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PRETF ACE

This thesis contains the results of work carried out in the
Department of Natural Philosophy of the University of Glasgow
during the three academic sessions from October, 1951, until
October, 1954« The field of research was proposed by
Dr. S.C. Curran, F.R.S. and it was carried through under his general
supervision. It consisted of an investiéation of the radio-active
properties of some naturally occurring isotopes, lying in the lower
part of the periodic classification of the elements. The isotopes
chosen for study were suspected to be radio-active either from nuclear

stability rules or from information from earlier reports.

The introductory chapter of the thesis sets out the peculiar
position occupied by these long-lived nuclei in nuclear theory and in
certain branches of geology. The slow rates of disintegration of the
isotopes pose difficult problems in measuring techniques.

The development of suitable apparatus capable of giving the accuracy
required in the work is described in the second chapter.

This development was already under way when the author began his period
of research and he assisted Mr, D. Dixon in the construction and
testing of the counter and agsociated electrical equipment. No claim
of originality is made by the author for the apparatus described in
Chapter 2 apart from the design of the improved type of counter.

For this reason the description of the apparatus is brief and only
included for completeness. Similarly, no account has been taken of

the electronic circuitry, so necessary an adjunct to proportional
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counters, since the designs were borrowed from units which had

already proved their worth in proportional counter spectrometry.

The next three chapters describe separate studies of the
properties of particular isotopes. This work was done in
collaboration with Mr. Dixon. The results of the investigations,
published at various times during the period of research, have been
brought up to date by the author for the purposes of this thesis.
Often they incorporate new information, both from outside sources and
from later work done by the author. Because of this, many of the
conclusions reached and suggestions made for improvement in experi-
mental technique are the author's own. Where possible, these new
conclusions are specifically pointed out in the text. A few of the
preliminary meagurements, with scintillation counters, of the energies
of the gamma rays emitted in the decay of Lutetium-176 (described in

Chapter 5) were made with the assistance of Mr. (now Dr.) A.T.G.Ferguson.

Chapters 6 and 7 describe original work of the author in which
he was assisted in the experimental work by Mr. R.N. Glover.
The investigation of the decay of Potassium-40, an important natural
radio~-isotope, was undertaken following the suggestion made by Sir
Edward C. Bullard to Dr. Curran that a re-evaluation of the branching
ratio was extremely desirable to help in settling discrepancies in the
geological dating of potassium-bearing minerals. The experience of

Dr. H.W. Wilson was available to the author in this investigation.

The final chapter. contains a general summing-up of the work and

some comments on what the author feels are the important points left
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unsolved.

Each isotope or group of isotopes pose problems peculiar to
themselves, and the previous knowledge about the behaviour of the
isotopes varies considerably. Because of this, each chapter is
almost complete in itself and for ease in making reference to the
work of others, lists of references quoted in each chapter are

given separately at the end of the book.
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A description is given of a low background proportional
counter system suitable for the examination of long=-lived radio-
active isotopes occurring in nature, or of other artificially

produced isotopes with a low specific disintegration rate.

An investigation of neodymium shows no evidence for the
reported beta-activity and it is concluded that Ndl50 is stable against
single beta decay. A slight alpha-activity, which may be charact-
eristic of Nd144 is observed.

No experimental proof of instability in either of the
187 it oB187
187

'neighbouring' isobars Re is found. Since recent

geophysical work suggests that Re is beta-active, it is concluded
from the results of the study that the energy of the electrons
released in the transition is very small, of the order of 1 Kev or
less. Assuming a first-forbidden transition this suggests that the

187 11

half-life of Re is 107" years or greater.

The emission of a low intensity L x-radiation from heavy
elements, under bombardment by cosmic or other background radiaticen,
is noticed. The effects on the ultimate sensitivity of the
proportional counter and some methods of mitigating the interference
are considered.

176

The radie-active transitions undergone by Lu are studied in

detail. The beta decay is found to have a half-life of
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(4.13 + 0.20) x 10%°

years and seems most likely to correspond to

a third-forbidden transition with a spin change of 4 units.

The maximum energy of the beta spectrum is 425 #+ 15 Kev.

The energies of the three excited states of HEL’C, ocoupied in
succession by the decaying nucleus, confirm predictions from the
Bohr-Mottelson rotational model of the nucleus. Strong electron
peaks from the internal conversion of the 89 Kev gamma ray of Hf176
and internal conversion electrons from 190 + 10 Kev and 310 + 10 Kev
gamma rays permit classification of the transitions as E.Q.

The intensity of the L x-ray emission from Lutetium is consistent
with the presence of an electron capture mode of decay, amounting to
(9 # 1) % of the beta transitions. Some evidence for the emission

176

of gamma rays following electron capture in Iu is demonstrated.

The ratio of the rates of emission of gamma rays and beta rays
from Kl’o is re-measured. Two separate investigations give values of
0.124 # 0.002 and 0.121 + 0.004 respectively, confirming the
discrepancy between recent physical and geological work on the K‘I*o
radio~active transition. The half-life of the isotope is estimated
to be (128 + 0.02) x 107 years. The energy of the gamma ray is
confirmed to be 1446 * 0.01Kev. New coincidence experiments to

check the accepted decay scheme of K"O are described.

Experiments to determine the amount of backscattering of
electrons and positrong from thick sheets of steel and aluminium into

271 solid angle are also treated.
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1. THE NATURAL RADIO=-ACTIVE ALEMENTS IN NUCLEAR FHYSICS

AllD GEOLOGY,

This thesis describes and interprets some new
investigations of a number of naturally occurring radio-
active elements. The work was a contribution to a general
study, which is being made at Glasgow, of the radio-active
properties of those natural radio-elements with atomic
nuaber less than 80. Interest in these elements has been
growing in recent years, not only because of their
significance for fundamental nuclear theory, but also for
their increasing importance in geophysical work.

THE NATURAL RADIO-EIEMENTS.

The process of beta-decay involves a nuclear
transformation between two 'neighbouring' isobars. A
consideration of the energy released in the beta transition
led Mattauch (1) to formulate his 'isobar rule'. This
shows that where two neighbouring isobars are known to
exist in nature, one of the pair must be unstable with
respect to the other. There are four known exauples of
three neighbouring isobars occurring naturally. These

isobaric triplets are found

at A = 40 Arivger X 5 Ca, (241810, 20)
at. K. =80 Ty eV s Er AZ54 225 2%, 28)
8t A =138 Ba ’ w Ce (2 = 5, 5?, 58)
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at. 4 = 176 Yo, ooTRLg RS L (e 700 2k 78

There are also a few cases where pairs of adjacent isobars

exist, as

at A = 87 Rb , &r , (2 = 37, 38
at A = 113 ca , In (Z = 48, 49)
at A = 115 In , 8n (2 =49, 50)
at A = 123 sb , Te (Z = 51, 52)
at A = 187 Re , Os (Z:2 79, . 76)

By Meattaucn's rule, at least one of each of the first group

and one of each of the secoud group of nuclei must be
40 176
unstables In the first group K and Lu are known to be

unstable and gre aiscussed later. Radio=activity has been
L3
found in La (2~4) but none has yet been detected ig the
7

A = 50 group (5-7). In the second group og nuclei Rb is known
(8-13) to decay by negatron emission to Sr , the transition

going from ground state to ground state with & spin change
113
of 3 units andé parity change. In has been reported radio

active by one experimenter (14) but this has been d enied by

eanother (7). & phenomenon observed in the present workm
113

suggests that the evidence for the instal ility of In might

have been caused by cther factors. Thie point is giscussed

in Chapter 4. No activity ha: been detected in Cd 13(15) nor

in the A = 123 group (15, 7)« 1In llshas been reported (14, 16)
to show negitrou ag@}vity with a long half-life. The final
group, Rel /and Cs¢&/is the subgject cf experimental work
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which is described in Chapter 4, and the whole question of
the mode of decay is discussed there.

The possible beta=activity of Ndlgowhich has been
reported (17) raises the gquestion of the occurrence in nature
of an isotope of the 'missing' element, promethium.

Neodymium has also been investigated in this work and is

treated in a more adeguate manner in Chapter 3.

THE FUNDAMENTALS OF BETA-RADIOACTIVITY.

Following on the introduction of the neutrino hypothesis
by Pauli to explain apparent inconsistencies in the
momentum and energy relations of the particles involved
in the beta trensformation, Fermi (18) formulated his
theory of beta decay. The nucleus is treated as a composition
of neutrons and protons only, and the electron and neutrino
which are emitted during the transformation are presumed to be
created at the moment of emission, in a manner analogous
to the creation of a photon at the moment of its emission
from an atom. By introducing a new interaction between
the nucleon and the two light particles (the electron and
neutrino) taking part in a beta transition Fermi was able
to calculate the probability of the process. Five
interactions are possible, scalar (s), polar vector (v),
tensor (T), axial vector (A) and pseudoscalar (P). Any one,

or linear combinations of any or all of these interactions
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satisfy the theoretical conditions, so that Fermi's
mathematical formulation is not completely unigue. Any
further narrowing of the choice of interactions is beyond
the scope of pure beta decay theory, and the main effort
of recent experimental work has been aimed at deciding
which combinations of interaction do, in fact, occur.

The probability r (W) of a beta particle, with energy
between W and WedW, being emitted is of the Lorm

r(W)dw = Gzlml F(Z,W)a (W -.4)2(w2-1) waw

where W is the maximum energy of the electrons which

can be emitted in any transition. Both W and W, include

the rest energy of the electron and are expressed in

~

units of mocd. The factor «(wo-w)z(w2-1)f is purely
statistical, while F(Z,w) is the Fermi function correcting
for the effect of the nuclear Coulomb field on the energy
of the emitted particles. The guantity G2 includes a
factor re resenting the strength of the coupling giving
rise to the transition, and is regarded as a constant or
nearly so. M represents a nuclear matrix element
involving the wave-function of the initial and final
nuclear states and an operator which produces the
transformation from one state to the other. The type of

operator depends on the particular form of the interaction.

T'he ambiguity is therefore introduced into the expression
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by the factor [M|. If the form of |M| is known, then the
energy spectrum of the beta rays is uniquely defined by the

above eguation.

THE ALLOWED TRANSITIONS.

Transitions between the initial and final states
of a decaying nucleus are defined by the change in spin
and parity which takes place. For certain transitions
the nuclear matrix elements becowe independent of energy
and the shape of the beta spectrum of such 'allowed!
transitions is controlled mainly by the statistical factors.
These allowed treansitions are defined by special
'selection rules' which vary, depeunding on which form of
interaction is assumed. The allowed selection rules are:-
(a) for S interaction, AI = O, no (i.e. no change in parity)
(b) for V interaction, Al = O, no
(¢) for T Interaction, &I = C, 1, no (00 forbidden)
(d) for A interaction, AI = 0, 1, no (0O—»0 forbidden)
(e) for P interaction, AI = O, yes.
The rules (a) and (b) were favoured by Fermi in his original
presentation of the theory. The rules (c) and (d) were
introduced by Camow and Teller (19), and are known as the
G-T selection rules.

since the nuclear matrix elements are energy=-invariant

in allowed trensitions the shape of the allowed spectra



e

can give no direct information about the form of the
interaction generating the decay, although Fierz (20) has
peinted out that the 'statistical' shape of allowed beta-
spectra may bDe modified if both & and V or if both T and A
interactions are present, since the allowed radiations

they generate can interfere with each other.
FORBIDDEN BETA TRANSITIONS.

In some transitions which are energetically poscible,
the selection rules for allowed beta decay Go not hold, As
is to be expected in guantum theory, such transitions can
occur, but with a much reduced probability. The matrix
element defined by the first order forbidden selection
rules is expected to Le a factor of 10 less than the matrix
element for allowed transitions, so that the decay

&
probability is depressed by a factor of about 10 .
More important, the new wmatrix elements have a definite
dependence on the energy of the emitied electrons. The
exact form of the energy dependence is a function of the
type of interaction which is assumed. If neither allowed
nor first forbidden selection rules are obeyed, matrix
elements and selection rules characteristic of second, third
and higher order forbidden transitions may Le obtained. The

matrix elemente of all-order forbidden transitions are
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expected torvary with energy in a manner depending
on the specific form of interaction occurring in the
baeta process, and also to show a progressive decrease
in intensity as the order of forbiddenness increases.
Since the matrix element now depends on the type of
interaction, the shape of the beta spectra of forbidden
decays will also derend on which interaction generates the
transition. Experimental and tieoretical investigation
of the shapee of forbidden spectra may therefore
elucidate the intercaction or combinstion of interactions
which generate beta radio-activity.

Unfortunately, in many cases, theoretical

calculations do not predict unique spectrum shapes and the
results for several coumbinations of interactions meay be
adJﬁsted'to £fit experimental spectra. [ o narrow the choice
it is important to obtain as much empirical information
about the spectra of forbidden transitions as possible.
This is where a systematic'study of the naturally occurring
radio-active elements becomes of importance, because most
of the natural beta-active nuclei outside the uranium-lead
section of the periodic table are expected to undergo highly
forbidden transitions. Iven when the spin change which
occurs in a natural trensition is unknown, it is almost
necessary to assume & highly forbidden decay to explain the

persistence of the unstuble nucleus in nature to the
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present day. It is, of course, possible that the energy
availeble for a certain beta transition may be so small
thet the disintegration rate is depressed sufficiently to
explain the survival of detectable amounts of the isotope,
without requiring a high spin change to slow the transition.
It now seems that this may be true for rhenium b 187 (see
Chapter 4) but, in general, a study of the beta activity

of the natural radio-elements implies the study of highly

forbidden transitions.

THEORY AND EXPERIMENT IN SETA DECAY.

A systematic interpretation of the experimental
findings in terms of beta decay theory was hampered by the
lack of a suitable nuclear model capable of providing
information about the spin and parity changes involved in
the transitions. The introduction, in 1949, by Mayer (21,22)
and, independently, by Haxel, Jensen and Suess (23,245
of the highly successful spin-orbit interaction theory
of nuclear shall structure, based on a hypothetical picture
of the mucleus as an agglomerztion of non-interacting
particles in a potential well, changed the situation. By
1952, Wu (25) was able to show that the chapes of the allowed
spectra argued against any uppreciacble Fierz interference

effecte, and that both Fermi and G-T interactions were



~9e

necessary to explain the experimental results. This means

that either B or V with either T or A interactions generate
veta transitions, with the presence or absence of P interaction
not proved.

At this time the onliy third-rforbidden beta decays ghat
40 7
had been investigated for spectrum shape were K and Rb é
17
although the 'comparative half-life' or ft values of Lu y
187 150

Re and possivly also Nd  (12) suggested that these nuelei,
40
too, -mignt undergo third forbidden transitions. K in its
40

decay to Ca suffers a spin change of 4 units and, accordng
to the shell model, a change of parity. It is therefore a
parity favoured transition, third forbidden only on G=T
selection rules, and has been shown (26=29) to yield the
spectrum shape predicted Tor such transitions. The decay
of K4Otherefore gives strong support to the nececsary
presence of G-T interactions (T or A) but the selection rules
obeyed by the transition so reduce the probability of any
contribution from S, V or F interactions that nothing can
be said about their presence. 5

On the other hand, the Rb 7decay corres onds to a third
forbidden beta decay with a spin change of 3 units and parity
change. This type of transition is third forbidden on
both Fermi and G-T selection rules. The observed shape of

the beta spectrum (12, 13) can be explained by third forbidden
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tensor or polar vector interaction, but by no other (30).
This decay therefore suggests the presence of either or
both of T and V interactions.

In conclusion, it may be stated thnat the latest evidence
at the time of writing seems to reguire a linear combination
of scalar and tensor interactions to generate beta
transitions (31). The evidence suggests that each
interaction contributes about equally to transitions which
can be generated by both.

THE NATURAL RADIC-ELEMENTS IN GEOLOGY.

Until recent years the determination of the age of
mineral deposits by radio-active means depended om methods
based on the uranium and thorium series of natural radio-
elements. Fairly successful extensions of the techniques
neve now bLeen made to include the use of other natural
radio=active elements. Of the natural radio-nuclides listed

40 87 138
at the beginning of this chapter, five, K , Rb , La ,

176 187
Lu and Re have at various times been considered
40 87

as possible dating elements. K and Rb have received
most attention, and the wide terrestrial distribution of
potassium minerals in particular will permit future age
determdnations to De made over a much greater variety of

deposits than has been possible in the past.
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The decay of La is now considered to be too slow for

the element to be useful geologically, after the fgilute of
13
attenpgl by Ssaito et al. (32) to detect excess Ba in old
17
rare earth minerals. Iu  is considered by Arnold (33) to

have a short enough half-life to be of possible use, especially
176 :
as the daughter nuclide Hf has a low relative isotopic

abundance. The rgcent discovery by Hintenberger et al. (34)
157

of radiogenic Os in rhenium-bearing molybdenite opens the
107
way to the use of the Re radio-active transition in

geological work.

87
METHODS BASKED ON Rb

The earlier strontium age determinations were based
only on chemical analysis of the rubidium and strontium
contents of the minerals, and by 1949 Anrens and collaborators
(35-38) were using spectrochemical anzlysis to obtain, for a
nunber of lepidolites, ages which were believed to be close
to the true vclues in most cases. Mass spectrometric analysis
has also been used to determine the radiogenic Sr content of
the strontium extracted from the minerals (38,39) and recently
(40-42), the introduction of isotopic dilution measurements
of the rubidium and strontium contents of samples has made
the method sensitive enough to apply to commoner types or

minerals, in which the coutent of non-radiogenic strontium is
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appreciable. However, at present, data is available
mainly for the rargr lepgdolites, and, because of the
slowness of the Rb 7—)br 7transition, the method is
useful more particularly Tfor older minerals.

It is interesting to note that, on the accepted8
value of about 6 x lOlOyears for the half-life of Rb f
(10-13), the strontium method of geochronometry gives
the greatest ages so far discovered (43). There is some
evidence that strontium ages are consistently higher
than those given by other radio-active methods, so much so,
that Holmes (44) considers that there is a systematic
error in the technique. Kohman (43) suggests that8this
could be explained if the accejpted half-life of RD ?is too
large. Although it is possibie, because of the large
numbegrof low energy electrons in the beta spectrum
of Rb f (12,13) that errors in the experimental
determination of the half-life may be sufficient to
explain the discrepancies, Kohman (45) has proposed that
the transition may be speeded by the occurrence of a
proportion of unobserved 'bound' beta disintegrations.

It is pecstulated that in these events the electron is
created directly into an atomic orbit of the disintegrating

atom, and that the excess energy is carried away by the

neutrino. This point is raised again later.
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FOTASSIUM GEOCHRONOCLOGY.

40
The isotope K has alternative modes of decay, either
40 40
to A by electron capture or to Ca by beta emission (406).
40

The trensition to A has been the focus of a considerable
amount of recent research. As the basis of a means of dating
minerals, the electron capture branch of the decay is
important in several respects. The parent and daughter
nucleli are quite distincet chemically and physically

offering, in prineciple, easy methods of separation. Also,

it is unlikely, since argon is an inert gas, that there

will be any appreciable amount of non-radiogenic argon
trapped in the samples.

Although considerable experimental difficulties are
experienced in the extraction and measurementg of small
quentities of argon, most of these now seem to have been
overcome (47), and precise argon age determinations have been

40 40
held up mainly because the decay period of the K—>A
transition has not been known with sufficient accuracy.
An exact determination of the branching of the decay has
proved difficult to obtain. The most reliable of the recent
measurenents of the branching ratio (the ratio of the rate of

40 40

decay to A& to the rate of decay to Ca ), using radiation

counting methods, give values around O.l2. The branching



-l il

ratio has @lso been measured by geophysical methods using
minerals of known age. Recent values obtained in this way
tend to be zbout C.09. The discrepancy is sufficiently wide
to lead to possible serious errors in age determinations.

A reason for the geophysical measurements giving a lower
value may be sought in incomplete argon extraction, but

the possibility of argon dirffusion from the minerals cannot
be discounted.

On the other hand, physical determinations of the
branching ratio are difficult, «nd the results show
sufficient variation to leave the correct value in some
doubt. Thus the probability of errors in the previous
determinations seemed to be high enough to warrant a
re-investigation of the problem using the most sensitive
apparatus avgilable., This is all the more necessary
because present indications are that, provided the
remaining difficulties can be overcome, the potassium-argon
method of determining ages will become very useful in
future. lore detailed discussion of the problems involved
in the elucidation of the potassium decay and the
potaseium~argon dating technique is given in the
introduction to Chapter 0.

The remainder of this report discusses investigations

of the radio-active properties of the naturally occurring
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nuclei X , Nd , Inm and the isobaric pair Re and Os .
40
'he decay of K is treated entirely from the point of view
40

of its geophysical utility, because the beta decay of K

has been adequately examined by others. The other muclei
are of interest for tpg poscible high Torbiddenness of their
peta transitions. Lul/oulso proves to be useful as a test
of theories of nuclear structure, a topic which hae been
toucned but briefly in this introduction. Lul7cmay ulso be
useful geologically, and, since it is the central member

of & naturally occurring triasd of isobars and may have
alternative modes of decay open to ity the branching ratio
of ‘the decay and its half-life are of prime importance.

The problem of predicting the energy available Tor
beta-Cdecay has not been treated in the foregoing sections
but the author has previously considered the guestion
in an unpublished review, following the method of Kohman (48).
Fohuman's treatment is purely’ empirical, and he plots
stability limdits for beta decay from experimental datae
Unfortunately, the curves which are obtained in this way
are not sufiiciently unambiguous to permit better than
qualitative predictions, and in certain cases, especially
where the energy for beta decay is smell, even gualitative
predictions are not possible. This proved to be particularly the

Bl 187 187 WAt .
case for the Re” "= CUs8  1isobaric pair, but this is




discussed later. The energetics of beta decay ig not
discussed further here, although reference to the detailed
nmuclear stability charts produced by the author for the
above-mentioned review is made from time to time in later

cections.



2. APFARATUS FOR THi EXaMT JATION OF WEAK ACTIVITIES.

Introduction.

The statistical nature of the background counting rate
of any type of nuclear counter tends to mask the presence
of an additional weak activity. It is therefore essential
to obtain as large & scurce/background counting rate ratio
as possible. This aim may ke approached in two different
ways, either by inecreasing the amount of material examined,
or by reducing the background. The amount of sample cannot
be increased indefinitely because of the serious absorption
of beta rays in thick sources. One method which has been
used to obtain & reasonubly large sample in a thin layer
is to deposit the source on the inner suriace of the wall of a
cylindrical counter. This technique was employed by Libby
and others (l-3) in Geiger counters and hus recently been
extended successfully by Curran et al. (4) to proportional
counters. The use of a wall-mounted source in a propertional
counter is attended by difficulties which do not arise in
Geiger tubes, because in proportional spectrometers it is
ecsential that the beta rays be totally absorbed within the
sensitive region. In usual wethods of proportional counter
spectrometry it is freguently possible to ajply a magnetic

field to contain the particles within the counting volume (5)
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but this is of no value when wall mounted sources are
used. Lven for moderate beta ray energies a large counter
under pressure is essential,

A slight improvement in the counting rate as a
Tunction of source thickness may also be obtained by
careful choice of chemical compound for the sample, or
where possible, by the use of the pure element. A large
improvement can sometimes be made if materials enriched
in the radio-isotope are tested, but this is an expensive
procedure and was not eumployed as a normal method of
approach in the present work.

To reduce the background, the counter was operated .
in a heavily shielded underground room, with extra shielding
of four inches of lead and adaitional steel. The portion
of the cosmic radiation which could still manage to penetrate
the shielding was largely removed by an array of Geiger
countere operated in anti-coicidence with the main
(proportional) counter. The separate units of the apparatus

will now be described more fully.

THE PROFORTIONAL COUNTER.

This is shown diasgraumatically in Fig. 1. The counter,
made of copper tubing, with brass end-plates, is l4cm.

in diameter and 28 cm. in active counting length, the total
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length being 55 cm. The tungsten collecting wire, lying along
the axis of the cylindrical counter, is 0.003" in diameter,

and is supported in the probe assemblies A and B. It is
anchored and held taut by a swall spring in B, and passes
through the probe A directly to the grid of the first
anplifying valve. A high negative voltage is applied to the
outer case of the counter c«nd the wire is near earth

potential. 1In this way a high voltage D.C. blocking condenser
between the counter and azmplifier is unnecessary.

The probe assemblies are each essentially two co-axial
brass cylinders imbedded in ebonite insulators. The outer
cylinder is held at the potentisl appropriate to its position
in the electric fileld inside the counter, &and acts as the
field correcting tube (&) defining the counting volume
accurately. The inner cylinder carries the collecting wire,
and is earthed to protect the wire from leakage currents
from the field coirecting tube and the counter.

To allow the counter to be opened for insertion of
metal linings carrying the radio-active samples without
breaking the collecting wire, the probe assembly B is of
special design. The details are brought out in Fig. 1. but,
essentially, the probe is supported in ebonite at the cylindrical

wall of the counter, instead of being on the end-plate in the
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normal arrangement. This design has the merit of leaving

the source completely open to the sensitive region of the
counter, unlike the arrangement used by Mulholland and Kohman (7)
in which the wire was supported at end B by three rods
stretching across the counter from end &. The rods screened
some of the source and must also hmve had a disturbing

effect on the electric field, and hence on the gas gain

in the counter.

In practice, the probe B was easily disturbed mechanically
and its electrical properties were not all that could be
desired. In particular, there was & tendency for sparking
to take place across the surface of the insulators, probably
initiated by dust. An improved performance was obtained
after the insulators were shaped to have slanting faces, and
g0 presented a longer path length for a« spark to traverse,
but the performance was never completely satisfactory. For
some of the later work the probe B was redesigned by the
author to form a more robust arrcngement. The new counter
is shown in Fig. 2. In this, the special probe is supported
in @ rigid metal post fixed to the wall of the counter. The
external electrical contacts are made through cylindrical
springs fitted in ebonite plugs in the end-plate. Wwhen the

counter is opened the springs come away with the end-plate.

When it is closed they press tightly against two flat metal
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plates on the probe assembly, giving the necesgary comnnections.
nis design gives an assewbly which is mechanically regid and,
in so far as limited experience of it under working conditions

can tell, electrically sound as well.

RESOLUTION AND STABILITY OF THE COUNTER.

For a given expenditure of energy in tlhe counter, the
pulse finally arriving at the amplifier dependd on
statistical fluctuations in the number of electrons liberated
in tie primary ionising event, ou statistical fluctuations
in the number of electrons reaching the region of electiron
multiplication near the wire, and on variaticns in the
multiplication process itselfs Of tiese, the only effect
likely to be more serious in a large counter is the secoud,
because many of the electrons have a comparatively long
distance to travel in regiomns cf low electric field strength
before they reach the high field region close to the wire.
Thie increases the time that the free electrons spend in the
gas and increases the probability of formation of heavy iong.
Since the drift velocity of gaseous ions may be a thousand
times smaller than the drift velocity of free electrons
the rise time of the collection pulse is lengthened and the
height that the pulse finally attains is reduced. To prevent
this as much as possible, gases wibh a high electron affinity

must be excluded from the counter. In practice, mixtures

o




of argon and methane of commercial quality were found to

be suitable for the size of the counter used in the present
work. EHven so, extreme care hadvto be taken to exclude
traces of organic vapours which could be present in the
punping systems or in the source, if organic materials

were used in its preperation. Because of the immense

area presented by a wall-mounted source to the counter»
even slight emission of organic molecules may 'poison!

the counter. In particular, xylene was found to have
disastrous effects on the operation of a proportional
counter of this size, although the same gas mixtire in a
small (1" diameter) counter permitted satisfactory operation.

Calibration of the counter was usually made with the
unfiltered fluorescence x-rays of silver or copper,
excited in & beam of white x~-radiation. In normal
operation x-ray lines with 6% half-width at half maximum
height were usual.

In many of the experiments the extremely low counting
rates which were obtained reguired the counter to be operated
continuously over a period of 12 hours, in order to obtain
results of statistical significance. In general, the
energy calibration of the counter remained steady to well

within 5% over this length of time.




THE BACKGROUND OF THE COUNTER.

The background of the counter was just over 1500 c.p.m.
when the counter was unshielded, and reduced to 380 c.p.m.
when the instrument was operated in a 4" thick lead castle
in a well shielded laboratory. \hen the counter was
surrounded by an array of Geiger tubes operating in anti-
coincidence with the mein counter, the background was only
100 c.p.ms PFurther investigation showed that the bulk of the
remaining background originated in the aluminium sheet
lining the counter. This slight contamination appears to
be a genercl property of aluminium and has recently been
confirmed in independent work by Crathorn (8). Several
substitute metals vwere tested and it was found that stainless
steel gave the best performance, with backgrounds which
were only 22 c.p.m. with lead and antecoincidence shielding.
Fresumably some of the residual background must still come
from the counter materials but this was not investigated
further. Some, at least, of the background is known to
arise from gamma radiation originating outside of the
counter. Evidence for this is discussed in Chapter 4.

The final arrangement of the counters is shown in the
photograph of Fig. 3. The proportional counter lies inside

a ring of 22 Geiger counters of glass, with copper cathodes.
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A single layer of Geiger tubes completely surrounds the
proportional counter. A double layer was shown to make no
appreciable difference to the backgfound. The counters
considerably overlap the sensditive volume of the sample
counter and appear to give very complete shielding from
cosmic rays, so much so that the addition of Geiger counters
at each end of the proportional counter was also found

to have no appreciable effect on the background.

The final background consistently obtained with the
apparatus was a total background (over all energies) of
22 c.pem. This is comparable to that obtained by Kulp
and Tryon (3) with a stainless steel Geiger counter,
when the difference in available source area is taken
into account. It is somewhat better than the final
background of about 30. cp.m. attained by Crathorn for a
3 litre counter. (The counter used in this work has «
sensitive volume of over 4 litres).

Kulp and Tryon find that the background can be
further reauced by more than 50% by surrounding the counter
with a 1" thickness of highly purified mercury. This
was not attempted with the proportional counter used in
this work because of the size of the counter. On the

other hand, as pointed out by Curran et al. (4), the
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effective background of & proportional counter may be very
much less than its total background. This is because the
action of a proportional counter in spreading out the
background in a spectrum reduces the effective background

if the source radiations cover only a limited portion of

the total energy range. This point is brought out very
clearly in work on osmium (Chapter 4) where L x-rays were
examined. The part of the energy range of interest, 6-13
Kev (Fig.7) ié a very small fraction of the total background
energy range and the effective background is only 2.1 c.p.m.,
a factor of 10 better than an eguivalent Geiger counter in
which the counts are integrated over all energies. The

same consideration applies in scintillation counters.
SUBSIDIARY APFARATUS.

The counters were operated from commercial high
voltage stabilised power units, with extra smoothing
added. The output from the proportional counter was
anplified in a low noise linear amplifier, built from an
unpublished design due to A.L. Cockcroft. The output from
the amplifier was applied to the X-deflection plates of a
cathode ray tube with no time-base, and the display

recorded by & ciné-camera, in which the rilm moved



vertically past the screen. rulse height analysis was
subsecuently carried out in a special micro-film reader.
Zhis photographic techniqgue (9) makes it possible to record
all the information at once, thus reducing the time required
for an experiment. The introduction of the Hutchinson-
Scarrott type of pulse analyser (10) made it possible to
analyse a complete spectrum electronically and this was

done in some of the later work on potassium.

The anti-coincidence arrangement wlso employed a
photographic technique. The output of the Geiger counters,
all connected in parallel, was shaped in a gonostable
multivibrator circuit and fed to the Y = deflection plates
of the cathoderay tube. Even with no delay in the
proportional counter circuit, when coincident events occurred
in the two counter sgstems the Geiger array always registered
first, deflecting the trace vertically on the screen to a
position behind an opaque covering which hid the corresponding
proportional counter pulse from the camera. when events
occurred in the proportional counter alone, the spot was
deflected across the centre of the screen, in full view
of the camera., This proved to be a very simple and rugged
anti-coincidence system and worked well in practice, and

gave all the benefits of a photographic technique.
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This concludes the brief description of the low
packground proportional counter apparatus developed
for the examination of some of the natural radio-elements.
It was the basic energy measuring device used in the
experiments described in the succeeding chapters, although
in most of the investigations scintillation counters
were also employed. These, and any variations of
proportional counter technigue which were necessary in
particular experiments, are described in the appropriate
sections. Further investigation of the nature of the
residual beckground of the proportional counter is
discussed in Chapter 4, and possible improvements in the

technigues are indicated.
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3.__A_SEARCH FOR NATURAL RADIQ-ACTIVITY IN NEODYMIUM.

Introduction.

Neodymium has been investigated a nuuber of times
(1-7) and most workers either failed to find beta activity
or attributed it to common radio-active impurities. By far
the most sensitive apparatus in the earlier work was used
by Libby, who examined the element as an internally
mounted source in a screen-wall geiger counter (5). A beta
radiation with a maximum energy of about 1l Kev, and a halfl-
life for the element of 5 x loloyears was obtained.
This eappeared to be confirmed by work of Jha (8). Recently,
Curran et al. (9) pointed out that the log ft value,
assuning Libby's value for t he half-life, would group
with the other natural radio-elements if the maximum energy
were 250 Kev. Frreliminary measurements did not appear
to rule out the possibility of radiations of this energy.
At about the same time, Mulholland and Kohman (10) failed
to find any activity, and put the maximum specific
peta activity at 0.003 betas/sec/gm. of neodymium.
lleodymium occupies an interesting position in the
ceriodic classification, next to the 'missing' element
promethium (@ = ©1), and the question of natural beta

activity in one or other of the isotopes of neodymium



became of importance in ccnnection with the occurrence
in aature of possible stcble isotopes of promethium (11).
luclear stability rules, in general, limit the stable

isotopes of odd Z elements to those of odd mass nuumber.
_ 145 147
In particular, stability charts suggest Pm  and Fm

as pocssible stable isotopes. Of the corresponding neodymium
147
isobars, Nd does not exist in nature and is known to be

raedio-active with shert half-life (12), and the recent
145 145 .
aiscovery of the decay of Pm to Nd by electron capture
145 145

(13) implies the stability of Nd against decay to Pm .

Consideration of bLeta stability limite led Kohman (14)
140 150
to propose possible instability in Iid or hd , both of

which lie close to the limits of stability against beta
140
decay, for even - A, even = Z nuclei. Nd has subsequently
150
been shown to have a 3.3 day half-life (15), but Nd occurs

in nature with 5.6% relative abundancesin the natural
150
mixture of isotopes of neodymium. gu lies well out-with 5
150

the stability limits for even - A, 0dd - Z nuclei (16) but sm

50
is apparently stable., If Nd were radio-active, the-

150 150

product would be Sm , with Fm existing naturally in

150
transient equilibrium with Nd .

The possibility of alpha~activity in some natural
isotopes of even = Z elements has been suggested (17). Since

144
hd contains two neutrons in excess of the closed shell
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at 82, it may be expected to have tendencies in this

direction. Several searches have been made (18-20) but
only very recently has positive evidence for alpha-decay
been reported (21), giving a specific emission of 0.015

alphas/sec./gm. neodymium.
EXPERIMENTAL FROCEDURE.

The apparatus described in the previous chapter
was used. The output of the counter with, and without a
source of neodymium was filmed &nd gnalysed to give the
energy spectra shown in Fig.4. Background spectra are
shown by the broken line histograms, background plus
source spectra by the full lines. Two specira, over
ranges of high and lov ehergy were taken. The saume steel
lining was used in all the experiments so that no errors
could be introduced by countamination in the steel. A gas
pressure of 40 1lb./sg.in. was employed.

The eource was of Nd C13prepured from 1.18 gm. of
pure neodymium metal. In this, as in all the following
experiments chemical reagents were tested in the counter
Tor radio-active purity before the sources were prepared.

<

The average source thicknecs was 2.1 m.gme./cm.
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RESULTS AND DISCUSSION.

An examination of the spectra of Fig.4. shows that

the background plus source spectrum has no trend away
from the background spectrum at any energy above & Kev.

This fact, and iounting rate measurements at lower energies
show that, i{ Nd 5cis radio=-active, its half-life cannot be
less then 10 5years. There was, indeed, no evidence for
beta activity, and this is in accord with the latest
aveoilable information on mass measurements at the time of
writing (late 1955). ©Since the above experimental work

on neodymium was done, mass speclrographic measurements of
the ﬁdlso- Sml59mass dirference by Hogg and Duckuérth (22)
have given & velue of 4.6%0.8 llev for the energy difference
between the ground states of the two nuclei. Recent
measurements (23) of the energy release in the beta decay

150 150 150 150
.of PFm to Sm show that the ground states of Pm and Sm
aiffer by 5.380.15 lev. Ou these Tigures the beta decay
of rdlsomiﬁht be poesible by about 250 Kev, taking the
upper limit of one measurement, and the lower limit of
the other. Very recently, however, Hogg as re-examined the
150 150

question of the Ild ~-Sm mass difference (24) and

concludes that his previcus value was too high, and that

the difference is about 4.0 leve. With this value the
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150
single beta decay of Nd is energetically impossible.

The presence of the source was observed to cause
an increase in the number of high energy pulses, amounting
to not more than 1.5 counts/minute. This was at first
attirbuted to radio-active impurities, but folliowing a
private communication from g.i. Konman concerning work
on the algha activity of Nd 4 y an account of which
has since been published (21), the source was re-examined.
while the results confirmed the presence of high energy
particles, the unfavourable nature of the source did not
perait any more accurate measurements. The counting rate of
1.5 per minute obtained in the previous examination
corresponds to a specific apha -activity of about C.02
alphas/sec.gm. neodymium, which is the same as that obtained
by Mulholland and Kohman (10) using a proportional counter,
and similar to the value of 0.015 suggested by experiments with
nuclear emulsions (21). It is not known whether this

alpha~activity is truly characteristic of neodymium.

CONCLUSIONS.

The experiment produced no evidence for beta-
150 45
activity in Nd with a half-life of less than 10 years.
The absence of beta activity ds in accord with recent

mass measurements on the nuclei involbed in a possible
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transition. Some evidence was found for alpha activity
144
in the source. If characteristic of Nd 4 the observed

alpha emission rate corresponds to a half-life of not
15

less than 2 x 10 years Tor t he isotope.



4. A SEARCE FOR NATURAL RADIC-ACTIVITY I RHENTIUM AND OS5

Introduction.

Rhenium and osmium each contain an isotope of nominal
mzse 187 in the natural mixture of isotopes. Since
the elements are neighbouring species in the nuclear teble

187 1
either Re or Os should be radio-zctive.

(Z w 75 and 76 res§ectively) stability rules suggest that
7
187

Some of the earlier studies (1-3) suggested that Os
was radic-active by K electron capture, but no such activity
could be detected by Selipger and Bradt (4) or by raldigtt
and Libby (5).,Their failure to detect K capture in Os /
led the latter experimenters to examine rhenium as a solid
source @n the wall of a Geiger counter, and evidence for
beta decay in rhenium w§§ claimed. The half-l1life of Re
was given as (4%1) x 10 . years, and by absorption in
sldminium the maximum energy of emission of beta rays
was found to be 43 Lev. These results vere, in the main,
confirmed by Sugarman and Richter (6) who examined purified
rhenium in the same apparatus. Recent work by Gauthé
and Blum (7) appeared to confirm that the end-point of

the beta ray spectrum occurred &t about 40 Lev.
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On the basis of these results the log ft value is about
17.7, whic?gfuggests a third-forbidden transition. The
spin of Re /hig been found (8) to be 2, so that from the
position of Re 7in the order of nuclear shell filling,
the odd proton must inhabit a d'g level (9). Thus the

187 187

grouna state of'Re has even parity. The spin of Os
was unknown when the work described in this chapter was
cone, but on shell theory ideas (9) it seemed possible that the

: A 2 e
last odd neutron in Os might occupy an hZ2 or even an i 2
level, This would make the decay either third order@?
forbidden, or fourth forbidden with AT=4 (no).

Freliminary experiments here, using a proportional
counter lined with aluminium, suggested that rhenium was
indeed beta-active, but with a transition emergy of 400 Kev.
These results were subseguently proved to be erroneous,
beczuse the apparent beta-activity wae shown to originate
in the aluminium foil carrying the rhenium sample. The

element has since been given a more thorough examination in the

steel=l1lined counter.

EXron TMENTAL FROCEDURN,

The sane apparatus and technigues were employed as
in the examination of neodymium. Sources were prepared from

spectrograpghically pure rhenium metal. The metal, in the



form of a very fine dust, was shaken up with amyl acetate
which contained a trace of nylon to cause the metal to adhere
to the wall of the counter. Two sources, containing 0.617 gm.
and 0.3805 gm. of rhenigm respectively, were prepared

ana spreed over 900 cm. of counter wall, and examined.
Beackground measurements were made using the same steel
cathodes in order to eliminate the effects of any slight
radio-active contamination within the steel. The energy
epectra obteined with, and without, the source sample are
shown in Fig.5. as full-, and broken-line histograms
respectively. The two sets of spectra cover the energy

range from 3.3 to 340 Kev.

RESULTS AND DISCUSSION.

An exzmination of the high energy spectra of Fig. 5
shows that there is no significant departure of the source-+
background spectrum from the background. The total number
of pulses collected@ in this energy range confirms the
absence of any radiations from the source. These are:-

Background, per 12 hours 13,030 ® 114 counts

Background + source, per

12 hours. 13,043 ¥ 114 counts

increase in counting :
rate per 12 hours = 13 ¥ 161 counts.

Hence any increase in counting rate caused by the insertion
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FIG.5. SPECTRA OF BACKGROUND (DOTTED HISTOGRAM ) AND BACKGROUND +
SAMPLES OF RHENIUM (FULL LINE HISTOGRAM ).
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of the source into thne counter is zero, within the limits
imposed by the statistical nature of the events.

The low energy (3.3 - 20 Kev range) spectra show a
slight divergence between 8 and 11 Kev, but otherwise the
wo curves follow each other closely. The integrated
counting rates from 5 Bo 20 Kev give:-

1842 £ 43 counts

Background, per 1O hours

Background 4+ source,

per 10 hours 2112 * 46 counts

increase in counting y
rate, per 10 hours = 270 ® &3 counts

This increase wae very small compared with approximately

8 x lO4counts, a large proportion of them falling in the
5-20 Kev renge, which had been expected from published data
on the radio-activity of rhenium.

The slight peaking between 8 and 11 Kev in the spectrum
of Fig.5. corresponds well, in energy, with L X=-rays of
rhenium (or osmipg). The emission of x-reys is not
expected from Rel 7which, if radio-active, can decay only
by negatron emission. There is no evidence for the
presence of & continuous beta-ray spectrum, and counting
rate measurements were extended in energy down as far as
1 Kev without showing any beta-emission. The lack of

187

experimental evidence for the beta decay ol Re led to the

o G o : < R - S
searen for instability iIn Os ‘which is described in the



succeeding sections.

Later work showed that the slight L x-ray emission from
rhenium and some, if not all, of the accompanying rise
in counting rate could be attributed to background effects.
Inlgnticipution of these results, a lower 1limit of about -
10 Uyears can be placed on the half-life of Re187for
beta-emission, unless the energy of the transition prove

to be Vcry'low.

A SEARCH FOR RADIO-ACTIVITY IN OSMIUM.

A sample of osmium was first checked for positron
or K x-ray emission in the shielded¢ proportional counter
syetem. A solid source was prepared from osmium tetroxide
of more than 99% purity by reducing the tetroxide in amyl
acetate, contaihing a little nylon as an adhesive. The
first source contained l.5 gm. osmium, and the spectra
obtained with, and without the source are shown in Fig.6,
on which the emergies of the rhenium K x-rays are indicated.
The resulte obtrined with this source were not conclusive,
so the spectrum obtained with a thicker source,
containing 7.5 gm. osmium, is also displayed in Fig.b.
It was obvious that K x-radiation, if present, was of low

intensity, even «llowing for the low effigiency of the
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FIG.6. SPECTRA OF COUNTER BACKGROUND (MARKED O ),
BACKGROUND + 5 GM. OSMIUM (DOTTED HISTOGRAM) AND

BACKGROUND + 7:5GM. OSMIUM (FULL LINE HISTOGRAM).
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counter (4i:) for electromagnetic radiation of this energy.
Nor was there evidence for a high energy positton spectrum,
out an increase in the height of the spectrum at low
energies was noted when osmium was present in the counter.
The low energy end oi the spectrum was exomined in
more detail with increased gas gain in the counter and the
results rfor two different samples of osmium are displayed
in Fig. 7. The spectra show very definite L x-ray lines
which were at first presumed to Eg L x-rays of rhenium
following electron capture in Os 7, but the resolution
of the counter was not sufficient to distinguish between

-

L x=rays of rhenium and osméum. On the experimental
evidence it seemed that Osl 7might decay by L capture alone,
perhaps because the difference in emergy between the

187 187
ground states of Re and Os is so small that K-capture
is energetically impossible. That such an interpregation
is not unreasonabée is shogn by nuclear stability charts
(10) on which Osl 7and Rel 7both lie so close to the beta=
stability limits that it is impossible to say in which
direction the transition may go. However, it first
renained to prove conclusively the absence of K x-ray
emission from osmium. This required the high detection

efficiency of a sodium iocdide scintillation counter, and, as

it happened, proved to be a vital experiment.
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A SEARCH FOR K X=RAY EMISOTION FROM OSIIUM.

The sodium iodide crystal was a cylinder, 0.7" in
diameter and O.7™ high, packed in a thin perspex container
which was lined with alumium foil to reflect the light on to
the cathode of & photomultiplier. The output pulses were
cmplified, lengthened, and then displayed on a cathode ray
tube. The trace was photographically recorded and analyged
a8 before. Frovision was made for packing samples of the
source round the crystal container giving a geometrical
efficiency approaching 50 The apparatus was heavily
shielded with lead. Znergy calibrations were made with the
40.7 Kev gamma line of RaDe

Spectra obtained in this experiment are shown in Fig. 8.
The background has a definite peak at about 75 Kev. When
osmium (about 10 gm.) was packed tightly round the crystal the
spectrum showed & distinct change. A peak appeared at an
energy equal to the energy of osmium K x-rays, wnhile the
former peak in the background disappeared, and the background
+ source spectrum lay markedly below background in the
70-100 Kev region. Repeat experiments confirmed the
differences betyeen the background and source + background
spectra. A contfol experiment using tungsten instead of

osmium provided e spectrum which followed the osmium +
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background spectrum well.

As shown on Fig. 8, the position of the peaks in the
osmium and tungsten spectra is the expected position for
K x-rays of the two elements. The only other heavy metal
near the crystal was the lead shield, and the position of the
peak in the background spectrum suggests that it is
caused by K x=-rays from lead. rresumably the x-ray
emission arises from the interaction of cosmic particles or
gamma radiation with the lead in the shield. It seems
probable that the change in the shape of the spectrum which
was observed when either osmium or tungsten surrounded
the crystal can best be explained by assuming that the
metazls filtered the lead x-radiation out of the background.
The absorption of the background x-rays in osmium or
tungsten would excite characteristic K x-radiation of
the two metals, producing the peaks observed in their
spectra.

The scintillation counter experiments, therefore,
gave two important results. The Tfirst was that there is
no K x-ray emission from osmium which can be attributed
to K capture. This follows from the equality of the
x-ray peaks of osmium and tungsten in Fig. 8. 4lthough

the mess of tungsten packed round the crystal was twice
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the mass of osmium, the intensity of x-ray emission from

the two samples was expected to be approximately equal
because the number of lead x-rays in the background would be
the same in both experiments. 'This is borne out by the
experimental results, leaving no room for x-ray emission
from other causes. The second point brought out by the
experiment was that the background in a lead-shielded

system contains a small smount of characteristic K x-rays of

lead. The same presumably holds for any shielding elemente

THE BACKGIOUND OF THE PROPORTIONAL COUNTER.

The proportional counter system was &also shielded with
lead, although about half of tihe inner surface of the shield
was hidden from the counter by an inch thickness of iron.
Since the effective surface area of the proportional tube
was about 1000 sq. cm., while that of the sodium iodide
crystal was only 12.4 sqe.cm., the lead x-radiation
incident on the walls of the proportional counter would
be about 80 times as intense as that on the crystal.
Allowing for the steel covering half of the lead, this
figure is reduced to 40. iuch of the radiation would be
absorbed in the walls of the counter, but about 2%
could penetrate to the counting volume. This meaﬁs that ebout

the same intensity of lead x-rays enter tie proporticnal
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counter as entered the scintillation counter.
Under normal circumstances no trouble would arise

\

because of the low effieiency of the counter at these

energies. If, however, a thin layer of a heavy element

covered the wall of tue counter, some of the x-rays would
photo-

be absorbed, causing the emission of low-energy/electrons

and the characteristic x-radiation of the element. Once

again the K x-rays would be detected byl rarely, but L x-rays

following the K emission would hsve a high chence of

being detected. It seecmed just possible that the L x=rays

previously observed to be emitted from osmium might be |

ciused Dy this mechenism rather than by L electron capture

L0
in Us « Further experiments were designed to check

this possibility.

A SEARCH FOR ZMISSION OF L X=-RADIATION FROM DEAVY BLEMENTS.
Twe wetals, platinum and tungsten, were used for tuis
2
investigation., Flatinum feils, 54.0 m.gm./cm. thick, were
placed round the inside of the counter &nd specira were

taken in the usual way. The tungsten sample was examined

as a layer of metallic powder mixed with adnesive and

z

approximately 10 m.gm./cm. thick. The spectra are shown in
ic. 9, with a background spectrum for comparisom. X=ray
peaks are prominent in the spectra of the tw elements.

Since there is no reason for suspecting any natural electron-=

capture activity in these elements there can be little
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doubt that the x-ray emission is a background effect. The

intensity of the raciation from the three samples:-

Osmium (8.3 mgm./cm.dthick) 38 counts/hour

tungsten  (10.2 mgm./cm.athick) 43 counts/hour

platinum  (54.0 mgm./cm.zthick) 80 counts/hour
suggests that all of the x-ray emission from osmium 8
can be accounted for this way. It is concluded that if Osl :
is radio=-active its hali-life must be greater than lolsyears
to explain the failure to detect any electron capture
activity. If, as furgher evidence discussed in the next
section guggests, Rel 7is the unstable isotope of the pair
then Osl 713 completely stable against electron capture
aecay .

Interaction of the b:ckground x-rays with the sample
can gimilarly explain the slight x-ray peak noted in the
rhenium spectrum (Fig.5). The occureence of L x-rays in
such circumstances has not, so far as the author is aware,
been demonstrated before, althougn it is worth pointing

113
out that the L x-ray emission Irom In observed by

Cchen (11), and attributed to L electron capture, might

have originated in this way.
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DISCUSSION. (i) THE PROELEM OF INST

Since preliminary reports of the negative results
of tbe present search for radio-activity in Re187appeared
in publication (12) further work has been reported by
others. Libby's group has revised (13) earlier estimates
of the maximum energy release in the decay of HelB?from
43 Kev to 8 Kev and the half-life from 4 x lolzyears to
less than lollyears, using the same apparatus &s in the
earlier studies (4,5). The report guoted a private
communication from M.G. Mayer who suggested Phat, on shell
model conciderations, the bete decay of hel /should be only
first forbidden with a spin change gf 2. A very recent
megsurement (14) of the ig%n of Osl 7conrirms that the spin
is #. Assuming that Re 1s beta=-active and that its
transition is first forbiddem,the decay will obey G-T
selection rules so that
Log (w:E -1l) ft = 10 approximately.

where uois the total energy release in the transition.

This eguation can be solved graphically for different
values of the half-life to give the maximum energy of
decay. F<rom isotopic abundance considerations th=s the
half-life is unlikdy to be less than loloyears, which

shows that the maximum possible energy available for the



transition will not exceed 5 Kev. In the experiments
of the present study no beta rays were observed with an
energy greater than 1 Kev. 7TRis would suggest that the
helf-1ife must be of the owder of lOllyears or greater.
Undoubtedly the physical nature of the source examined
in the proportional counter was not really suitable i§ the
energy of the beta rays is very low, althougn Libby and
co-workers used similar sources. Recent experiments by
Drever and Moljk (15) show that the action of a proportional
counter with low energy radiations from an internally
mounted solid source leaves much to be desired, and it may
be that a Geiger counter as used by Libby will show greater
sensitivity under these conditions. Since it now appears
that the energy release is very small any future investigation

will probably reguire the element in & suitable gaseous form.

(ii) RHENIUM IN GEOFHYSICS.

187
As pointed out by Suttle and Libby (13), if Re
11

decays withBa half-1life of less than 10O years its decay
167
product Os may be detectable in ancientsrhenium-bearing
157

minerals. The presence of radiogenic Os  in samples of

rhenium-bearing molybdenite has since been reported (16)
187
and the hali-life period for the beta decay of ke placed




8
in the range 5 x lolgo 2.5 x 10 years from measurements

of the amount of Os in the samples (17).
There is little doubt that the discovery of

187

rediogenic COs in mineral deposits is ghe most satisfying
demonstration of the instability of Rel 7which has yet been
given. The absence of beta rays abowe 1 Lev suggesfs that
the half-life is probably near the upper limit given by

the geological work. An accurate estimate of the half-life
by both geological anc counter methods may yet ppove
important in connection with the possible occurrence of
'bound' beta decay in some natural radio-elements. This
process, if at all impgrtant, may be expected to be especially
so in the decay of iel 7because of the high atomic number

of the nucleus and the low energy available for the bete
transition. The problém of bound beta decay in relation to
the natural radio-elements will be taken up again in

Chapter 8.

(Lii). THE ULTIMATE SENSTTIVITY OF THi COUNIING 4FPARATUS.

The generation of L x-radiation by the background will
im;ose one of the final limitations on the sensitivity orf
the counter arrangement. There appear to be a few ways
in which it may be possible to mitigate the effects. II the

cause of the trouble is mcinly lead x-rays and not soft
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gamma radiation, it will be possible to filter out the x-rays
by lining the inside of the shield with #ke thick steel.
A-rays generated in the steel have too low an energy to
penetrate the walls ol the proportional tube. Alternatively,
it may be preferable to dispense entirely with lead and usc
only steel to shield the counters. This is advocatead
by Futman (18) who considers that heavy elements are
undesirable since some of the secondary gamma radiation is
producea by the decay of cosmic mesons, preferentially
stopped in high Z materials. In the counter arrangement
Bhe shield is required only to cut out as much gamma radiation
as poesible, the anti-coincidence ring may be relied upon
to¢ removeX ionising particles.

Apart from attempting taé remove the agent causing
the L x-radiation it may be possible, to some extent, To
remove its effects by countrol experimesfs. These would
involve meawuring background spectra, not with a clean
steel lining in the counter, but with a sample of a heavy
clement on the lining to simulate the source as closely
as possible. It would appear best to use a neighbouring :
element, but a danger arises since the background contains
& proportion of mono-energetic radiation. The swift
variation in the photo-electric absorption near an

zbsorption edge may introduce appreciable errors even between



neighbouring elements. The most sensitive method of all
would be to use for the background determination a sample
of the element in which activity is suspected. The source
could then be a sample of ecual mass and similar chemical

composition, but enriched in the unstable isotope.

CONCLUSIONS.

No direct proof of the existence of instability in
187 187
either Re or Os could be obtained in the investigation.
Surficient experimental evidencighs obtained to show that if, a%

the latest evidence suggests, -e 7decays by negatron emission
then the energy of the transition must be very low, less
than 1 Kev instead of 40 KiX as proposed formerly. This
suggests a half-life of 10 years or more, for a first
forbicden transition.

An x-radiation of low intensity, generated by cosmic
ray background radiations, was shown to be emitted by
heavy elements. This emission can mask a weak radio=-

activity unless special precations are teken to allow for

its presence.
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5e__ THE NATURAL RADIO=-ACTIVITY OF LUTETIUM.

Introduction.

176
Natural lutetium conteins 2.6% of an isotope Lu which

is the central member of a triad of naturally occurring
176 176 176
isobars Yo 4 Lu and Hf . The existence of a beta
176
transition to Hf is well established (1-6) with a maximum
10
energy of about 400 Kev and half-life greater than 10 years. The

log ft velue of about 18.9 classifies the decay as at least
third-forbidden. Flamnersfeld (4) holde that zbout 67% of the
176 .
total decay rate of Lu is congtributed by an electron capture
170.
branch to Yb , but Scharff-Goldhaber (5) could find no
evidence of K-capture. m
176
By mezasurement, the spin of the ground state of Lu
is 7 or greater (7) and, on theoretical reasoning (8)
crobably 10%*l. Such a high spin can be compatible with a
third forbidden beta transition to an even-even nucleus only
if the transition proceeds first to an excited state of the
deughter. A gamma ray of energy about 400 Kev has been
observed by Flamuersfeld (4) but was atiriputed to the K-capture
brenche A complex gamma spectrum detected by Scharff-Goldhaber (5)
and 9OKeV
was found te contain gamma rays of 270 Kev, 180 Revlln about equal

intensities, the latter being strongly converted. This 90 Kev

rediation i® considered by Goldhaber and Hill (9) to be
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icentical to the 89 Kev gamma ray knoxilto foilow beta deeay
from the 3.79 hr. isomeric state of Lu 70. identification of
the 59 Kev gamma ray as arising in an E2 traneition was madé”
oy MeGowan (10) from a meagsurement of the K/gamm & fati&.'"f'
Cclchaber and Hill propose a decay scheme, shown in Fig. ll,iié‘_
which the beta transition proceeds to an excited state of HfV7b
which then decays to the ground state emitting three gamma
rays in cascade, the last of which is the 89 Kev transition
from a 24 state to the O+ ground state. Arnold and Sugihata (Il)
confirm the ‘main points of the decay scheme by showing
colncidence between the two high energy gamma rays and also
a
between the gamma # beta rauys.
Good agreement is observed between the gauma ray
energies and the predictions of lhe Bobhr-iMottelson rotational
model of the nucieus_SLZ) squeSt;na that the first three
excited states of hr¢/un3ve spins and parities, in oraer aof
increasing excitation energy, of 24, 4+and 6.
Thus,  altliough a cgubiderable anount of work had been
2
done on the decay of Lu ,o, the decay scheme, especially as
regarded a K-capture branch, had not been completely
confirmed nor had beta and gamma ray spectra been published,
It was with the mein intention of providing the spectra
qnd proving the cdecay scheme that a study of the element was

incluced in this series.

Recently, Arnold (21) has re-examined the gamma ray




176
emission following the decay of Lu and has shown three

ganme rays of energy 300, 203 and 89 Kev in cascade. No

evidence for K electron capture was observed and an upper
limit of 10k was put on the K-capture/beta decay branching
ratio. This information was not availeble until after the

completion of the present study.

THE FROYORTIONAL COUNTER EXFERILSNTS,

-

Two sources, preparea irom lutetium oxide of the
highest spectrographic purity, were used. Cne, of lutetium
2

chloride, was 0.49 m.gmn./em. thick and produced 480 Csp.i.,
the other consisted of lutetium oxide and was only 0.149 m.ga/
cm.g.thick. Both sources were deposited on steel, but kept well
within the confines of the counting volume to prevent
Gistortion of the spectrum which can be caused by escape of !
particles at the ends of the sensitive region of the counter.
mMull anti-coincidence shielding was used and the output pﬂnﬁxgx%
photographed ana anelysed in the normal way. The spectrum
observed from the thin source is shown in Fig.lO. The
results of subsidiary experiments have been fitted to the
low energy end of the main histeogram to give a complete
display from 5 Kev to 500 Kev.

The figure shows & number of more or less distinect

lines superiuposed on & continuous spectruil, which has an
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end-point near 500 Kev. An L x-ray line is prominent
: . - _ KeV
between 5 and 10 Kev. Two peaks A and B (25 and 78‘re5pectively
gp pear in the correct positions to be attributed to K and L
internal conversion lines of the 89 Kev gamms ray which is
known to oceur. Three smaller peaks C (125 Kev), D (180 Kev)
and E (290 Kev) are present. C and D can be due to K and L
conversion electrons from a gamnma ray near 190 Kev and ¥ to L
conversion electrons from a 300 Kev gamma ray. These
gamma rays were observed alone in later experiments and their
energies determined more exactly.

A Fermi plot of the beta spectrum is shown in Fig.ll
The plot approximates closely to two straight lines which
cross the energy axis at 425 Kev and 510 Kev. The
difference between the cross#ing points is almost the same
as the energy of the L internal conversion line of the 89
Kev gamma, and the complex nature of the Fermi plot can
be attributed to the superposition of oné beta spectrum
extending from zero energy to a maximum at 425 Kev and a
spectrum carried put along the energy scale by the coincident
detection of L conversion electrons and beta rays. This is
always so when a complex decay is examined in conditions
of 2® solid angle counting geometry. The energy of the beta

transition is therefore 425 %15 kev, in good agreement
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FIG.11.(I).FERMI PLOT OF THE Ld’® BETA SPECTRUM.
(2) THE DECAY SCHEME OF LuJ’® ACCORDING TO
GOLDHABER AND HILL .
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with previous results (3,4). The straight line character
of the Fermi plot would suggest that the gpectrum is of
«llowed chape but it is possible that the complex nature
of the spectrum with the addition of electron lines on the
true beta spectrum would mask any slight deviations

from the allowed shape.

The counting rate cobserved from a source containing
C.2141 gm. of lutetium oxide was 480% 10 c.p.m. Allowing for
absorption in the source, the counting geomeiry,
backscattering of electrons from the steel lining of the
counter and the mode of decay, this corresponds to a half-
life of

10
(4.13%€0.20) x 10 years.
176
for the Lu  isotope. The log rt value, 18.77 for a
425 Kev transition, appears to classify the decay as at least
Lhiyd—i rbidden. These velues are slightly dirferenfg from
those given in the published account of this work (13), this
being due to the use of an increased figure Ifor the
backscattering of electrons from steel. The new
backecattering factor, 0.45, is derived from the author's own
work vhich is discussed in Chapter 7. This figure is
concidered moee reliable because the measurciments were
mede in a counting geometry chosen to simulate the

experimental conditions as clocely as possible. The




new value is sufficiently different to have appreciable
effects on some derived values and on the comclusions

drawn from the lutetium experiments, especially as regards

a possible K-capture branch of the decay. However, supporting
evidence for the revised branching ratio is good, but

these points will be discussed later.

THE INTELNAL CONVERSION ELECTRONS.

The internal conversion lines from the 89 Kev gamma
ray are shown in detail in Fig. 1. The calculated
positions of the expected groups are marked. Because of the
necessary source thickness, complete resolution of the lines
was not obtained but the approximate relative intensities
of the groupds agree with the measurements made by
iihelich and Church (14) on the artificial isomer. Since
Mihelich and Church showed that the empirical values of the
K and L internal conversion coefficients classed the 389 Kev
transition as B2, the 89 Kev gamma observed to {o;low the

(¢}
beta decay of the long-lived grouna state of Lu g mey Dbe
taken as arisipg in a trensition between the same two
ctates in Hfl7oin accordance with the decay scheme of
Fig.ll.
Calculations based on relative internal conversion

coefficients of Mihelich and Church and on the K/gamma
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ratio obtained by Mc.Gowan (10) for the artificial isomer
show that gamma rays vill be emitted in some 6% of the 89 Kev
transitions. <The proportional counter was usea to seafch for
this expectedagamma raediztion. The source was covered with a
500 m.gm./cn. sheet of steel to absorb all particle radiation
and the spectrum is shown in FPig.l4. The expected 89 Kev
line is present and the 53 Kev K x-ray peak is evident.
Allowin. for changes in the amount of absorptdon in the steel
and the differing efficiency of the counter for the x=-rays
«nd the gamma rays, the observed K/gamma ratio is 3.9,
compared with Mc.Gowan's value of 1.3 for the artificial
source. Allowing for contributions to the x-ray peak from
internazl conversion of the higher energy gamma rays,
assuming E.Qe. transiticne, the ratio is expected to be
4,4, This agrees well with the observed velue, considering
the very low efficiency of the proportional counter for
electromagnetic radiation at these energies.

In anticipation of experiments showing the presence
of gamma rays of 190 Kev and 310 Kev energy it was suggested
that the peaks C,D and E in Fig.l0 were internal conversion
electrons from these transitions. ZFrom the size of the
peaks estimates, necessarily rough, were made of the amount
of internal conversion undergone by the gamma rays.

Comparison with the theoretical values of Rose et al. (1))
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showed that the evidence seemed to favour eleciric quadrupole
transitions, which agrees with the above calculations on the
I/gamma ratio.

176
LHE POSSIBILITY OF ELECTRON CAFTURE IN LU .

A K-capture branch of the decay may be expected Lo show
up by emiasibn of L x=rays following K-capture. As already
shown (Fig.l0), L x~-rays were observed, anc Fig.l3 shows the
L x=ray peak in more detail. OSome of these x-rays must arise
in K and L conversion of 89 Kev gamma raysand of the other gauma
rays following the beta trunsit one. On making allowance for the
<Jt geometry, backscattering, and the detection of beta rays
and conversion electrons in coincidence with the x-rays, it
can be shown that some 6% of the L x-rays arising in the
beta decay branch can apéear 2lone in the counter and contribute
to the L x-ray peak. On the other hand the counter should
'see!' 50% of the x-rays following K or L capture. This state
.of affairs, so favourable to the detection of electron
capture, was used to put a limit on the amount of K-capture
which could be present. It was found that only about 46% of
the L x=rays actually observed in the proportional counter
could be accounted ror by the beta decay branch of the
transition, assuming a fluorescence yield of 0.20 for

Ef L x-rays (lo). If tie remaining 54% originate in an
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electron capture branch the results suggest that electron capture
transitions amount to 7% of those in the beta decay branch.

[nis value had to be modified to take account of L x-rays
arising in the intermal conversion of gamma rays following
electron capture, as shown later.

Unfortunately, the resolution of the counter was not
surficient to separate the x-ray groups. However, the expected
positions of L x=-ray lines of hafnium and ytterbium marked
on Fig. 13 snow that the shape of the spectrum is not
inconsistent with the presence of x-ray groups of both
elemente.

176
THE GAMMA RaYS EMITTED IN IHe DECAY OF LU .

Furthifrinformation about the gamma rays emitted in the
decay of Lu fowas sought by the use of sodium iodide
scintillation counters. Thallium activated crystals, §"long
and " in diameter were used. The source, of lutetium
oxide, was mounted in a well defined position at the end
of the crystal, with sufficient absorber to shield the
crystals from beta rays. The gamma lines were comparego
with the 279 Kev gamma line and the K x-ray line of Hg 3for
encrgy determination.

The gamma ray spectrug obtained from the source,

examined by a single crystal, is shown in Fig.l5. Lines



=59=

at 310% 10 Kev and 190* 10 Kev are distinct. A strong
K x-ray line is alsc presend at about 53 Kev. Calculations
showed that many of the x-rays arose from the absorption of
gammng rays in the source which was 0.45 gm./cm.zthick. The
almost complete zbsence of 89 Kev gamme rays confirms
their high degree of internal conversion. The relative
intensities of the 190 Kev and 310 Kev lines, taking into
consideration the efficiency of the detector and source
absorption, are almost ecgual. The rate of emission of
each gamma ray was found to be approximately equal to the
calculated beta decay rate of the source. Lvidence
cerived from the gamma ray s ectrum is therefore
quantitatively in favour of the decay scheme of Fig. 1l.
ualitative evidence for the expectea gamma ray cascade
was obtained from gamma-gauma coincidence experiments.
The source was mounted beteeen two identical sodium iodide
crystals. The pulses from each photomultiplier tube after
anplification were lengthened and fed, one set to the X-,
the other get to the Y- deflection plates of a cathode ray
tube. A ﬁfighteuing pulse was fed to the grid of the tube
when coincidences were obtained between pulses in the
separate channels. Thus the display wac a set of spots on tThe
faceg of the cathode ray tube, the abscissa of the spot being

proportional to the energy of the gamme ray detected in
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The excited states of EI have been used in support of
the ;;r-“u;ték:u; rotational model of the nucleus (l2)s In




INTERVAL

NUMBER OF COINCIDENCES PER ENERGY

60+

40+

20+

60+

40+

201

100 200 300 KEV

‘o \

I00 200 300 KEV
/ \
/ /\K/\\:? |
,\‘
L

O

100 200 300 KEV

FIG.16. GAMMA-GAMMA COINCIDENCE SPECTRA OF

LUTETIUM-176, THE SIGNIFICANCE OF EACH IS
EXPLAINED IN THE TEXT,




=l

this theory, low-lying rotational states of the nucleus
are assoclated with the large deformations to be expected
in nuclei where many particles lie outside closed &hells.
The energies of the low-lying states are expected to be
given closely by2tne formula.

E -g% I(I+1), I - 0,2,4,6, even parity

The following table compares the observed energies of
the states with theoretical values given by the above

: "+ g % N o B .
expression, uaﬁullsea to give an energy orf ©9Y Kev for the

first execited state.

176
axcited state of Hf Be2 E.4 E.6
Experimental energy 89 Kev  279%10 Kev 589820 Kev
Theoretical value (89 Kev) 297 Kev 623 Kev

The agreement is very satisfactory, and this evidence,
in addition to the amount of internal K-conversion
undergone by the three gamma rays, agrees with the
assignment of spins and paritiesluf 24, 44and o¥to the
first three excited states of Hf KU. The assignment of
2+znd 4+to the first two states is also in accord with
empirical rules derived by Scharff-Goldhaber (17) for

the first and second excited states of even-even nuclei.



The evidence for an electron capture branch of the
aecay waes shown to depend on excess L x-rays. If electron
capture occurs with detectable freguency it ii certain
that it will proceed via excited states of Yb 70because of
the large spin change involved in & ground state to grdound
state transition. In this region of the muclear table,
the energy of the first excited state of even-even nuclei
varies little from nucleus to nucleus (17), being about
100 Kev. Wwith this knowledge it is interesting to examine
%he experimental spectra more closely for further evidence
of the electron capture branch. This is forth-cowming
in the presence of two tiny peaks marked P in the
ganma ray spectra of rFigs. 14 and 15, and a peak ?' in
the spectrum of particie radiations shown in Fig. 10. The
gammg ray peaks P lie close to 115 Kev in both Figs. 14 and
15 and P' corresponds to particles with an energy of
about 105 Kev, being the correct position for L-conversion
electrons from a 115 Kev gamma ray. Thus these three
peaks, separately almost insignificant, taken together
offer strong proof for the presence of & hitherto
unsuspected gamma ray. The normal rules for the first
excited states of an even-even nucleus (17) showlggat the

spin and parity of the first excited state of Yb are

zlmost certainly 2+ . The presence of appreciable lL-couversig

Il
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mzkes the assignment of the 115 Kev gamma ray to a
tran§ition from a 2+ state to the C4 ground state of
Yb17oentirely plausible.

In addition to the peak P in Fig.l5 another small
peak Q may be discerned at an energy of 250%10 Kev. It is
possible thet this may be evidence of another gamma ray
in the electron cupture branch, but the peak could also
arise by the coincident detection of a 190 Kev gamme ray and
a K x=-ray in the crystal, although this process might be
expected to give a broader peak. The origin of the peak
is therefore open to some doubt, but it is worth noticing
that the energy is approximately whaét might be expected
from a 44 to 24 transition on the EBohr-lMottelson theory,
assuming a 2¢#to O+transition energy of 115 Kev.

Thus it appears that the experimental results are
in favour of an electron capture branch in the decay of
natural Lul7u. There is strong evidence for the emission
of a 115%10 Kev gamma ray following the electron capture,
with the possibiiity, also, of the emission of a 250 Kev
gamma. These proposals are incorporated in the decay
scheme of Fig. 17 which was drawn up on the results of the
present study.

If gamua rays follow electron capture, the L X-rays
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and electrons rfrom internal conversion of these gamma rays will
alter the proportion of the electron capture transitions which
contribute to the Lx-ray peak. Calculations based on the
I=comversion coefficients of Tose et al. and % values of
sellman et al. (22) show that the intensity of electron
capture must be changed from the original estimate of 7%

oI the beta transitions to 9w Further evidence for a
oranching ratio of this magnitude is provided by thﬁboserved
ratio of the intensities of the 115 Kev gamma ray peak and the
89 Kev gamma peak in the proportional counter spectrum of
"ig.l4., This agrees with the calculated value to within 5.
Good agrecement is also obtained between theory and experiﬁent
for the rgtio of the number of L internal conversion electrons
Trom the 115 Kev gamma ray end the L,M and NN conversion
electrons from the 89 Kev gemma I'ay.

The foregoing interpretation of the electron capture
pbranch of the decay is of recent origin and based on the
author's re-investigation of the experimental data using a
new value for the backscattering of electrons from steel.

In the published account of this work the use of a
different backscattering factor mede the electron capture
braench seen of lovw intensity and almost completely masked
by the beta decay branch. Thus the extra gamma ray peaks

were o¥¥rlooked. Unfortunately, the azuthor has now no




opportunity to check the predictions experimentally, but
it would appear that an experiment based on a 4m counting
geometry in a scintillation counter would separate the
two branches of the decay very effectively. By integration
in the crystal, the products of the beta decay branch
would produce spectra with beta spectrum characteristics,
in other words, the spectrum would be continuous over a band
of energies. However, the products of te electron capture
branch, x-and gamma rays, would produce discontinuous line
spectra, and should be easily detectable above a pé?hinant
beta mode of decay.

The log ft value of 18.77 for the beta decay suggests
a third or possibly a fourt) forbidden transition. The
mwinimum spin change is tinls Al « 3 and the spin of the ground
state of Lul7oat least 9 units. The single particle
arbitals which can couple to give a spin of this order are
h 1 and 113 (Reference 18, page 98:)L'}b This implies that
the parity23f the ground state of Lu is odd. If this is so,
then a fourth forbidden beta transition to the 6+ level of
Hfl7ois ruled out, and only a third forbidden transition
cen explain the observed log ft value. HenceAl = 3 or 4 (yes).
The shape of the Fermi plot seems to rule out the
possipilityal = 3 (yes) which was found to apply in the case
\.87

of 1 i ﬂ
W (19), whose Fermi plot departed markedly irom the




allowed shape and required the third forbidden correction

176
(20). Thws it eppears that the ground state of Lu may

have o spin of 10 units and odd parity. s
Arnold (21) has suggested that the half-life of Lu170

may be short enough to permit its use in cating experiments,

especially as the daughter nucleus Hfl7uhas a low isotopic

abundance. It seems unlikely thaet the eleclron ca_ture

brench of the decay will be useful in tiis way, in view

of its low transition# probability and the comparatively

176
high relative isotopic abundance of Yb .

CONCLUSIONS.

176
Natural Iu has been shown to undergo a beta
10
(negatron) transition with a half-life of (4.13%0.20) x 10

years, followed by three gemme rays in cascade. The
observed excitation energies of the first three excited
states of HT 7oprovide good egreement with predicztions
from the Bohr-iottelson rotational model of t..e nucleus,
and are accordingly assigned spins and parities of
2+, 4%and 6+, confirming earlier proposals. This
assignuent permits beta decay, with signif;cant

yde
probability, from the 6:ouid‘state of Lu j (I = 10=-)
only to the 6+ state of HT 70in accordance with experiment.

The presence of electron capture to an excited state



176
of Yb seems well established. Fairly conclusive evidence

has been obtained for a gamma ray (energy, 115%10 Kev) in this
branch of the decay. It seems possible that & second
ganma ray (energy about 250 Kev) may also be emitted. The
branching ratio of the decay (electron capture transition
probability/beta decay probability) is (98)%. The

170
proposed decay scheme for natural Lu is shown in Fig. 17.
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©. THE BRANCHING RATIO OF POTASSIUM=4C.

Introduction.

Although the emissicn of beta rays from potassium was
first discovered (1) in 1905 and conclusively proved two
years later (2), it was not until after 1943, when
experimental evidence for K-electron capture was obtained (3),
that intensive investigation of the decay was begun. The
reason for much of the work was to place on a firm basis
the use of the potassium~argon transition as a means of
deriving the sges of potassium=-bearing minerals.

The potassium-argon dating technique offers distinct
advantages over methods masking use of other radio-elements,
and, in spite of initial difficulties, seems to have great
potentialities. Apart from the obvious advantage afforded
by the widespread terrestrial distribution of potassium-

Lbearing minerals the main point of dirference between the
40 40

. = A transition and other uatural transitions is that
the end-product is a chemically inert gas. This not only
permits tiny quantities of the decay product to be separated
from the mass of accompanying material with a falr degree

of euse and certainty, but zlso ensures that the argon is
not likely to be appreciably contaminated with argon of

other origin, since atmospheric argon could not easily



g
be trapped in the mineral at the time of its formation.
In this respect the potassium-argon technicue scores heavily
over what would otherwlise be a more suitable method, one
40 40

involving the K - Ca transition which is faster. Calcium,
hozever, is a common constituent of rocks and the high
Ca 0content (97%) of ordinary calcium effectively maks
the presence of small amounts of radiogenic Ca4oin all but
the rarest cases. In spite of the advantages of ;n inert
gas as a decay product the separation process requires
cengiderable care and some of the earlier measurements
(4,5) either failed to find argon in dated potassium
minerals, or could show no relationship between the argon and
the potassium content of the mineral and its age. Such a
relationship was first demonstrated by Aldrich and llier (0).

Any method. of deting which involves the use of a
reaio-active isotope relies for its accuracy on & precise
knowledge of the decay contents of thi isotope. Much of
the repent experimental work on the K Odecay has Dbeen
aimed at obtaining a correct wvalue for the rate of decay
Lo A4O. Since the beta decay rate is more easily
jetermined it has become usual to relate the rate of decay
by electron capture to the Eeta transition rate by a
branching ratio defined as in"figf where the symbols represent

the appropriate decay contents.
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Comparison of the nuiber of x-rays and Auger electrons
emitted from the source with the beta decay rate gilves
the Dranching ratio directly. A number of investigators
(3,7-11) have attempted direct measurements of the branching
ratio, with results which vary from as high as 3 or 4
K=-captures per beta decay to less than 0.0/ per beta ray.

The wide variation is mainly due to the very low energy
(ebout 2.95 Kev) of the argon K x-ray which follows EK-capture
in K4O, a fact which makes quantitative work with solid
sources extremely difficult. ©So far, no attempt has been

40 :
made to examine K for K-capture in the gaseous state,

However, recent work (12) on the operatiom of proportional
counters at high tenperatures may meke such an investigation
possible in the future. Of the direct determinations of the
branching ratio the most notable experiment was that of
Sawyer and Wiedenbeck (10) who differentiated between beta
rays and Auger electrons in a specially designed screen-wall
Jeiger tube., The outcome of this experiment was a branching
ratio of €.135, subject to & poseible error of up to 30%.
Happily, there is another way in which the branching
ratio mey be found by counter methods. Thig relies on the
acssociation of the high energy gamma ray emitted in the

K“O decay with the electron capture branch, according to the
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deczay scheme on Fig.l8. This scheme was first suggested

in a slightly modified form by Suess (13) and supported

on theoretical grounds by Morrison (14). Assuming that the
decay scheme is wvalid, the branching ratio of the K40
trénsition may equslly well be given by the ratio of the gamma
and beta emission rates. A nuiber of determinations of the
gauna=-beta ratio have Leen made, but onee again the results
show congiderable variat on. Recent values (10,15-18)
range from 0.05 to 0.127. Birch (19) considers that Sawyer
and VWiedenbeck's Tigure of C.127 is probably close to the
correct value, and this is also selected by Burch (18)

as best. It is close to the branching ratio determined

oy the same giroup from observations of Auger electrons
(10). Thus, although the spread in empirical values of

the branching ratio is considerable, counter experiments

suggest that the ratio probably lies between C.l12 and C,13.

L8

In addition to the foregoing 'physical' methods of
40
determining the branching ratio of K , two geological
methods are avalilable. The first is simply the reverse

of the potassium-argon dating technique. The amount of
40 40
K and of radiogenic A in a sample of a mineral of known

age is determined. Then, assuming the rate of decay
40 40 L g .
of K to Ca , the branching ratio may be found. The method

is not completely independent of 'physical' determinations
40
beczuse it requires the veta decay constant of K , The
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second more direct, but less universally applicable
method obtains the branching ratio directly from a
40 40

determination of the ratio of radiogenic A and Ca in the
mineral. In this experiment no assumptions are required
asbout the age of the sample or the rate of decay of K%o

40.
to Ca

Aldrich end lier (6), using the mass spectrometer to
anclyse the argon extracted from various mineral samples,
found that the branching ratio appeared to lie between 0.02
and 0.09. Other velues near 0.00 followed (20,21) and it
began to look as if the pnysical and geological experiments
gave irreconcilable resultse This was the state of afrairs
al the time when the author's own work was begun. It
seemed possible that the physical determinations of the
branching ratio could be in error by an apprecizble amount.
In view of the sensitive apparatus which haa been developed
for examining beta emitters of lov specific activity and
steadily improving technigues in scintillation counting it
seemed worth while re-determining the gamma-beta ratio of
40 '
K .

Before procéeding to an account of original work
it is of interest to consider more recent geophysical

experiments. The early low branchiug ratios of 0.06

were shown to be the result of incomplete argon extraction
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(22,23), new measurements giving about:0.09. A paper by
Shillibeer and Russell (24) gives convincing evidence in the
form of « series of &age determinations of mineral samples
with widely varying ages, for a branching ratio of 0.089.
The calculations give excellent agreement with ages found
by the lead-rutio and other methods. The same report
discusses a nunber of investigations which serve to put
the whole potassium-argon dating technique on a firm
practical basis. It is shown that accidental loss of argon in
the extraction process is unlikely. ©Similar conclusions
are reached by Carr and Kulp (25) from experiments
involving the use of tracer A . There is also claimed

to be little or mo diffusion of argon from lepidolites or
feldspars during geological time. Gentner et al. (20),
however, find evidence for diffusion loss from sylvites.

40 40

Thus the lstest measurements of A and K in potassium
minerals suggest a branching ratio of 0.09 which is

still smaller than that given by physical methods.

Cnly one determination of the branching ratio by
40 40

direct comparison of radiogenic A and Ca in a sample

of sylvite has been reported (27), giving a branching
ratio of ©.126%0.003, in close agreement with physical

measurements. However, the possibility of argon diffusion
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from sylvites (26) raises come doubts about the validity
of the result.

40
DETEIMINATION OF THE GAMMA~BETA RATTO ORK . (First Method).

The intensity of the gamma ray emission from a source
of potassium wzs measured in the apparatﬁs sketched in
Mig«l9., The gauma radiation was detected in a thallium
cctivazated sodium iodide crystal, cylindrical in shape, 2"
long &and %" in diameter. The crystal was examined by &an
EddeIs (Type ©2062) Photomultiplier whose output was
amplified and fed through a pulse height discriminator to
an electronic scaling unit, where the pulses were counted.
The results were obtained in the form of integral bias
curves by varying the setting of the discriminator. The bids
curves were usually obteained by counting from voltage
levels corresponaing to the liberation of about 100 Kev
of energy in the crystal and downwards until tube noise
became noticeable (between 20 and 10 Kev). The total
counting rate could then be obtaired by extrapolating the
curvee to zero energy. Thie procedure was considered Uto
be more accurate than counting at a fixed bias level
Lecauge gamua rays of Qiffere“t energies had to be counted,
for reasons that will Dbe expidined presently. Energy
calibration for the bias curves wae made using the 46.7

Kev line of RaD. Since the experiment was basically
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the comparison of the rate of gauma emiseion from two

sources in identical geometrical conditions, the.best way

of ensuring similar conditions was considered to be the use

of solutiomns of the radio-active materials. A cylindrical
glass container for tie solutions was set over the crystal

a& in the sketch, so ensuring that the sources always

had the same configuration relative to the detector. Since

the sources completely surrounded the crystal this arrangement
should also give the most favourable source to background
counting rate ratio. This was further improved by use of a

4n ghield of lead to reduce background. Sufficient absorber was
cuilt into the apparatus to ensure that the most energetic beta
rays emitted by any materigl used in the experiments could

not be detected in the sodium iodide crystal,

To obtain the maximum stﬁbility of operation of the
apparatus arrangements were made for emptying, ringing and
filling the source holder without in any way disturbing
the position of the crystal on the face of the photomultiplier
or exposing the tube to light. Between experiments the
container was thoroughly rinsed with acid, water, distilled
weter and acetone in that order. A4ir was then blown through
the bottle to remove the last traces of moisture &nd ensure
that the correct volume of source was used each time.

Beckground measurements were made between each experiment to



check the efficiency of the rinsing. Ev-n when solutions of
Cooqwere used it was found to be an easy matter to remove
every trace of contamination.

The potassium source solution was chosen to give the
maximum amount of potassium in as small a volume as possible.
The most suitable appeared to be a near-saturated agueous
solution of potassium hydroxide. The solution, in distilled
water, contained 493 gm. potassium per litre. When the source
holder was filled to a fixed mark with 186c.c. of this
solution a counting rate of some 700 c.p.m. was obtained
above a background of 87 c.p.m. under lead shielding.

This difference was suificient to ensure accurate
determingtion oi the counting rate due to the source,

Since the source solution had a high density a seriec
of tests were made to see if the background of the apparatus
depended on the contents of the source holder. Illeasurements of
the backgroumnd were made with the bottle empty, and also
when it contained such non-radioactive liguids as distilled
water, salt solution, calcium chloride solution and carbon
tetrachloride (chosen for its chlorine content to simulate
the presence of potassium in the source). It was found
that the background was independent of the liquid contained
in the holder, but that the background taken when the bottle

was empty was consistently & few counts per minute low.



Hence all background measurements were made when the bottle
contained distilled water.

To avoid the uncertainty of relying on a calculation
of the efficiency of the gamma ray detector the experiment
was based on the comparison of the gamma-beta ratio of
K4Qwith the gamma-beta ratio of a suitable control
material in the same experimental conditions. The most
suitable source to use as & control appeared to be uobo
whose gamma transitions (1l.17 and 1.33 Mev) are fairly close,
in energy, to the l1l.40 Mev gamma ray liberated in the K4O
cdecay, and whose gamma-beta ratio is known to be 2. Had the
gamna rays from Coooand K4obeen of equal energy it is
easy to show that the gamma-beta ratio of K , R say, is
given bys:-

R - ZYK . &_9. oo-.-o-oooooooc(i)o
= '

dhereﬂk and B are the observea gamma and beta counting

K
rates of a source of potassium and ¥ co 6 PCo
corresponding rates for a source of Co , determined under
similar conditions. Various corrections which are
discussed later, had to be applied to the measurements
because neither the beta nor gamma ray spectra of the two
sources are identical.

The rates of beta emission from the two sources were
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determined in a well-shielded proportional counter arrangement
similar to that described in an earlier chapter. As with the gamma
ray measurements, the intensity of beta emission was derived
from bias curves which were extended down to an energy of about
200 ev. The curves were very flat at low energies and no
difficulty was experienced in determining the relative

beta emiscsion from the two sources. Hence, ideally the
experiment consisted simply of finding the intensity of gamma
emission from egual volumes of solutions of potassium and Coooin
the apparatus which has just been descrived. Thereafter,
accurately known volumes of the two solutions were separately
spread over the inmer vall of the porportional counter to give
the relative beta emission rates. Then the branching ratio

could be found from eguation (i).

FOSSIBLE SOURCES OF ERROR IN THE EXPERIMENT,

A nuumber of possible sources of inaccuracy were considered
likely to introduce appreciable errors into the experiment.
These are now comnsidered and corrections derived where
eCessal 'y

(i) In order to obtain large source areas in the beta
ray experiments the sources were mounted on the inner surface ol

the wall of the proportional counter. Thus the sources were
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deposited on what was, in &fect, an infinitely thick
backing material and the counting rate would be considerably
influenced by electrons scattered fram the wall into the
sensitive volume. If the amount of backscattering were
different for the two sources then observed counting rates
would not be in the same ratio as the true rates of beta Emxs
emission. The absolute magnitude of the backscattering
was not important, only the vamation of the backscattering
factor with energy, but the literature on the subject was
often contradictory. To clear up the point some
subsidiary experiments were made and these are described
in the next chapter (Ch.7). For present purposes it is
enough to anticipate the finaings ana say that no
aporeciable dependence of the intensity of backscattering
on the energy of the electrons was Tfouud. Hence the
relative rates of beta emission from the two sources are
obtained directly by measurement.

(ii) PFull anti-coincidence shielding was used when
obtcining the rate of beta emission fromopotassium,

O

out the detection of gamme rays from Co in the anti-
coincidence array caused the loss of some 4% of the
accompenying Leta rays. Hence the rate of beth emission

0
from Co was determined without use of the Gelger array.
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(iii) A correctiom had to be wade to the potassiwa

game ray count to adllow for tne detection in the erystal
40
of bremsstrahlung execited by the beta rays -of K in their

passage through the dense hydroxide solution. The size of the

correction was determined experimentally by observing the
32

increase in the gamma rate when F , a pure beta emitter whose

spectrum covers much the same energy range as the beta spectrum
40
of K , was added to the protassium hydroxide solution.
32
The activity of the ¥ wae monitored in the proportional

counter to give a direct estimate of the correction

required. The correction is shown graphically, applied
40
to the K geamma ray bias curve in Fig. 20./
o0
o such correction was made to the Co geamma rate

vecaucse 3
oQ
(a) the intensity of Co beta rays relative to the,

gamua rays is « factor of about 16 down on the relative
beta-gamma intensity frowm K e=é
oC
(b) the energy of the Co beta transiton is considerably
40
less than that of K and
0O

(e) the Co solution, mainly water, did not contain the
high concentration of relatively heavy atoms that existed
in the potassiumn solution.

(iv) a slight correction was calculated to allow for

the coincident arrival in the crystal of the two gamma rays

frou a Co'Vdecay.
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(v) EBmpirical tests were made to determine what
efTect the source solutions had on the transmission of the gammnz
rays to the crystal. These egperiments took the form of

O

adding egual amounts of a Co solution to water and to strong
potassium hydroxide solution in the gamma ray counting
apparatus. Tesults consistently showed that the higher
counting rate was obtained from the Cooqwhen it was added
to the hydroxide, suggesting that increased scattering
in the denser solution was more importamnt than increased
absorption,in the geometry or the experiment. Accurate
measurements showed that a correction 93 about 0% had to be
addced to the gamma counting rate of Coo to allow for this.

(vi) Finally, a correction was recuired to take account
of the variation with energy of the efficiency of the sodium
iodide detector. Thie could be obtained directly, by

caleculavion, to give

- B
CO = loUlS E L) YCO s e s e s 9 s ROIREDL (ii)
1
K Fbo YK.
o19) 40
where I, I are the true nuubers of gauma rays of Co and K

Co K
rescectively, which enter the crystal, p and Wb the mass
Co K

absorption coefficients of sodium iodide for the gamma rays
o190 40 . )
of Co and K 4, ana x ’ Y the observed gamima ray
Co K
intensities of the two sources. The numnerical factor arises
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because the crystal cannot be considered mathematically
a& a thin layer of sodium iodide. The factor depends on the
size of the crystal and can be estimated graphically. Hence,

from eqguations (i) and (ii)

R=2 o_x_l\: QC'Q_QQPCO ooooooooooono(iii)
Co K K

and the gamma-beta ratio may be found. In this eqguation
it is assumed that the counting rates ¥ ana¥ have been
K Co
corrected for all the above effects except erystal efficiency.

RESULTS .

The results of the gamme counting experiments are
shown by the bias curves of Figs. 20 and 21. Fig. 20 gives
the experimental bias curve for K4O(curve A) and with
background subgtracted (b) and corrected for theoeffect of
o
bremsstrahlung (C). The corrected curve for Co 1is shown in
Pig.21. The final result of the experiment was a gamma-

beta ratio of

0.124% 0.002
where the error is derived from the statistics of counting.

40
DET=RMINATION OF THE GAMMA-BETA RATIO OF K . (Second Method).

A se@ond method of finding the gamma-beta ratio of K40




-5 4=

wae devised to overcome many of the unsatisfactory features

and reauce the sources of error inherent in the first. Sihce
most of the corrections were basically due to the differemce in
energy between the K4Otransitions and the corresponding

ones in Cooo, a new calibrator was chosen for the second method.
An ideal isotope to use appeared to be Na24which emits a beta
ray with a maximum energy of 1l.39 Mev (K4o, 1.36 Mev) followed
by two gamma rays in cascade with energies of 2.76 lMev and 1.38
llev, (k4o, 1.40 Mev), if the two gamma rays could be examined
separately. The presence of the 2.70 lev gamma ray prevented
the use of the source in the first experiment because, in it,
the sodium iodide crystal was suitable for use merely as a
detector of gauma radiation. A 2" x 2% cylinder of sodium
iodide was found to cause an appreciable agzunt of total
absorption of the 1.38 Mev gamma ray of Na , producing a lire
spectrum which separated the 1.38 lMev gamma ray from the 2.76 ldev
gamma. Hence, essentially, the experiment was the same as the
original except that, instead of comparing total gamma count
rates, the ratio of the gamma intensities of the two sources
was found by obtaining gamma ray spectra and comparing the

areas under the total capture peaks. This produced considerable
advanteges in other directions too, as will be seen.

The gagma ray spectra were obtained electronically by

using & Hutchinson-gcarrot pulse analyser (28). The source,
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contained in a thin circular glass wessel, 22c.c. volume, was
placed close to the flat end of the crystal. The source and
crystal were shielded by lead.

The procedure wacs to fill the source holder with

potassium hydroxide solution and obtain the spectrum. A trace

24
of Na was gdded and another spectrum taken. Subtraction of the
24
lwo spectra gave tne lla gamma ray spectrum alone, and

40
subtlraction of background from the first left dhe K gamma

ray spectrum. These are shown in Fig.22. The relative
beta emission rates were determined Ly spreading a sample of
the mixed source on the wall of the proportional counter. By
using the mixed source it was ensured that no errors ould by
introduced in relative source strengths used for beta and gamma
measurements. Counting rate measurements were then made ogzr a
period of days until the rate became constant after the Na had
completely decayed. Knowing the background of thi counter
it was easy then to obtain the intensity of the K Obeta
emission and to calculate the relative beta emission rates
of the tuo sources at the time when the gamme spectra were
being obteined. A half-life of 15.05 hrs. (29) was assumed

24
for lla .

The best illustration of the superiority of the new

technigue is obtained by eonsidering in how far the corrections

reguired for the first method apply to the second.
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CORRECTIONS REQUIRED FOR SKCOND METHOD.

40 24
(i) ©since the beta rays of K and Na cover

approximately the scume energy ranges, backscattering of
electrons would not be expected to produce relative changes

in the beta counting rates of the two sources. In fact it is now
00 40
known that even with Co and K no errors were caused by

Dackscattering but the experiments which led to this conclusion H
had not been completed when the present work was done. By
using mixed sources, and since the beta ray energies are
similar, it was also ensured that any absorption and

scattering of the beta rays in the source layer would be
40 24
the same for both K and Na .

(ii) Once again the Geiger counter anti-coincidence

ring was not employed because of the danger of losing some
24
Na Dbeta-ray counts by the detection in a Geiger of an
40 |
associgted gamma rg’ . Final measurements of the K Dbeta
24
counting rate after the decay of the Na were checked with

full anti-coincidence shielding.

(iii) Bremsstrahlung could not cause errors in the
4 v 4.0
gamma ray peaks because, for K , the maximum energy of the

beta ray is less then the energy of the gamma ray, and for
24 .
Na the two energies are so close thal any contribution To

e

the gamma ray peak would be guite negligible.
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(div) "2 coreection for coincidences between the gamma
e
rays of Na had to be made. This could be calculated since
the strength of the source w.s known.

(v) Errors originating in the transmission of the gamma
rays through the source were expected to be small because
(a) the source was much thinner than before, (b) the two
sources were mixed, so that the gamma rays traversed the same
mediuwn, (c) the energies of the/gamma rays were much eloser
in this experiment than when Coquas used as the calibrator.

(vi) A correction for the slightly differing
efficiency of the crystal for the two gamma rays was
calculable, as before. Hence, in this second experiment,
corrections had to be applied for coincident detection of
gaama rays and to allow for changes in the effiiciency of the
crystal. 3Soth could be calculated. One new correction
had to be made to allow for the dead-time of the pulse analyser,
but this was small because the counting rates were lowe.
RESULT S.

The relative intensities of the gauma ray lines of the
two sources were founcd by estimating the areas under the
ganme ray peaks within the boundary lines shown in Figs.226
o increase the accuracy the limits were first determined

- ta : s
for the peak In the K o5yns spectrum, then transfermed té the




-87-
24
Na peak. The final result gave a branching ratio of

C.121 & 0.004.
where the limits of error refer mainly to the estimated

errors in finding the arcas under the gamua ray peaks.

DISCUSSION.

The two determinations of the gamma-beta ratio of
40

o

K have given consistent results. The second method was basically
more accmmate as well as Deing quicker in practive, the main

coubtful point being the accawacy of the estimationg of the

areas under the peaks in the gamma ray spectra. The final
regults are in good agreement with the value of 0.123
selected by Znde w«nc Eluyver (30) as the weighted average

of all previous measuremenis ol the ratiec. If the ganma-beta
retio is a true indication of the branching ratio there can

emain little doubt that the branching ratio is dé}eciably
greater than that found in the best geological experiments

*

to date.

An unsuccessiul attempt was &lso made in the present work
to obtain a direct estimate of the branching ratic by
observations of the K x-rays and Auger electrons from & thin
solii source of potassium in a peoportional counter,

Fotassium chloride, in which the pmEkx potassium was eneiched

oy Al e o e 8 SR A . .
20 times in the K = isotope, was examined as a wall mounted

% See note om page 17
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~

<
source 5 microgpans/cm . thick in & small acounter. The

source thickness was only « fraction of the expected path
length of an Auger electron but, in spite of this, little
evidence for a K-capture branch was obtained in the spectrum,
A slignt peak, much less intense than expected, was
ouserved but it appeared to be koo low in the energy scale
Lo pe related to the argon A-ray emitted in the transition.
There was no obvious reason for the fzi lute of the
experiment but, recentliy Drever anda Moljk (31) have observed
a similar effect. They examined the K-capture

36
of. CX

as a gas in a proportional counter and then permitted
the chlorine to condense on the wall of the counter to form
a solid souvceguith an average thickness of only 0.03
micrograms/ ci. The K-capture peak shifted to a lower
energy and reduced to zbout one tenth of its former intemnsity.
It seems thet for some reason the radiations do not emerge
from the source with the expected energy, even when the source
is very thin, or that the proporticnal counter does not
function normaliy, when the primary radiations have a very
low energy, causing the ionisation to teke place far from
the central wire. There is little doubt that the only

40
rezlly satisfactory way of outaining the K branching ratio
airectLly will involve the use oI a:-r: gaseous sample of the
element. Lo simple compounds of potassium are gaseous at

ordinary temperatures but the recent success of loljk et ad.
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(12) in operating proportional counters «t high4temperatures
way meke possible a direct observation of the K obranching
ratio. lleanwhile the gaama~beta ratio experiments probably
zive the cloesest approach to the correct value of the branching
ratio.

The discrepancy between the physical and geological
estimates still stands. The latest geological wvelue of
C.09 obtainec by Shillibeer et al. (23) has been attacked
by Lohman (32) beceause of the use of the_FPb207 age for

Fb 206
cating the specimens. This is likely to make the ages
too large and lower the calculated branching ratio.  This
would be in accord with the physical determinations.

As Tor the physical measurements, the branching ratio
rests mainly on the wvalidity of the decay scheme assumed
for ﬂ4o. while the scheme riow scems unassaileble it
was thought useiul to check some or the features by
further experiment. These investigations end the redasons

for them are discussed shortly.

In acdition to the branching ratio, the pobassium-
4G
on dating technigue requires the haelf-life of the K

« Thie was estimated from the beta counting rate
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anc brenching ratio obtuined in the first method, assuming a
40
Lackecattering Tactor of C.45X 0.015 for K beta rays from the g

steel wall of the proportional counteﬁ (see Ch.7). The figure #
obtained for the total helf-life of K owas
(1.282£0.02) x loijyears
taking I'ier's value of 0.0l19%£0.0001% for the abundance
&
of K Olu ordinary potassium (33). This half-life is close

to the half-life of 1.27 x 10 yearb found by Sawyer and

iiedenbeck (10) in their classic investigation of the decay
4L 9

K butl :clightly smalier then the 1l.31 x 10 years preferred

D

by Endt and Xluyver (30) and by Burch (18).

40
EVIDENCE FOR THE MODE OF DECAY CF K .

It has been assumed in the preceding sections that the
40
camma~-beta and the branching ratio of K are identical,
in accordance with the decay scheme shown in Pig.l18. There
has not been any reclly satisfactory direct prooi of the
et

equivalence of the two ratios, beccuse even the best of the dire
measurements of the branching ratio, by Sawyer and
wiedenbeck (10), is subject to sizesable errors. It seemed
to be Jjust posscible that the diiTereice between the
phygical and geological determinations of the branching ratio
could be explained by the aceumgtion of an incorrect

decay scheme. The gamma-beta ratio can Giffer from tne




true branching ratio if

(i) @an aeppreciable number of electron capture
transitions proceed directly to the ground state of
40
H

40

(ii) the gamma ray follows the beta decay to Ca
instead of appearing in the K-capture branch.

(iii) more than one gaume ray follows electron
capture., If (i) is true then the real branching ratio
is greater than the gauma-beta ratio, and will increase
the discrepancy between the two methods of determining
the branching retio. If (ii) is true then there is no
relacion between tne gamma-beta ratio and the branching
ratio. If (iii) is true then the gamma=-bpeta ratio will
exceed the branching ratio ag appears to happen in practige.
In fact, the gamma-beta ratio was algmost exactly twice
the earlier geological values, which were still current
when the present investigation was begun. Thes suggested
that each capture event might be followed by two gamma
rays. However unlikely this appeared, it was desirable
to have direct experimental proof that it did not happen.

what ie probably the most satisfactory evidence
for the decay scheme as it stands was provided by mass

40 40 40
measurements of 4 4 K and Ca by Johnso. (34). He



40
showed that the energy available for the decay of K to
40 40
A and Ca 1s 1.49%0.07 Mev and 1.30%0.07 Mev respectively.
I this is correct then the possibility of the gamma ray
occurring in the beta decay branch must be discounted, because
the gamma ray energy, l.46 Mev éccording to the best of the
recent measuremernts (35,30), exceeds the emmpgy aveilable for
beta decay. £&Equally, the gnergy availz.ble for the decay to
A4o, according to Johmson's figures, does u0t permit more
than one gadmna ray unless the second is very soft. Nor have
particle excitation experiments (30) revealed the presence
of any excited state in & A4Cbelow the l.46 lev state
40,

observed in the decay of K

cewyer and wiedenbeck's observation that the electron
capture dieintegration rate is approximatel§ equal to the
canna emission rate shows that the probability of electron

4

capture to the ground state of A Ois small. This is supported
theoretically by Morrison (14). The absence of 0.511 liev
ganna rays (37,38) and of 180%o0incidences (39) shows that
the probzbility of decay by positron emission is also small.
[nis, too, is conrirmed by liorrison.

Direct evidence for the deccy scheme, in the form of
coincidence weasurements, is more nebulous because of the

difficulty of obtaining coincidences with the low

disintegration rates available. Coincidences between X-rays
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and Auger electroms ana the gammea rays have been reported
(40) but the coincidence rates were extremely low.
wearches Tor bLeta-gamma coincicences have given negative
results (41,42), but on the whole, it seemed advisable

to repealt the coincidence work abd check the purity of the

dadlla radiztion with more efficient aparatus.

~ ™ i -

Gaula Ra¥ mArSRIMENTS.

40
The gamma ray spectrum of K was obtained by packing

330gme of pure KC® round a «"x2" sodium iodide erystal with
sufficient absorber to remove all beta rays. After
amplification the output from the photomultiplier was
anzlysed on a multi-chamnel electronic kicksorter to
give the spectrum shown in g 23 Comparisongwith the
gamme rays emitted by ?aéd(l.277 liev) and by lia 4(1.38 Lev)
showed that the energy of the gamma ray emitted in the
decay of K4Ois 1l.40% 0.01 lev., This is in excellent
egreement with other recent determination s (35,30).
Further examination of the spectrum of the gamma
rays emitted by the source failed to reveal the presence
of any other gamma with an energy greater than 100 Kev. X
Experiments using a proportional counter showed no gamua
ray with an energy less then 100 Kevs. It is therefore

concluded that no gauma rays softer tha. the 1.46 Mev
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40,
line are emitted in the decay of K
other

The only4way in which the rate of gammz emission
could exceed the rate of electron-capture would ocecur if
two gamma rays were emitted witnh epnergies so close to
1.40 Liev that the resolution of the scintillation spectrometer
was not sufficient to separate them. From mass considerations
this is an extremely unlikely pr0po§&ion and was ruled out

40
by examining the region of the K gamma ray spectrum beyong
l.40 lev. This part of the spectrum is shown in Fig.24,
from which the background spectrum has been subtracted. also
shown in Fig. 24 is the same region of the spectrum of
o
gemme reys from a Co Osour'ce bearing & similar geometrical
relationship to the erystal. The spectra are normalised
so that the gamma ray peaks are of ecual intensity and can
©)
be compared directly. In the Co ospectrum there is a well
defined peak A ab 2.5 ilev which corresponds to the coincident
detection of the 1l.17 and 1.33 Mev gamma rays. The edge B
is obtained when the Compton edge of one gamme ray is carried
forward by the full energy of the otner. On the other hand,
4

in the K Ospectrum no integration is observed at 2.92 llev
and this rales out the possibility of the emission of two
hbgh energy gammae rays in coincicence. A more conventional

coincidence experiment using two sodium iodide crystals also

feiled to show gamma-gemméa coincidences. Ience it can
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safely be concluded that only one gamma ray is emitted in
40
whichever braench of the K decay it arises.

40
A_ouahCH FOR SETA=-GAMMA COINCIDENCES IN THE K  DECAY.

The beta rays were detected in a disc of plastic
phosphor (1l.5%lsls4s4 tetraphenyl 1:3 butadiene dissolved in
polystyyrene). A 0.001™ thick foil of aluminium on top of
the disc reflected the light on to the cathode of the
photomultiplier, and also carried the source, 60 m.gms., of
KCl enriched 50 timee in the K OisotOpe. The source was
covered by a thin sheet of plastic for protection, and by
@ thick steel foil to absorb beta rays. On the other side
of the steel came the gamma ray detector, a 1" cube of
sodium iodide packed in magnesium oxide reflector. The
whole system was encased in 6" of lead to reduce background.
The cutputs from the two photomultipliers were amplified and
applied to & coincidence circuit whose resoleing time was
b2 X lO- sec. The coincidence rate and the separate
coul.ting rates were recorded.

The presence oi the potassium source was found to
increase the coincidence rate by (1.43%0.02) x 10
coincicences per detected beta ray. Since part, at least,
of this positive effect could be caused by coincidences

between beta rays and bremsstrchlung, & control experiment
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P
)
%<

was performed using P , a pure beta emitter. This

=3
proved that (1.04%0.016) x 10 coincidences per detected
beta ray could be ascribed to this cause. This did not

completely account for tie observed coincidence rate with
40 :

K but calculations based on the efficiency of tie apparatus

showed that the remainder could reasonably be accounted
40
for by scattering of the K gamma rays in the system. It

is concluced that there is no po&sibility of beta-gamma

40
coincidences in the decay of K .

CONCLUSIONS,.

Two separate experiments have ggiven v@lues for

the ratio of the intensities of the gamma and beta
40
enission from K which are e ual, within experimental

error. The weighted mean .of the two results gives
for the gamma-beta ratio a vealue of

0.123 % 0.003
Assuming the validity of the commonly accepted decay
schee of ;40, & scheme which is given added weight by
new coincidence measurements, the true electron

40

capture-beta decay ratio for K must be greater they or
ecual to (0.,123%0.003). This allows for the possibility of

40
some electron capture to the ground state of A |




The energy of the gamma ray following the decay
40
of K 1is confirmed to be
l.46% 0.01 Mev.
40
IThe total half-life of the K isotope has been re-determinec

N 7
(1.26%0.02) x 10 years.

Posteript Note:
I am informed privately by Dr. Curran that the potassium-argon

dating method was discussed at the Gordon Conference on Nuclear
Chemistry held recently in the U.S.A. Clear evidence of diffusion of
argon in minerals has been obtained by the Pasadena team and the
conclusion is that 12.1 to 12.4 % for the branching ratio of K40 is
now perfectly compatible with mineral age work. The paper containing
this information was read to the conference by G.J. Wasserburg.

This result is very gratifying, confirming, as it does, the work

discussed here.
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7. SOME MEASUR:MENTS ON TH: SCATTLRING OF ELECTRONS FROM

ALUMINIUM aND STSEL.

Introduction.

To reduce to a minimum the scattering of electrons
in the material on vhich & radio-active source is deposited
it is often the [ractice to use a very thin film of a
substance like nylon which contains atoms of low atomic number.
This approach could net be taken in the foregoing experiments
in which, to obtain the beunefits of a thin source with a
reasonable counting rate, the sanples had to cover a relatively
large area on the wall of vhe proportional counter. Backscatter-
ing of electrons out of the wall of the counter will affect the
counting rate to an extent which musl be discovered.

Fublished data on the backscattering of electrons is
not very concistent. There is good reason for believing
that this may be partly due tc the different geametrical
arrangements of source and counter in experiments in which
external sources were used, because of the anisotropic
distribution of reflected electrons (l=4). There secems to be
general agreement that the intensity of backscattering
increases as the atomic number of the backing material
increases (1-3), 5,6@)and that the angular distribution of the
backscattered radietion changes. There is some doubt about

the exact variation, if any, of the intensity of backscatilerling
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with the energy of the incident beta particles. This
is especially so in the intermediate energy range from 200
Kev to about 1.5 Mev which was of most importance for the
work om natural radio-elements. The backscattering factor
in this energy renge is sometimes said to be constant (1)
while others find that it increases with cnergy over at least
part of the range (2,5) and yet others that it decreases
with increasing energy of the incicent electrons (7,8). In
how far these variations are caused by dirferentg geometrical
arrengements is not clear.
Ine first potacsium brenching ratio experiment reguired
an exact knowledge of the difference in the amount of
o0 40
backscatbering surfered by the beta rays rfrou Co and K
at the steel walls of the proportional counter. Since the
literature did not contain convincing data for the 2% counting
geometry employed in the proportional counter experiments, it
was felt best to make some measurements of the backscattering
phenomenon using as similar a geometrical arrangement as
possgible,
'he simplest and quickest way of obtaining results
is to deposit the source on & thin nylon film, which in
itself causes negligible backscattering, and to take
counting rates with, and vithout metal Toils placed behind

the source. The addition of a think film of nylon between
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the source and medal backscatterer makes the arrangement
(610) 40

different from the practical case in which Co and K

were deposited directly on the metal lining of the counter. =«

Some experimenters (2,8) quote evidence which seems to

suggest that the presence of & thin non-conducting filam

considerably reduces the backscattering from the metal.

I'nis is an important point which strikes at the basis of

almost all previous measurement: of the backscattering

of electrous, but, so far as the author is awure, has

never been reg#ously examined. To investigate this matter

sonie measurements of backscattering were made using the

nylon film technique and repeated with the sources

deposited directiy on the metal scutterers. The main

daifficulty encountered in meking scattering measurements on

sources deposited directly on the metal arises from the

necessity of having & comparison source on nylon with

zero backscattering. To permit the zmount of backscattering

to be calculated, the abeolute disintegration rate of each

source must be known, or, at the least, the ratio oi the

absolute disintegration rates is recuired. A guick and

accurate method of measugring the relative strengths

of the sources was evolved and will be descrioed later.

in no way was the investigation meant to be an

exhaustive study of the xpxmxeX problem, but was undertaken
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primarily to obtain a czrrection to De applied to the beta
counting rates in the K Obranching ratio experiment., With
the exception of a few measurements on the backscattering
of positrons only problems relating directly to a
determination of the bLacascattering to be expected of

o0 40
Co and K Dbeta rays were considered. But electron scattering
is an lmportant topic in its own right and, although the
investigation is rather out of the main stream of the work
covered in this thesis, the problems seemed to merit a
more detailed treatment than could be given in a passirg
reference during the discussion of the branching ratio
experinents.

Cnly 'saturation' backscattering from thick sheets

of metal is concidered, because this is the only case of
interest for the proportional counter investigations of the

natural radio=-elements.

CXFERIMENTAL ARRANGEMENT AND FROCEDURE (First lMethod).

The apparatus, which is sketched in Fig. 25, was
very similar to that used by Bulfour (o) who investigated
the scattering of rather lower energy electrons than are
of interest here. 1t consisted of a large (l4cm.diameter)

proportional counter with the adaition of & large side




[ Aluminium

—Sifii support

-“Rnd.wo.ctwe Source
on thun “llon
fillm

Count tng

volume Lnert Yeqion.

FIG.25. PROPORTIONAL COUNTER USED FOR
MEASUREMENTS ON BACKSCATTERING.

O-51 60 22 24_89 )

Co a’ =

ol Fe AR TR, o, [
1 P -

Q 04 v

55 " ALUMINIUM 3 3
-

o

Z O3 i 5

m - ———— — ...._ ___________________

E s B

£ O-2- A e —— THIS RESEARCH

? 1P SE T & ZUMWALT

7)) 5

S — —-—- YAFFE

go11 7 ~vevseens BURTT

m .

= o' -0 5

MAXIMUM  BETA ENERGY IN MEV

FI1G.26. EMPIRICAL BACKSCATTERING FACTORS,




=102~

chamber. A 1% diameter hole in ithe cylindrical wall of the

tube opened into tihe side chamber. Over the hole in ‘the

counter could be placed &« thin aluminium sheet with a #* L

diemeter hole across which was stretched a nylon film ecarrying

it e A < ot

a rodio-active source. The whole arrangement was so constructed
that, in so far as the gensitive volume of the main counter '
wag concerned, the source was effectively on ite cylindrical weall
The side chamber was large so thalt electrons escapging through
the nylon behind the source had negligible change of re-
entering the counter arter scattering at the walis of the
side=chamber. 1in this way it is poséible 1o nuve & source
examined under €M golid angle conditions and su_ported on y
an extremely thin baecking. E£ince the gag pressures were
ecual on each side of the 7ilm no strecses were imposed on
the nylon. Metal plates could be placed behind the nylon to
act as backscatterers, access could be obtained via the side !
chamber to change sources and backscatterers. This prevents

any disturbance of the counting chamber itself.

The counter was fiiled with 15 cm. pressure of methane, ‘
the pressure and atomic nuaber being kept low to reduce any
scattering in the gas immedictely behind the source where the
g0lid =ngle for re-entry of the electrons into the counter %
is lurge, The energy resolution was rather poor but since the

counter was being used purely a«s = detector of beta rays this




wae of no importance. The edge of the 8 Kev fluorescence
x=-ray line of copper gave & sufficiently good energy calibrat-
ion to ensure that the counting measurements were always made
at the same level. As in the potassium branching ratio
experiments all clectrons with an energy greater than 200 e.v.
were recorded. <This permits the findings to be applied
directly to the branching ratio measurements.

The counter was opened Tfrom the side to permit changes
of source or backing and refilled. This was considered
better than a mechanical device Ior changing the backing
metal because the foils could be placed hard against

the nylon support, simulating 27 solid angle coverage
as closely as possible. Tests with the same source showed
that counting rates were reproducible from one filling of
the couhter to the next. ZExperimental proof that the
nylon film on which the source wes deposited did not
itself cause any apprecicble backscattiering or absorption
was oLtained, by reversing the source so that the nylon
lay betwee the source and the sensitive volume of the
tounter. The change in counting rate on reversal of the
gouree was always less than l%.

Thus this first series of experiments was carried
out by preparing sources of various beta emitters omn & nylon

foil, less then qugm./cm? thick, and obtaining the
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apparent clsintegration rate with, and without thick metal
backings. The backscattering factor, defined as

increase in counting rate witn backscatterer

ccunting rate without backscatterer

was calculated for each. 5tsel and aluminium scatterers

were used with sources of rac4 (1.39 Mev%é I32 (1.7 Uev),

Couo (0.306 Mev), Sr . (1,40 liev) and Na  (O.542 lev positrons)
Lo cover the recuired energy ranée, since K4Ocould not

itself Dbe treated becaucse of its low disintegration rate.
and-peint energies of the Deta spectra of the sources are

givene

EXSEEIMENTAL FROCEDURE (Second Method).

Thig procedure was devised to enable backscattering
fuctors to be obtacined when the radio-active material was
de.ocsited direct.y on the metal scattering foils. A first
attempt was aimed at producing sources of equal absolute
disintegration rate on nylon and on the metals but tiis
proved extremely difficult and the required accureacy could
not be obtained. Inst-ad, another technigue was developed in
which the relative *true' strengths of the gources were
monitored by a gemma ray count while the beta ray count
gave ‘apparent! strengths. From these the backscattering

factor could be calculated.
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Bete~emitting sources which also produced a high
energy gamma ray in their decay were chosen.  If the energy
of the gamme ray is high, greater than 100 Kev, say, the
response of the proportional counter at the pressure and with
the gas used vill be negligible and the counting rate will be
caused by the beta rays only. Approximately equal duantities
of sultable sources were deposited on nylion, aluminium
and steel and the beta counting rates observed. The relative
strengths of the sources were then monitored by placing each,
in turn, in an absolutely fixed position near a simple
sodium iodide scintillation counter. A few subsidiary
.experiments proved that, with the thickness of metal used
in the experiment, the gamme ray intensity observed in
front of the source did not depend on the metal ou which the
source was mounted. ‘

22 24 (o]0

Those sources, Na Na and Co which were used in the

firs$ series of experiments, but vhich were also suitsble for

the cecond method, were tested.

RESULTS «ND DISCUSSION .

The first result of the experiments was that the
backscattering factors did not depend on the method of
measurements, whether direct or by lhe gamma monitoring

scheme. This conclusively proves taat the insertion of a
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thin orgenic film between the source and the metal has no
effect on the backscattering.

The amount of backscattering produced by a steel
plate was found to be independent of energy in the range of
energy covered in these ex _eriments. The result of averaged
measurement:. of the backscattering factor are shown in

7ig. 26 where the «bscissue represent the maximum energy
of the beta rays from eaehn source. OUn average it was round that
C.450% 0.015

of the electrons entering a thick steel support are reflected
back into a 2 solid angle. This means that backscattering
can be neglected in the potassium branching ratio experiments
since only the ratio of the intensities of the beta emission
from each source is reguired.

FPor aluminium the average backscattering factorwes
found to be

0.35%20.03

although in this case there is slight evidence for & slow
increase in the amourt of backsc-ttering as the eneggy of the
beta rays increases.

For both steel and zluainium and in both methods of
measuring tie backscatlering factor, the postron emitter
;aCCs;ve & slightly lower value. The difference wmounted

to about a 5% reduction in the amount of backscaltering.
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Certainly there was no evidence to support the findings
of Seliger (3,9) who reported positron backscattering
factors which were about 30% less than for electrons.

Mig. 20 also shows some values obtained by other
workers. In general, the agreement is fairly close for
backscattering from steel, but there is a tendency for the
amount of backscattering mcasured by others to fall off
with energy, as shown. lI0o measurements on geometries

with less than 2W solid accejtance angle were attempted here.

CONCLUSIONS.

A brief investigation of backscattering showed that the
intensity of backscattering from steel does not depend on
the energy of the incident eliectrons in the energy range
investigated. A slight increase with energy is possible in
the amount of scattering obtained from aluminium. The
introduction of a thin film of organic material between
2 radio-active source &nd tiie metallic scatierer does not
alflect the anount of backscattering from the metal into &
2T solid angle, Dackscattering of positromns is

apparently sligntly less than for electrons.



8. SOM&E CONCLUDING REMARKS ON rROBLEMS ENCOUNTERED IN THE
FOREGOING WORK ON NATURAL RaDIC-ACTIVIIY.

This concluding chapter contains a brief summary of
the main results of the experiments discussed previocusly and
some thoughts on the problems encountered in the work on the
natural radio-elements.

150
It is now certain that Nd is stable. The absence of

-

betz rays and congiderations based on recent mass

150 150
mewsurcments of lid - and Sm  lead to this conclusiony, which
ie not in conflict with any nuclear stability rule. Frobably
bthe activity reported in some of the earlier investigations

wace caused by radio-active dimpurities in the scmples.
170

Beta decay in Lu , followed by the emission of three
gamna roys in cascadey has been confirmed. In addaitiom,
evidence for an electron capture branch of the decay has been
observed, This is to De expected from.stability criteris,

176 176

because both HE and YD lie within the beta stability
Limits foir even-A, even=-Z nuclei. The guspected occurrence
of gamma rays in the electron capture branch is to be
ex,ected both from bLeta decay theory and from the Bohr=
Mottelson nuclear shell theory. Their presence is recquired
.o speed the electron capture transition because oI the

176
high spin of the Lu  ground state, and their presence
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176
ie likely because ¥Yb lies within the group of elements

to which the Bohr-lMottelson theory especially applies,
and low-lying rotational states are predicted for such
nuclei. The observed intensity of the electron capture
transition lies within the 1limit proposed by Arnoid (1)
from his investigation of the gammna rays. In the present
experiment relicnce for the electron capture braich has
been placed mainly oun proporticnal counter measurements where
the geometry of thie source is well defined and thin sources
are possible. Lven so, the estimate of the branching .ratio
of the decay tends to be rather sensitive to specific
assunptions about the intensity of backscatlering, fiot only
o the beta raysy; but also of the rather low energy
internal L-conversion electrons. Foq&hie reagon
discrimination between the two brancﬁes of the decay
in a 4N counting geometry would be desirable, @& proposed
garlier, A& similar type of experiment would probably give
a better indiecation of the cthape of the beta spectrum than
could be cobtained in the 2T geometry where distortion is
introduced by the other products of decay. .
187 137

The failure to detect radio-activity in the Re - Us

group raises interesting possibilities. The renent
187

discovery of radiogenic Cs in rhenium minerale (2)

187
confirms the stability of Us , @s observed, but egqually
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187
implies instability in Re y instability which could not

ve found in the proporticmal counter. Certainly, the earlier
suggestions (3-5) for & 43 Kev transition are completely
ruled out. It seeme possible that Libby andlgo-workers,

who were responsible for the main work on Re 7, might have
run into trouble with radio-active contamdnation in the
absorbing foils which were used to measure the energy of the
supposed radiation. Indeed, this much is suggested in a
recent garer (6) which proposes an 8 Kev transition energy
for Re . This may still be suspect on the grounds that
~luminivm absorbing foils were used. According to
e¢r.erienice gained in the present work, aluminium is &

cngerous metal to use in low activity work, because of the

87

possible occurrence of & slight variable activity in the

The absence of any detectuble beta emission from

Re when examined in the proportional counter suggests a
very low energy transition. ZIExactly how low the energy is,
is difficult to say, because of the suspected poor operation
of « proportional counter when required to measure low energy
emissions from wall-mounted solid sources. However, it

seems unlikely that the energy can exceed 1 Kev (the lower
limit of the proportional counter measurements) because

even if the efficiency of the counter rell off at low

energies, quite « small fraction of the expected disintegration
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rate should have been easily detected above background., The
187
ocecurrence of radiogenic Us in geclogical deposits implies

187 1l
that the half-life of Re does not exceed, say, 10 years.

since the transition is obviously of very low energy it
- - .y - - ll
c.mmot be highly forbidden to have & hlkt-life as low ag 10O years

nig supports the propoysal, based on nuclear shell th;ory
107

wnd confirmed by recent measurement of the spin of Os y that

the transition is only Tirst forbidden with & spin chamge

Recently, in order to explain why geological ages based
) .~
o7 (o)

on the Rb =8Sr transitiongl tend to be high, Kohman (7)

Or )
O[; bl/’

has suggested that the Rb =-8r transition may be speeded

Ly the unobserved process of 'bound' beta decay. This grocess
ie proposed to involve crestion of the electron directly

into an atomic orbital of the disintegrating atom and the
renoval of virtually all of the disintegration energy

by the neutrino. Theoretical treatments of the process

have been given (8=14) but the calculations have been made
only for allowed transitions and do not give any agreement

on the guantiative importance of the process. However,

there is general agreement that it should be more important
for heavy elements and low transition energies and may be more
in forbidden transitions. Thus, if this process can be im portant

cresent in sufficient degree to explain the dirriculties

encountered in strontium geochronometry it could be the
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187
predominant mode of decay in Re where Z is high and the

transition energy very low. Certainly, to investigate

:Lejm;tter further, special techniques will be reguired with
157

e since it has by far the lowest energy of any known
beta emitter. It does not seem likely that the decay cean be
adequately examined from other than & gaseous source. If
| _ ~ unobservable
bound beta transitione are trulyebsesyed, that is, if the
neutrino carries ofT excess encrgy and no photons are
cnitted with nigh enough energy to be detected in the
counter, then the ceeision whether or hot the process is
157
ever important mey well hinge on the decay of Re where
conditions for its ocecurrence are meost favourzble., Careful
zeological determinations could prowide an estimate of
187
the hglf-life of Re to compare wath <future nuclear
counting experiments.,
40

The branching ratio of K is greater than, or equal
to the gguua-beta ratio vhich has been found to be 0.123%0.003
in the present investigation. This figure has been
confirmed by other work published very recently (15) and is
considerably in excess of the best geological estimates to

*

:.:C_“':.;...l‘!(.‘}/

'.J.

date, The d& I
encountered in the geophysical weasurements or in loss of
argon by aiffusion frow the minerals throughout geological

time. It does not, any longer, appear possible to Dlame

% Probably no longer exists. See mnote on page 97.
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meugurements of the gamma ray emission for the difference, since

recent work is Tairly consistent. In eomplete absence
of any reason for believing that the gamma intensity
should not be a good indication of the rate of decay by
electron capture, we must therefore asaumé that the rate of
40 40
transition of K to A is known, Thus, if the physical
branching ratio is at fault it must be due to & wrong
value of & the beta decay comnstant. One might consider
bounda obeta cécay recucing the observed value of A
velow the true value and hence increasing the physically
determined branching ratio, although any ap,reciabie
wmount of bound beta decay in the transition to Ca Oseems
unlikely, in view of the high energy released in the
transition and the low atomic number of the decaying
nucleus. However, the meusured value of A  is also
required to obtain the branching ratio in the geological
experiments and it can readily be shown that if X is
increased (and the physical branching ratio decreased) the
geological branching ratio will also decrease and at a
faster rate than the physical ratio. In fact, if A 1is to

¢

egreement it will have to be decreased to about & third of

be adjusted to bring the two branching ratios into

its determined velue. In other words, about three times

the true beta decay rate or K40 _ :
has always Deen observea
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experimentally. This is inconceivable and it seems much
wore likely that the errors arise in the geological
detsrminations.
40

Thus in the case of the decay of K the onus seeus
to DLe on the geophysicists to check the validity of their
Tizgures. OCn the nuclear side it would be useful to be able to
measure the branching ratio directly, by obsemation of the
procucts of K-capture.

In conclusion, there appears to be considerable scope
Tor investigating some of the natural radio-elements
as gases in a proportional counter in order to obtain more
accurate informaticn at low energies. Thnis is espeecially

187 40
the case of Re ana K-

The action of a proportional counter at low energies
aleo recuires investigaticn. It seems possible that the
¢ifficulty may arise because, when wall-mounted sources
are used, ti.e imtial ionisation takes place close to the wall
of the counter for low energy radiations. Under these
circumstances negative ion formation in the gas may be
important. It is known from some tests made in the present
work that when certain organic wvapours are present in small
guantity in the counter, negative ion formation causes severe
distortion of the spectrum of x-ray lines, even when the
energy is as high as 20 Kev and the primary ionisation takes

place throughout the whole volume of the counter. It is
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possible that small amounts of impurities in the normal
counter gases may capture electrons readily enough to cause
distortion of the output when the primary ions are few
and in regiomns of low field strength far from the collecting

wire.
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