XelBl. These figures show one of several
runs in which the crystal and photomultiplier system had

been cooled for several hours at -15°C with freezing brine.

Data concerning the last 15 channels in figure]2GQWere
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obtained in a subsidiary run. A background run was made
with the well~type crystal alone, under identical
conditions. The thermal noise of the tube was also
measured similarly for comparison. Above 2 KeV the
background curve differed little from the thermal noise
curve,

In the region of the K peak background effects were
small and figure 12(a)gives immediately the measure of K
capture events. Figure 12(b)shows the L capture region
and the broken curve shows the L-peak after background
effects have been allowed for. Apart from the low
energy rise this curve accords approximately with the
distribution that could be expected from statistical
considerations (of W.B. Lewis, 1942), taking the K peak
as a standard. The rise at the low energy was found to
be unaffected when the paralysis time of the kicksorter
(35-200 p sec) was increased, externally, to 1 m sec,
The paralysis set up is shown in figure 13 . The
paralysis pulse, which was a large (30V) negative square
pulse, was generated in a pulse lengthener unit and could
be varied between 500 j1 sec and 1.3 m sec., The single
channel kicksorter‘window’was set at the K-peak. The

paralysis pulse was delayed by 4 i sec with respect to
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the main pulse.

Moreover, a run on the L/K ratio taken after the
crystals had been several days in the dark showed no
essential change from figure 12, when allowance was
made for the loss of source strength ovef that time.

The rise, in a region associated with single electron
emission from the photocathode, seemed to be induced by

the L and K radiations which had already recorded

properly in the L and K peaks. It could be due to delayed
emission, for instance, induced by phosphorescence in the
crystal and by glow in the multiplier. Such effects

could be expected from the work of Harrison (1954) and
Bernstein, Bjerknes and Steele (1958), for example.

Further confirmation was obtained by wrapping a 08131
source of comparable strength in °/1000" silver foil to
stop the L x-rays and placing this in the well, The K
peak occurred, with no L peak of course, but still
quantitatively, the characteristic rise at low energy;
indicating that the rise should be dissociated from the
L-capture peak., In conclusion, it should be stated that
M capture, which would give a broad peak of 1 KeV, could
be contributing, at least partially, at the trough of

the broken curve., The half-life of the 05131 was found
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by measuring the K-peak from one of the several crystals
grown with the source. Measurement was carried out over
a period of one month, The source was found to decay
with T% = 9,6 days in agreement with the results of

Yaffe et al quoted earlier, The results were shown in

figure 14,

4, Analysis and Conclusion.

L and K capture events were analysed by measuring
the relative areas under the L-and K-peaks. The kick-
sorter dead time could be read directly in the meter and
corrections for this have been applied. These were
generally less than 1%. For analysing the L~peak the
kicksorter bias was kept at 10 channels. Measurements
were done repeatedly over several half-lives with similar
results, The crystal was cleaned on many occasions
with absolute alcohol and its size altered appreciably,
the consistency of the results indicated that the source
was distributed throughout the crystal. This was further
confirmed by measurement of the amount of K~e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>