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ABSTRACT

The objective of this work was to determine

what radiations were emitted from the active deposit of

and to which isotope they belonged.

the actinium series, their energies, relative intensities,

As an integral part

of the decay scheme, spins and parities of excited states

were determined through angular correlation and internal

conversion measurements.

The following is an outline of how the above

infomation was detemmined.

L. Alpha, beta, and gamma ray spectra showed the
predominant radiations present and gave their
energies and relative intensities, Weaker tran-
sitions were brought to light when they appeared
in the coincidence spectra. From the

alpha particle relative intensities the branching
ratios to the ground and first excited state of

207

TL™"' were obtained as well as the alpha to beta

branching ratio in the decay of Bile.

2. Internal conversion measurements determined
the kind and multipolarity of the gamma radiations
and were esseutial in determining the spins and
parities of the excited states., By knowing the K

internal conversion coefficient of the 350 keV
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207

transition in T1 and the alpha branching ratio

to 11297

, the internal conversion coefficients and
the absolute gamma ray intensities could be deter-
mined. This information led to the determination
of the log ft values for the beta transitions in

the decay of Pbgll.

Coincidence experiments were used to determine
where each radiation fitted into the decay schemes
of the various isotopes present. Camma-gamma and
alpha-gamma coincidence measurements were made,
Alpha and gamma transitions not seen in the spectra
of part (1) above were found. 4lso a double recoil
experiment was performed to collect lea? in a pure
state. This determined which ganma rays belonged

to Pb207.

Gamma-gamma and alpha-gamma angular corre-
lations allowed spin and parity assignments to be

made to some excited states,

Should there be other radiations present in

these decays which were not detected, their intensities

must be very small and upper limits for these

intensities were calculated,
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NOMENCLATURE

Chapters will be indicated by arabic numbers, 1,
2, 3, 4, 5, 6 and sections of chapters will be
designed 1.1, 2.3 ... to mezn chapter 1 section 1,

chapter 2-section 3, ctc.

Equations will be listed as equation 2-1 (to be
read as chapter 2-equation 1) for the chapters and
equation I-2 (to be read as appendix I-equation 2)

for the appendix,

The appendices will be listed by Roman Numeral

I, II,

References will be listed by the first letter of
the last name of the first author, an arabic numeral
to locate them in the reference list and usually the

date, (e.g. R-12, 1959).



Chapter 1
INTRODUCTION

1,1 Actinium radiocactive series

The actinium series of radioactive elements
(sometimes called the 4n + 3 series) has been studied ever
since 1859 when a Frenchman Debierne (D-1, 18%%) dis-
covered actinium. This material was independently
discovered by Giesel (G-1, 1%07) in Germany in 1901,
By 1504 Debierne and Giesel realized that they were
working on the same element and much was known concerning
the actinium series (D-2, 1904; B-4, 1504; G-2, 1%04).
Debierne used uranium residues obtained from M, and Mne,
Curie and with great difficulty was able to separate the
actinium from the thorium and rare earths (R-2, 1304),
CGiesel performed a similar but equally difficult separation
on pitchblende., The emanation of actinium was discovered
in 1903 by A. Debierne (D-3). The emanation was found to
behave like an ordinary gas in all respects, and was even
capable of being liquified at low temperatures, its
radicactivity remaining unaffected. The decay of the
activity of the emanation was accompanied by the develop-
ment of an 'induced' activity in the vicinity, This was
later shown by Rutherford to be due to what he called an

active deposit, left by the emanation as it decayed.



The active deposit was collected by recoil from the gas

the material
POZIS

actinon, (AchA) waspcollected but its half life

was so short (0.0018 sec) that the active deposit

1 (AcB)
/jand its daughters, Hahn

essentially consisted of ?Pb?l
and his co-workers (H-3, 19G5-8) were the original

identifiers of many of the members of the actinium series

(see Fig, 1-1). The parent of thec actinium series was

not, as was originally supposed, the element actinium,

the first member of the series to be discovered, but

rather a much longer lived element sometimes referred to

as actinouranium (U235) with a half life of 7,1 x 108

yrs.(G-3, 1958). That this might be so was first suggested

by Aston and Rutherford (2-3, 1%30) and later confirmed

mass spectrographically by Dempster (D-4, 13%35), The precursers

233 243 have been

of actincuraniwi (U235),Pu and Am
identified only recently (H-2, 1956 and $-2, 1955),

Informative discussions of the varied types
of experimental evidence which have helped to unravel
the upper end of the actinium series (above AcB) have
been given by Rutherford (R-4, 1913) and Sargent (S-3,
1547),

Work on the active deposit since Hahn and
Meitner's original work (H-4, 1908) and prior to the
commencement of the present work has been far from

extensive. The only known work on the beta radiations




Piguree 1 = L

The actinius series below Ae'#7,




NEUTRON NUMBER

140

138 —

136 ~

134 4

132

130

128 -

126 —

124

y- YEAR
d- DAY Ac22T,
m- MINUTE 2y

s - SECOND

79

1 |
80 8i

I | | I ] | ] { T
82 83 84 85 8 87 88 83 90

PROTON NUMBER




of the active deposit was due to several authors between
1929 and 193%. Sargent (S-15, 1929; 5-16, 1933, and
5-4, 1939%) used absorber foils, however only the 1539
work seems to be experimentally convincing. Lecoin
(L-3, 1936 and L-4, 1938) used a cloud chamber and a
magnet and Sanielevici (S~17, 1936) used heating measure-
ments with a micro~calorimeter., Li (L-1, 1937) used a
combination of a magnet and photographic plates to
determine the beta continuum, Except for Sargent's 1939
work these experiments were not very coﬁvincing either
because of the weakness of the source, the experimental
method used or the theoretical analysis employed
(Ronopinski-~Unlenbeck plot), The only known alpha
particle experiments were those by Rutherford and Wynn-
Williams (R-9, 1931) and Pilger (P-3, 1957), Rutherford
had weak sources, and equipment that would be crude by
todays standards. Pilger's work using a large magnet was
very accurate but limited to the strongest radiations.
The only experimenter to measure the gamma radiation
from the active deposit was Surugue who published several
papers between 1936 and 1946 (5-18, 19363 S-19, 1536;
5-20, 1937; S-14, 1941, S-13, 1546 and C-2, 1938), His
work seems convincing enough, but he too was hindered by
weak sources and crude techniques. Another measurement made more
recently on the active deposit was to determine the internal

conversion coefficient of the 350 keV gamma ray in 71707



(C-6, 1961 and F-5, 1554), This measurement was popular
since that gamma ray was by far the strongest and the
most heavily aonverted in the active deposit., The only
other measurement known concerning the active deposit
of the actinium series was the determination of the
alpha-gamma angular correlation of pi 2L (G-7, 1953 and
G-8, 1%62). During the course of the present work two
more papers appeared (V-1, 1963 and G-5, 1962); and as
they were in disagreement on some aspects of the decay,
the need for further detailed evaluation became more
pressing.

4L complete and thorough discussion of all the
past work pertaining to the decay of the active deposit
of the actinium series will be given in Chapter 5 where
the information obtained by the present experiments can

be compared to it.

1.2 The single particle models

Nuclear physics today has as its main goal the
comprehension of the structure of the nucleus. This
includes all results of the motion of nucleons: their
paths in space, their momenta, the correlations between
them, and the energies binding them to each other. The
complete theoretical acoount of nuclear structure would

be described by the total wave function of the nucleus,




If one considers all the possible degrees of freedom
possessed by such a complex system as a heavy nucleus,
the difficulties that would arise in their determination
appear enormous, Even if these difficulties could be
overcome the number of parameters that would be necessary
would be beyond human comprehension. However there needS
to be a sufficient number of parameters to describe at
least the more prominent nuclear features. Because of
present limited knowledge and inability to think
abstractly, conceptual or theoretical models are invented
in an attempt to explain the actions of the nucleons.
Calculations based on a nuclear model must predict the
various observable properties, The accuracy of these
predictions detemines the extent of the validity of

the model,

The simplest kind of model is one in which the
motion of only one nucleon need be studied, i.e.,, where
the rest of the nucleus is considered to act as a single
body providing a potential in which the extra nucleon
moves. The nuclear shell model (or single particle
model), being such a model, pairs off the nucleons in
such a way that a single unpaired nucleon by itself
determines many of the properties of the nucleus (e.g.
the ground state spin of an odd A nucleus would be given
by the spin of the single unpaired nucleon). The nuclear

shell model was arrived at simultaneously but




7
independently by M. G, Mayer (il-1, 194%) acting on a
sugrestion by &, Fermi, and by O, Haxel, J. H., D, Jensen
and H. E. Suess (H-1, 194%). By the inclusion of the
spin-orbit interaction in the interaction between the
single body (core) and the extra nucleon the model showed
good agreement with the well known closed shells. As can
be seen from Fig, 1-3 the shell model predicts closed
shells for 82 protons and 126 neutrons among others, Thus
82 protons or 126 neutrons are the 'magic' combinations of
nucleons which the shell model considers as one body

(thus pp 208

would be doubly magic with both its neutron
and proton shells closed), If more than one nucleon
exists outside these shells, it may be necessary to con-
sider their interaction with each other, The table below
shows the number of neutrons and protons (or neutron and

proton holes) outside these closed shells for the nuclei

in the present work,

Protons outside the Neutrons outside the
82 closed shell 126 closed shell
pp”tl 0 3
pi Lt 1 2 ’
Po211 2 1
71,297 -1(hole) 9
Pb7C7 o ~-1(hole)

Because they only have a few nucleons {(or holes) outside
the closed shells these nuclei would be expected to be

described well by the shell model, In a nucleus such as
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. 211

Bi the shell model would pair the two extra neutrons
together and leave only the extra proton to determine the
physical properties of the nucleus.

When experimentally observed levels are compared
with the predictions of the shell model it must be kept in
mind that excited states can be obtained either by promoting
the last particle to a higher shell or by exciting a
particle from an inner shell to a vacancy in a higher
shell,

In view of the severe restrictions of the shell
model, one is not surprised that its predictions are
limited to only a few nuclear phenomena, One of the
shell model's most striking failures is its inability to
predict electric quadrupole moments of anything like the
observed magnitude (P-1, 1562),

Because the shell model pairs off neutrons and
protons the discussionsof alpha decay, binding energy
and clusters of nucleons are not usually attempted.' When
such calculations are attempted (14-2, 1960) the inter-
pretation is not altogether clear,

" In the shell model all different states which
can be formed by narticles with the same (n,1,j) possess
the same energy, When the interaction between particles
is added this degeneracy 1s eliminated, This interaction

must be strong enough to remove the degeneracies but not
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so strong; compared to the spin-orbit interactions, that ]
ceases to be a good quantum number for each nucleon, If
a superposition of the wave functions of two of three

(n,1,3j) states whose energies are close to ore another is
used to represent a state, the shell particle model
language may be retained, This form of calculation is
called configuration mixing.

Some shell particle model calculations have
been made in the pp 08 regions (see Fig. l-i) e.g. pp20°
(T-1, 1958; T-3, 1357 and X-&, 1957), pb207 (P-2, 1252
and B-2, 1962), Pb278 (c-1, 126D), 11297 (B-2, 1560),
po”Ll ana B2l (14-2, 1567 and 1i-3, 1957). The po’ -1
and 3321l Lalculations are only for alpha decay prd-
babilitiés. However the lack of success of the calculations
in the szas region leads one to suspect the applicability

of the single particle model for Pb211

and its daughter
products.,

The term individual particle model 1is used to
describe the single particle model method for detemmining
nuclear wave functions, If one has some complete and
orthogonal set (S-1, 1949) of functions it is possible
to determine wave functions and energies of the physical
quantum mechanical system. The functions used must have
several parameters which eventually will be called quantum

aumbers. For simplicity, write the functions as di where

i may stand for a large number of these. These wave
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functions need not resemble in any way the actual wave
functions of the system. The first step in the procedure
is to form a matrix (¢i| Hj dj) where H is the Hamiltonian
of the system, When this matrix is diagonalized the
energies of the actual system appear as the diagonal
clements and their corresponding eigenvéctors as glve

the actual wave functions"%"k = igjaik ﬁi of the system.
It is a requirement of quantum.mechanical statistics that
the wave functionslypk be»anti—symmetric. This procedure
is not unique to the individual particle model as it is
one of the fundamental techniques of the quantum
mechanics, It is difficult to find a complete, orthogonal
set with a finite number of functions di; however this

is necessary if the calculation is to be possible. The
ecasiest solution to this problem is to find initially
wave functions that are close to the actual ones, Then
part of the matrix 7ill already be diagonalized hopefully
leaving total diagonalization as a reasonable calculation,
To find such a set requires some physical insight.

The main feature of the individual particle
model is that it constructs the wave funct:ions{\}""LC from
products of sihgle particle states, the single particle
states being those of some reasonable central potential,

e,¢, the harmonic oscillator potential,




The calculations of the levels of nuclei which
giffer from pp2o° only by a few particles are similar to
the perturbation calculations of the atomic levels in

helium. In the two particle case the energy is given by

£

“rotal © Ml +

2 int

In the zero order approximation the total energy is simply
the sum of the individual particle energies giving levels
which are in general degenerate (El and Ez). This degeneracy
is removed by the introduction of an interaction energy

(E; o)+ In the helium case this is, in priﬁciple, simple
because the interaction between the eclectrons as well as
between the nucleus and the electrons is the well known
Coulomb interaction. The one particle levels (hydrogen
levels) and the interaction energy in this case can be

accuratelv calculated.

S0

In the sz region the calculation is much more
involved than for the two particle problem of helium.

virst of all, the nuclear potential is not sufficiently well
known to be able to calculate even one nucleon or one

hole states. An idea of the absolute value of the level
spacing of the one nucleon levels can be obtained from
schemes such as that of Bleuler and Terraux (B-3, 1957).
This scheme gives reasonable agreement for levels in

stable nuclei but is too approximate to be used for the

calculation of levels for unstable nuclei where the level
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spacings may be reasonably predicted but the enérgy of

the ground state with respect to neighboring nuclei is in
error. However it is possible to use experiméntally known
one nucleon level spacings to calculate level spacings
when several nucleons are involved. For a complete
knowledge of the levels of the isotopes in the Pb208
region (see Fig, 1-2) it is necessary to know, to a high

degree of accuracy, the excited states in Pb207, 71207

and Bizog. Only the levels of pr207

are known well enough
to be useful. Another difficulty with this method of
calculation is the insufficient knowledge of the (n,p),
(n,n) and (p,p) interactions. For simplicity Pryce (P-2,
195?2) assumed that this interaction could be described by
a delta function. With this assumption it is possible to
write the n,p interaction, ignoring configuration mixing,
as

E = - A R = R
B a bR+ al hAs(aS + 1.5at)

where s and t refer to singlet and triplet states, with ag

a, as calculable constants depending on the configuration

t
of the two particles and on total spin, AS and At are the
strengths of the singlet and triplet interactions res-

pectively and from scattering experiments it is known that
At/As 1s approximately 1.5. R, an integral involving the

total radial wave function, is dependent on the quantum

and
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numbers (n,l,j) of the two particles. Pryce did not
calculate R but obtained RAS by comparison with experi-
mentally known two particle levels, Harmonic wave functions
and Yukawa potentials for the nucleon interaction have been
used for Pb’0% (T-1, 1958 and K-4, 1957).

A calculation with some success similar to those
described above in which a quadrupole potential and a
strong pairing force (an extra force when two neutrons
or protons are in the same shell) were assumed (K-3, 1963)

b208

has been made for isotopes below P . Only one calcu-

lation has been made (B-2, 1960) for nonstable isotopes in

207)
s

the actinium series (other than Pb the correspondence

to the experimental value for the first excited state of
11 207

Pb

being successfully shown., From the present literature
211 and its daughters would be expected to be described
reasonably well by the single particle model (B-3, 1957,

review) .

1.5 Why investigate the actinium series ?

2L1 and its

The present investigation of Pb
daughter products (AcB-AcD) was undertaken for three
reasonse
1) At the start of the projéct there existed only a

very meager knowledge of the properties of the

nuclei in this region (see section 1.1). It was

felt that because of better equipment




2)

3)
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(see chapter 3) not only could the past experiments
(alpha, beta, and gamma ray spectroscopy) be improved
upon but also new experiments could be performed

(coincidence and angular corrclation measurements).

Since the isotopes in question were near double

208

magic Pb the infermation gained might well demon-

strate the applicability of the shell model to

211

Pb and its daughters.

The stronger sources needed for the high accuracy
and coincidence experiments contemplated were now
available thanks to the supply of actinium being

no longer dependent on najural sources. The advent

227 i

of nuclear recactors enabled the production of Ac n

previously unheard of quantities by irradiating radium

(Ra226) with neutrons according to the reaction
88Ra226 + Onlw»> 88Ra227; the Ra??’ then decays with
a half 1ife of 41 min, by beta emission to 89Ac227.
The general lack of information and work in this
area stemmed very much from the lack of available
source material. Even though reactor time is
relatively inexpensive the elimination of contami-

227

nations (notably Ra226) from the Ac was a difficult

and expensive procedure,




1.4

(Pb

1)

2)

3)

4)

211
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Short outline of experiments performed.
The information required about the active deposit

and its daughters) was:

the relative intensities and energies of the alpha,
beta and gamma radiations including the estimation

of lower limits on any other possible transitions,

the internal conversion coefficients of the gamma

ray transitions,

the information necessary to determine which radiation

belonged to which isotope,

the spins of levels and the angular momentum of the

radiations involved,

This information was gethered by the following list of

experiments: -

1)

To determine the relative intensities and energies
relevant

of the alpha and gamma radiations, thepspectra

were collected (3.1, 3.3, 4.2 and 4.3). The alpha

particle spectra yielded the relative intensities

and energies directly; however the gamma ray spectra

measured by scintillation counters

had to be 'unpeeled' to determine the energies and

relative intensities (4+3).




2)

3)

4)

5)

18

To determine the relative intensities and energies
of the beta radiations, the beta momentum dis-
tribution was measuted (3.2 and 4.4) and a Fermi

plot constructed (4.4).

To measure the internal conversion coefficients the
peak to background spectrum (P.B.S.,) method was
used (4.4 and 4.5). A knowledge of the alpha
particle branching ratios was necessary to calcu-

late the conversion coefficients (4.5).

To determine which radiation belonged to which

isotope, alpha-gamma and gamma-gamma coincidence
medsurements were made (4.6 and 4.7). Also 11207
was collected by recoil to determine which gamma

rays belonged to transitions in Pb20! (4.3).

To determine the level spins and angular momentum

of the radiations involved, alpha-gamma and gamma-
gamma angular correlation measurements were made

(4.10 and 4.11). Because high accuracy was needed

for unique angular momentum assignments, only the
strong radiations could be investigated by coin-
cidence methods. The internal conversion coefficients
were also needed to determine uniquely the spins

involved.




Chapter 2
SOURCE

2,1  Source preparation technique

Sources of the active deposit af the actinium
series were prepared by the classical technique of
collecting the decay product of a gaseous alpha emitter
by electrostatic attraction onto a metal (foil) held at
a negative potential. The gas (sometimes called emanaticn)

G
in the present case was actinon (Rn’ %’

; See Fig, 1-1)

whose daughter Po2l? (AcA) has such a short half life

(.0018 sec) that the sources collected consisted essentially
of Ph2LL (AeB - 36 min)(daughter of PleS) and its daughter
products. The scurces being only a few atoms thick, were
for all practical purposes weightless, This eliminated any
problem c¢f energy absorption for a particle leaving the
source,

The parent materigl Ac227 was supplied by The
Radiochemical Center, Amersham, England. It was produced
artifically by pile neutron irradiation of Ra226 through the
reaction Ra2%6 (n, gamma) Ra%?7 Aag%§§%> Ac?27. After a

227

primary separation, the Ac was purified as fcllows

(description by the supplier),
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"Th228 was removed by anion exchange and the

227 32

. s 2 . . .
Ac™"" was precipitated on Th carrier using barium as

hold back for Ra226° After two further precipitations,

thorium isotopes were removed by anion exchange and the

227

Ac precipitated on ircn carrier using barium as hold

. 22 .
back carrier for Ra 6. The emanation scurce was then

prepared by the Hahn method (Chapter X Applied Radiochemi-

stry)''.

The suppliers estimated that the 5 mc.of purified
A0227 contained nc more than 1 wmicrocutrie of 'I‘h?’?’8 and
33226 combined,

The investigation of alpha particle emission from
the active deposit revealed the only observable impurities
in the scurce. The well known 8,78 lieV alpha particle

212 {ThC) was scen with an intensity

frcm the decay of Bi
of one part in 50,000 compared to the main alpha particle
eroup in the decay of Bi’1l (ace).

The activity of the Ac227

was 5 mc.and the gas
emanated quite well allowing sources of up to 1 me, to

be ccllected,

2.2  Source activation apparatus
Tc eliminate the possibility cf the experimenter

inhaling the radiocactive gas and the pcssibility of the

227 (

long lived parent Ac half life 22 yr) contaminating
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the source preparaticn area or being carried to the
experimental room, the sources were prepared in a separate, .
ventilated room inside a closed glove box (see Fig, 2-3).
The ventilated room was within the radiochemistry labora-
tory which itself is ventilated separately from the rest
of the building. The source activation apparatus consisted
of two stainless steel bricks located one on top of the
other (see Fig. 2-1). The lower brick was fixed and con-

tained the Ac22’

in a recessed chamber in g platinum dish.
The upper brick was moveable and held a plastic plug
which contained the scurce backing (aluminum) to be
exposed to the gas (see Fig. 2-2)., The intensity of the
source was determined by the length of exposure to the

gas and by the size of hole in the bottom of the plastic
plug. A 720 volt potential difference was used to collect
the decay product of the emanation. However the collecticn
efficiency was only slightly greater than that obtained
when a potential difference of 450 volts was used, If

the polarity of the voltage used was reversed (foil
normally negative) the activity collected was seemingly
unaffected, This effect has been observed previously

for an activation apparatus using thorium (C-15, 194%),
and is unexplained in terms of present knowledge. However
if no voltage was used only a little activity is ccllected
by diffusion., The source activation apparatus was located
inside the glove bex (see Fig. 2-3) and sources were

removed through the double dcors at the front.
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Fig. 2-3 Glove box

used for source activation.
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2.3 Physical nature of sources

Most of the sources were prepared on 1.8 mg./cm.2
aluminum foil, The actual area of the foil exposed varied -
from 1 mm. diameter for the beta and gamma spectrum measure-
ments to 3 mm. diameter for the alpha-gamma angular correlation
to 3/8 in. diameter for other experiments. A wire (1/3 mm.
in diameter) was activated at one end (rounded) and used for
the high energy beta measurements since it had a collection
efficiency about ten times greater than the 1 mm. diameter
foil sources. The wire was supported in the plastic plug
(Fig. 2-2) by a cylindrical piece of plastic with a hole
through the center and held in position by an aligator clip.
The cylindrical piece of plastic replaced the brass plug.
Only the tip (rounded end) of the wire was exposed to the
gas, and the high electric field in the vicinity of the tip
gave the greater collecting powcr. A highly polished
stainless steel disc was used to collect the activity for the
alpha spectra measurement. The stainless steel was polished
with a fine diamond dust. Even though the surface had a
mirror finish, small microscopic (approximately 10™3 mm, )
scratches were left in the surface. A liquid source was
used for part of the gamma-gamma angular correlation measurement.
It was preparcd by disolving the aluminum foil in a saturated
NaOH solution. (HCL would not dissolve the aluminum foil well
because of the thick oxide layer.) Approximately 600 sources
of the various kinds described above were needed for. the

experiments described here.
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2.4 The nature of the equilibrium

Since measurecments were made to determine the
relative intensities of alpha, beta and gamma radiations
from more than one isotope, it was necessary to determine
how the decay rates of the isotopes were related, In

211 and its

particular the time (t) necessary for the Pb
daughter products to achieve transient equilibrium after
being expased to the emanation for a time T was calculated
(see appendix I, a and b).

The equations I-11 (appendix I) for the popu-
lations of Pb2ll (N, Eizll(Nz) and TL 207 (N3) were
programmed on the Bendix GL5-D computer at the University
of Manitcba., The supply of actinon was assumed to be
constant during activation, and since P0215 (AcA) has such
a short half 1ife it may be assumed that Pbgll(AcB) is
collected onthe foil at a constant rate (i.e., n, is a
constant)., This was verified experimentally since sources
prepared under the same conditions had very close to the
same strength (intensity). For purposes of calculaticn n,
was taken as 1 atom/sec. Fig. 2-4 shows the resulting
graphs of population vs, time (t) for four expcsure
times T = 20 min, 30 min, 1 hr, and 2 hr. Equilibrium
existed when the decay of all isotopes was exponential
(indicated by a straight line on the semi-log plots) and

followed the decay of the longest lived component, szll
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(36 min half life). As can be seen from the graphs, all
three isotopes were in equilibrium after about twenty
minutes if the exposure time was 1 hr., The 1 hr exposure
time was generally used because the sources could then be
produced and used one after another giving little loss in
actual data collection time. Also exposures for longer
than two half lives (72 min) did not add much to the
activity,

The relationship between the decay rates of the
three isotopes is derived in Appendix I-c. Equation I-13

shows that 51211

emits alpha particles 6.3% faster than

1207

emits beta particles and that T emits beta

211

particles 22.6% faster than Pb emits beta particles,
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Chapter 3

EQUIPMENT

3.1  Alpha particle detection apparatus
The detector used for alpha particles was a

p-n junction diode consisting of an extremely thin p type
layer on the sensitive side of a high purity n type
silicon wafer. A voltage (bias) was placed across the
silicon wafer to collect the ions created by the alpha
particle, The two electrical contacts to this diode were
made:

1. to the p type surface through an evaporated

gold film approximately a hundred and fifty

angstroms thick,

2. through an 'ohmic' contact to the n type

silicon on the back,

The gold layer interfered with absclute energy measurements
because of the energy loss it caused. However all energy
measurements made in this work were relative {relative to

a known source e.g., thorium active deposit or Amzal) and
hence were unaffected by the gold barrier. The counter
discussed above is sometimes called a surface barrier
detector and in the simplest analogy is just an ionization
chamber where the usual gas has been replaced with a

semi-conducting solid,
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The advantages of a surface barrier detector
(as compared to scintillation methods or ionization
chambers) are:
1. a relatively shcrt collection time (of the

-G
order of a few,nanc-seccnds (107 7sec.),

2. a sensitive depth which can be easily changed

(simply by changing the bias),
3. a linear cnergy response,

4." & resolution which is independent of energy
and is of the crder of 20 keV (full width at half
maximum) ,

=

Je small physical size,

6. long temm stability.

The cne disadvantége cf the surface barrier detector used
was that it is easily corroded and destroyed by vacuum pump
oils. This necessitated using a liquid nitrogen trap in
the pumping line.

The counter used for the alpha spectra measurements
was supplied by Cak Ridge Technical Enterprises (Ortec),
Oak Ridge, Tennessee. (Model number SBDJ-300). It had a
nominal active area of 300 square mm, a depletion depth
of 310 microns at 125 volts bias, and a nominal resistivity
of 300 ohm-cm., This allowed alpha particles with energles

up to 25,4 MeV to be totally absorbed. A useful discussion
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of properties of surface barrier detectors may be found
in the Ortec ''Instruction Fanual for Semiconductor
Devices''. GCeneral discussions of solid state counters,
their properties, amd uses also exist (G-4, 1964),

To examine the output of the detector a charge
sensitive preamplifier and a highly stable amplifer
( Oriec 103 and 203 respectively) were used with a 100
channel pulse height analyzer (Computing Devices of
Canada Ltd., CDC). The amplifier contained a pulse
generator which after calibration with the alpha particles
from the thorium active deposit (6,086, 6,047, 5,765, 5.622 and
5.603 Mev(H-5, 1959) was itself used as the calibration,
It was discovered that the first tube in the preamplifier
(6922) contributed approximately 907% of the noise in the
system and when used for high counting rates (approximately
50,000 counts/sec) became very ncisy after a few days
operation, Hence it was replaced at least once a week
as a standard practice.

It should be noted that because of the good
resclution of the detector used, standard amplifiers cculd
not be employed since they are too noisy and their gains
are not sufficiently constant. Solid state counters in
general have very high resolutions and thus need highly
sensitive and stable preamplifiers and amplifiers (such

as the Ortec 103 and 203), All measurements of alpha




34

particle energies were conducted in a vacuum of approxi-
mately 0,01 - 0.1 mm Hg, This vacuum was provided by a
Balzers rotary pump. The dewar for the liquid nitrogen,

the trap and the pumping system can be seen in Fig. 3-%,

3.2 The beta ray spectrometer
The Siegbahn-5latis intermediate image beta ray

spectrometer was first ccnceived in 1949 (8-7). The
ccmniertial model (manufactured by LKEB, Stockholm, Sweden,
See fig., 3-2) contains many improvements on the original
design. The beta particles were detectud by a plece c¢f
NE1O?2 scintillating plastic placed at the focal point cf
the electron trajectories and optically coupled via a light
pipe to a selected low ncise one inch pheotomultiplier

EMI type $5245A) placed outside the instrument., The
photomultiplier was further protected from strong magnetic
fields by a mu-metal shield. The pulses were passed by
an emitter follower circuit to a low gain amplifer and
then intc an autcmatic scaler, Although the spectrometer
could achieve a $.25% resolution (full width at half
maximum) the measurements were made with a rescluticn
cf approximately 1% so that reascnable statistics could
be cobtained with the scurces available (*3% for the

centinuun) .
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Fig. 3-1 The experimental arrangement for alpha
particle spectroscbpy(including alpha particle
spectra, alpha-gamma coincidence and angular
correlation). The liquid nitrogen trap is in

front of the table and the rotary pump can be seen
under the table. The charge sensitive preamplifier
is shown on the table under the fast-slow
coincidence unit.
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The operation of the spectrometer was fully automatic

(K-5, 1963). The number of counts accumulated in a preset
time, together with a number proportional to the electron
‘momentum was printed out on paper tape, the spectrometer
current was then advanced one step and the count recommenced,
The automation was extremely useful in that it allowed the
experimenter time to prepare sources and calculate the
momentum distribution as the data was being collected. The
fastest counting rate achieved was approximately 1,000
counts/min. Near the end point counting rates were approxi-
mately 50 counts/min. Slower rates could not be tolerated

because of the short half life of the source.

3.3 Gamma ray detection apparatus

Gamma rays were detected by a 1-1/2 in. (diam.) x
1 in. NaI(Tl) crystal which was incorporated with a photo-
multiplier tube in a Harshaw integral line assembly
(Harshaw 6S4). The resolution of the unit was approximately

137. A lead brick with a

8% for the 662 keV gamma ray of Cs
1/2 in. hole was used as a collimator (sece Fig, 3-3). To
iﬁvestigate high energy gamma rays, lead absorbers were
inserted between the source and counter as shown in Fig. 3-3.

The absorbers consisted of approximately 4 gm./ém.2 lead

sheets. Experiments were conducted with 1, 2,-3, and 5 of
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Fig. 3-2 Above is shown the Siegbahn-Slatis beta
ray spectrometer built by LKB, Stockholm, Sweden.
Below is the control panel for the spectrometer
including the automation,




these sheets as absorbers. The photomultipler cutput

was fed through a cathode follower te a Nuclear Enterprises
5202 (dcuble delay line) amplificr and then to the CRC

100 channel pulse height analyser, Care was taken to
maintain a unifcorm dead time thrcughout the takine of

o

data for the actinium active depcsit and the calibration

B4 1 z:; j¢]
sources (erl, huTe Na??, cst37

, and MnSQ). This pre-
cauticn was taken because the pulse height corres spending
to a photopeal: was known to be a function c¢f the ccunting
rate for Nal crystal-photomultiplicr assemblies (C-16,
1960), Low ccunting vates of epproximately 200 ccunts/se
were used to avold pain shifts and possible pile up of
rulses in the electrenic systen,

s

The efficiency of a NaI{Tl) crystal is a function
¢f the energy cf the samma ray being detected, the physical
size cf the crystal and the scurce to crystal distance.

Tables of thecretical efficiencies are available in the

Litevature (M-13, 1958), These officicncics (€ ) are
calculated for all interacticns (photozlectric, cempton,
and pair prcduction) of a gamma ray of a particlar ENCTEY.
However a mcre accurate determination of the relative
gamma ray intensity may be found by comparing only the
photo peak aveas. Thus the photo-electric efficiency (Eg)
phictoelectric efficiency mey be found by

e
the eguatioc €1 I%é' where X is the ratic of the
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probability of a gamma ray being photo-clectrically
converted to the probability cof its being compton
scattered. Graphs of R vs., energy arc available (sece

1i-13, 1$58).

3.4 Camma-gamma coincidence apparatus
A blcck diagram of the gamma-gamma coincidence

apparatus is shown in Fig, 3-4, The two amplifiers shown
are of the double delay line type. Each gamma detector
generated two electronic pulses, The pulse appearing at
the eightih dyncde of the photomultiplier was proporiicnal

to the energy of th: gamma ray detected while the sharply
rising pulse appearing at the collector was used to
indicate that a gamma ray was detected hut nct to determine
its cnergy. The first pulse had & rise time of a few
microseconds and was called the slow pulse., The pulse from
the collector was limited giving a pulse whose rise time
was a few nancseconds and was called the fast pulse. The
two fast pulses were examined clectronically fcr
coincidence and the two slcw pulses were examined
electronically for coincidence., If both fast and

simultanously

slow- coincidence existedf the gate on the CDC 100 channel
analyser was cpened allcowing the slow {energy) pulse to be

analysed, This technique is & well known cne (B-9, 1557).
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The quantity which determines the overall
performance cf the system is the resolving time (t) which
is defined by |

Nchance - ZtNlNZ
where Nchance is the accidental counting rate and Ni and
N2 are uncorrelated single channel counting rates. The
resolving time can be determined experimentally by placing
& different moncenergetic source in front of each detector.
The ccincidence counting rate would then be the Nchance
shown above. A lead brick should be placed between the two
detectors sc that no photons can be counted in cne and then
be scattered into the other.

The photomultiplicrs were operated at approximately
175G volts so as to obtain a sharply rising pulse at the
ccllector., This pulse effectively cuts off the 6683 high
gm pentode used as the limiter. Pulses due to gamma xays
whose energies were approximately 100 keV or greater were
limited,

The pulses out cf the limiter were approximately
1 volt high and approximately 25 n, sec,wide. These pulses
were fed to the fast input on the coincidence unit (sece
Fig. 3-5) where they were clipped by the clipping line
(approximately 2 ft of RG59U cable shorted at one end) and
added, appearing at the output ¢f the dicde which was biascd

to reject single pulses. This output was then fed to an
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amplifier to érOVide a large enough pulse to trigger a
univibrator which in turn provided a fast cutput monitor
pulse as well as a ccincidence pulse for the resultant of
the twc slcw ccincidence pulses, Since the single channel
analysers worked on the trailing edge of the positive

going pulse they introduced approximately 3 microseconds
delay. This can be seen from the pulse shape entcring the
single channel analyser (see Fig. 3-4), This was compen-
sated for by introducing a 3 microsecond delay between the
fast and slow sections of the coincidence unit (see Fig. 3-5),
The single channel analyser on the right had side of Fig,
3~4 was used tc select one gamma ray while the single
channel analyser on the left had side allowed scme wide
range of gamma rays through (usually virtually all those
appearing at its input), The CDBC 160 channel pulse height
analyser then displayed all gamma rays in ccincidence with
the gamma ray selected by the right hand single channel
analyser. The relative intensities of the coincident
gamma rays could be taken directly from the multichannel
pulse height analyser. To check the stability of the single
channel pulse height analysers and indeed much of the
electronic system, systematic tests were conducted at
intervals throughout the course of the experiment. The
tests consisted of feeding the output of one single channcl

analyser into both inputs ¢f the slow coincidence unit, the
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output of which was used tc gate a 100 channel pulse height
analyser. The input tc the single channel analyser was
alsc fed to the input cf the 100 channel pulse height
analyser, Hence the display in the latter unit revealed
the pulse height limits allowed through the single channel
analyser and the position of the peak relative to these
limits. At no time during the course of this werk was any
variation detected in the performance vf the system.

Once the veltage pulses had been checked and the
single chammel analysers adjusted, it remained tc select
a fast bias setting. The bias setting should be high encugh
¢ reject single pulses, i.e. only accepting added pulses.
To determine an acceptable region the number cf fast meniter
pulses was examined for different bias settings (see Fig. 3-6),
As the bias setting was incrcased the number of coinecidence
pulses was decreased and the ratic of the real coincidence
to chance coincidences was incrcased. Since it was desirable
to have a high coincidence ccunting rate and a high real to
chance ratio a ccmpromisc was necessary. In general a

was achieved.

real to chance ratic was 50:1L c¢r better/, However a ratic of
3 ¢r 4:1 was tolerated when necessary. The chance coin-
cidence rate was obtained by inserting approximately 30 m
sec. of delay (RG59U cable) in cne ¢f the fast inputs.
(See fig., 3-4), There was nc effect on the amplitude cof the

signal when the cable was inserted (to 1%). Once the
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system was kncwn tc be working it was useful to use a known
scurce (e.g. the 400-430 keV cascade in the actinium active
deposit) and find the real tc chance ratic and the resclving
time for a particular set of system parameters (fast bias,
photomultiplier high vcltage, amplifer gains, etc.) This
provides a quick and .complete check of the equipment during
the run,

The experimental arrangemont is shown in Fig. 3-7,
As can be scen a lead brick was placed between the detecters

so that scattering between the crystals could nct occur,

3.5 Alpha-ganma coincidence apparatus

The block diagram of the alpha-gamma ccincidence
equipment is shown in Fig., 3-8, The cperation was similar
toc that of the gamma-gamma ccincidence apparatus (Secticn 3.4).
The single channel analysers introduced a i.S microsecond»
delay because c¢f acting on the trailing edge of the positive
amplifier pulses. This can be seen from the pulse shape
entering the single channcl analyser (see Fig. 3-8)., This
necessitated a 1.5 microsecond delay between the fast and
slow sections of the ccincidence unit (see Fié. 3-5).
flso, since the alpha.and gamma detectors gave different
polarities on the slow side, a pulse .°  inverting trans-
former was inserted in the gamma Slow side to bring the

pulses into correct time relaticnship.
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Fig., 3-7 Experimental arrangement of counters :
for gamma-gamma coincidence studies. ¢




An internal connecticn was made to the Tennelec
preamplifier (Fig, 3-8) to obtain an alpha particle pulse
for the fast coincidence circuit, This was fed tc a tran-
sistorized amplifier (Fig. 3-9) which gave an cutput cof 5
volts into 100 chms for any pulse of 50 millivolts or
greater appearing at the input (this corresponds to alpha
particles with energies ¢f approximately 500 keV or more).
The limiter circuit was a slight modification of a circuit
due to Fraser and Tomlinson (F-8, 1962). This positive
pulse from the alpha limiter was attenuated tc be compatible
with the gamma limiter pulse and fed to the fast coin-
cidence circuit (see Fig., 3-5). The limiter pulse from the
garma side was fcund to be 20 nancseconds earlier than the
corresponding cutput from the alpha detector. Thus a
delay was necessary in the gamma sidc. An electronic
delay was usad since it wculd not attenuate the signal and
alsc because it could be easily varied. The limiter pulse
was fed tc a transistorized trigger circuit and the width
Gf the pulse thus cbtained was mede variable by a small
variable ceramic capacitcr between the trigger pairs. The
pesitive pulse cbtained from the trigger pair was inverted
glving a negative pulse approximately 35 n secswide., This
pulse was differentiated hard, passed- through an emitter *.
fcllower, and clipped by a dicde to give a positive output,
The time delay circuit was designed by K. I. Roulston

(R-14) (see Fig, 3-10). The delay in-the gamma side was
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now slightly too great. However instability was
enccuntered when the time constant in the trigger pair

was reduced below 35 n.sec. Thus a 15 ft. length of

RC5%U cable was inserted in the alpha side following the
limiter., The inserted cable did not cause any attenuation
cn the alpha side as it did cn the gamma side. A large
range of the variable capacitor gave true coincidence
(approximately 150° of rotation). A variation in the true
to accidental rate could be noticed when this delay time
was varied cver its range., However once set up the
accidental rate was determined during operation by removing
the 15 ft. of RG59U cable, It was found alsc that a
difference existed in the timing of the two pulses if the
system was set up using a radiocactive source as ccmpared
with a pulse obtained from a pulse generator, This was nct
surprising since they would be expected to have different
rise times, however it necessitated using the short lived
actinium scurce tc set up the apparatus., The bias setting
on the fast side was chcsen in a way similar tc that des-
cribed in section 3.4, That is a compromise was found
between high ccunting rate and high real to® chence coincidence
ratics, Again the fast output was monitored for different
bias settings. Again a wise procedure was tc determine what
the real to chance ratio and resolving time were for

correct cperation with a known scurce (e.g. the 6,280 eV
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alpha particle - 350 keV gamma ray ccincidence) and to
use this as a check throughout the run. The setting of
the single channel analysers could be checked by the
method described in secticn 3.4.

Fig. 3-11 shows the physical arrangement of the

cocunters for the alpha-gamma ccincidence experiment,

3.6 Angular correlaticn apparatus

To measure angular correlations (gamma-gamma and
alpha-gamma) one ccunter rvemained fixed while the other cne
was moved at a constant distance from the source, in the
same plane as the scurce and fixed counter, to determine the
coincidence counting rate at varicus angles. The ccincidence
counting rate was determined by the apparatus described in
sections 3.4 and 3.5. Kr thé correlaticn measurements both
single chamnel analysers were set ¢n a single energy, be it
alpha or gamma ray.

The physical arrangement for the gamma- gamma
angular correlation measurement is shown in Fig., 3-12. The
metal holder was used for foil scurces and the plastic one
for liquid sources (ses secticn 2.3). Liquid sources were
necessary because the gamma rays from the 400-430 keV peak
which were compton scattered by the aluminum ring supporting
the foil cculd enter the wide window of the single channel

pulse height analyser. The windcw had to be made so wide
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because it had to include the intense 350 LeV gamma ray.
If the 350 keV gamma ray were not included in the window,
slight shifts in the window positicn due to instabilities
in the electrcnics could cause large changes in the single
channel ccounting rates. These counting rates were used
for normalization and hence had tc be as accurate as
possible. The position of the single channel pulse height
windows (gates) is shown in Fig. 3-14, The liquid sources
were weaker than the foil scurces by a factor cf 2 to 3,
The 400 keV - 70 keV gamma-gamma angular correlation was
examined with the stronger fcil scurces. Both scurce
holders fit snugly cn the center pcst so that the scurce
was centered. The detectors used were the sameé as used
for %he gamma ray spectrun (see section 3.1) and were placed
10 cm, from the scurce. Both ganma detectors and pre-
amplifiers were mounted on moveable trays centered at the
source. OCylinders cf ircn were placed around the integral
line units tc eliminate gain shifts in the phetomultiplier
frem the earth's mapgnetic field, Separate high vcltage
supplies were used for the photomultiplier tubes to
eliminate interference betwecn them. The performance of
the system was checked by using a co®0 svurce whose ganma-
gamma angular correlaticn is well knewn (5-26, 1553), The

agreement was well within the experimental errcr.
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The physical arrangement for the alpha-gamma
angular correlation is shown in Figs. 3-13 and 3-13(a).
The vacuum chamber consisted of a hcllow brass cylinder
closed at cne end by a lucite plate at the center of which
the alpha counter was mcunted. The alpha detector was an
Urtec SBBEJO25-60 sclid state detector which had a nominal
active area of 25 sq.mm, a depletion deptin ¢f 105 microns
at 50 volts bias, and a nominal resistivity of 850 ohm-cm,
This allcowed alpha particles with energies up to 14,25 NeV
to be totally absorbed., The other end of the brass cylinder
was clcsed by a hemispherical aluminum spinning and pro-
visicn was made for mcunting the activated foil supported
on an aluminum ring at the center of the spinning. The
camma cetecter has been described previously (see secticn 3.1)
and was mounted cn a tray which was centered at the source.
Zecause of scattering of gammae rays from the brass chamber
the range through which the gamma ray counter could be
mcved was restricted to 108% - 2529, The gamma ccunter being
the moveable one was surrounded by an ircn cylinder to
eliminate gain shifts in the photomultiplier tube from thc
earth's mapnetic field, The gamma detector was placed
24 om from the scurce; however it still subtended a larger

soclid angle at the scurce than did the alpha ccunter,
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Fig. 3-12 Physical arrangement of the detectors for
gamma-gamma angular correlations. The metal holder

supported the foil sources and the plastic plug held
a glass vial containing the liquid sources.
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Fig. 3-1% Physical arrangement for the alpha-gamma
angular correlation.
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Chapter 4

EXPERIMENTAL RESULTS AND ANALYS IS

4,1 Introduction
The object - of this work was to determine.what
radiations were enitted from the active deposit of the
actinium series, their energies, relative intensities, and to
which isotope they belonged. As an integral part of the
decay scheme, spins and parities of excited states were
determined through angular correlation and internal conversion
measurements.
The following is an outline of how the above
information was determined. 7
1) Alpha, beta, and gamma ray spectra showed the pre-
dominant radiations present and gave their energies
and relative intensities. Yeaker transitions were
brought to light when they appeared in the coincidence
spectra (see below), From the alpha particle
relative intensities the branching ratios to the ground

207 were obtained as well

and first excited state of TL
as the alpha to beta branching ratio in the decay of

2) Internal conversion measurements determined the kind
and multipolarity of the gamma radiations and were

essential in determining the spins and parities of the



3)

4)

5)
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excited states. By knowing the K internal conversion

coefficient of the 350 keV transition in T1207 and

the alpha branching ratio to T1207, all pther internal

conversion coefficients and absolute gamma ray
intensities could be determined. This information

relative intensities and
led to the determination of th%4log ft values for

the beta transitions in the decay of Pb211.

Coincidence experiments were used to determine where
each radiation fitted into the decay schemes of the
various isotopes present, Gamma-gamma and alpha-
gamma coincidence measurements were made:. Alpha and
gamma transitions not seen in the spectra of part (1)
above were found. Also a double recoil experiment

207 in a pure state, This

determined whi’aﬁggys belonged to pp207,

was performed to collect T1

Gamma-gamma and alpha-gamma angular correlations
allowed spin and parity assignments to be made to

some excited states.

Should there be other radiations present in these
decays which were not detected, their intensities

must be very small and upper limits for these

intensities were calculated,

5

-
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4.2  Alpha particle spectra ,
The two alpha groups in the decay of pi 21 were

the most dominant features of the alpha particle spectra.

Using the thorium active deposit alpha particles as calibration,

their energies were 6.618 * 0,005 and 6.280 + 0,005 MeV. One

other alpha particle at 7.455 * 0.005 MeV was easily observable,

It was involved in the decay of Pozll. The alpha particle

spectrum in the region of these groups is shown in Fig. 4-2.

The search for any other possible alpha particles was done

211 alpha particle

in two parts; the spectrum below the Bi
energies and the spectrum above them. All the work on the
alpha particle spectra was done with highly polished stain-
less steel backings. Approximately 100 sources were used
in the search for alpha groups. Each source backing was
exposed to the actinon gas for 1 hr., left unexposed for 20
min. and then counted for 1 hr. The active area of the
sources was 3/8 in. in diameter. _
The‘energy range 3.00-5.72 MeV was searched care-
fully using several different stainless steel backings. (It
was felt that no reasonable decay mechanism would yield an
alpha particle with less than 3 MeV and the tail of the BiZll
alpha particles extended to approximately 5.7 MgV'. The low
energy tail of the strong alpha groups was in geneéﬁl four orders
of magnitude down from the peaks.) This region was examined
in eight parts, each of which spanned an energy range of about

350 keV. Thus each channel on the multichannel pulse height




Alpha particle spectrum showing
the three main alpha groups in

the setive deposit of sctinium.
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analyser represented about 3.5 keV. The pulse generator in

the Ortec 203 amplifier was calibrated with the thorium active
deposit alpha particles whose energies are well known and
accepted standards, and then used as the calibration, because
the spectrum had to be examined in segments containing no
available alpha calibration energies. Since the resolution of
the detecting system (counter and amplifiers) was approximately
45 keV a peak would span approximately 12 channels. A typical
spectrum is shown in Fig. 4-3. The increase in counts in the

high channels is attributed to the strong Bi211

alpha peaks
(approximately 2 x 107 counts in that peak per channel for
Fig. 4-3) and the increasc at low channel number was attributed
to backscattering from the stainless steel. It was expected
that the backscattering of alpha particles would come from two
places: (1) the source backing and (2) the counter. The source
backing gave rise to a long gentle slope on the low energy side
of a peak and alpha particles bouncing back out of the counter
(approximately 100-200 micron depletion depth in the counter)
gave risc to the increase at lower energies. The counting.rates
for these experiments was approximately 105 count/sec. The
small peaks (see arrows on Fig. 4-3) occured at different
energies for different source backings and were attributed to im-
perfections in the stainless steel.

There arec some indications of peaks but these peaks were
within the statistical error of the continuum on which they were
sitting. Using the small peaks as a limit there were no alpha
particles detected in the region 3.00-5.72 MeV with intensities

211

greater than one part in 5 x 10° compared to the Bi alpha

particles.



Typical low energy alpha particle spectra.
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In checking £0% long lived contamination, four weal.
peaks were observed (see Fig, 4-4) with approximately a
15 day half life. The spectrum shown in Fig. 4-4 is for an
approximately 24 hr, period and thus would not contribute
noticeably to the active deposit spectra in this energy
region. These alpha particles were from AcX in the source
which had entered by recoil due to the alpha decay of RahAc
in the activation apparatus.

The 7.2 - 13.0 MceV energy range was also exanined
carcfully with different stainless steel backings, The pi A1t
alpha pecaks cextended to approximately 7.2 lieV. Not enough
energy was available for the decay of an alpha particle with
cnergy in excess of 8 HeV YWehe higher energies were included
to look for electronic pileup. Because of the difficulty of
calibration (the Ortec pulser did not go up that high in
energy) the region could not be examined in small cnergy

segments as in the lower c¢nergies. Three problems were

encountered in this region.,

1) In oxder to spread the. encrgy range over the 100
channels cither the signal had to be biased electroni-
cally or the alpha partiucle energies had to be

degraded by the usc of absorbers.

2) Electronic pileup, (two 6 MeV pulses coming so closc
in timc that they look like one 12 LieV pulsc), was
significant at the high counting rates used

(5 x 10° counts/sec.).
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3) Contaminations were present in the source in the
form of traces of thoron gas. It coated the

chamber and counter with its active deposit.

Electronic biasing was rejected because it did not
improve the pile up problem, leaving the use of absorbers as
the best solution to the above problems. The following
absorbers were used: 9.0 and 10.8 mg./cm.2 aluminum, 17,9 mg./cm.2
tin, and 7.45 and 8.05 mg./cm.2 of mica. A typical spectrﬁm |
using absorbers is shown in Fig. 4-5. The peaks at 7.455 MeV
and 8.78 MeV were identified as alpha particles because of
their width and their shift in channel number upon the
insertion of a thicker absorber. The 8.78 MeV alpha particle
was due to traces of thorium active deposit in the source.

The other peaks in Fig. 4-5, here referred to as
'contamination peaks', are about 1/3 as wide as the true alpha
particle peaks. (It should be noted that internal conversion
lines show up roughly 1/3 as wide as alpha particle lines in
the counter used.) However these 'contamination peaks' bear
no resemblance to the internal con&ersion spectrum of the
active deposit and cannot be due to alpha contamination on the
foil becausc they are two narrow. Although the origin of
these peaks has not been determined it seems reasonable to
conclude from the following properties that they were not
directly due to alpha, beta or gamma rays from the active

deposit of the actinium series.



Fipure 4 ~ 4

Acx(Ra>%%) alpha particle spectrum seen as

a long lived contamination in the active
deposit sources. The gpectyum was collected

over about a 12 hour peried.
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1) The half lifec of the 9.85 and 10.05 LieV peaks
was approximately 1 hr. while that of the 10.5
and 11 MeV peaks was of the order of days and
possibly longer (the energy assignment to these
peaks was that of an alpha particle at that

channel).

2) The four pecaks fall at the same channcl number
or

regardless of which absorbcrAthickness was uscd.,

3) The peaks remained when the source was removed

but disappcarcd when tha absorbers wer: removed.

This
matter was not pursued further as the present
investigation was concerned only with the active
deposit of the actinium scries,

Except for the 'contamination paoaks'; the 'thorium
peak'! at 8,78 MceV and the pecak at 7.45 MeV no other peaks
occur in the region 7,7 - 13,0 eV with intensities greater

211

than one part in 5 x 106 compared to the Bi"" " alpha

particle peaks,



Figure L = 5

Alpha particle spectrum of anarglies above

7 ¥eV for the active deposit,
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The energy range 6 - 8 heV was displayed on the
multichannel pulse height analyser to determine the relative
intensities of the three main alpha particles., Since the
resolution of the counter and amplifier was about 45 keV,
the peaks spanned only two channels at half height. To get
the total number of counts in each peak the number of counts
in the six channels centered at the peak were added together,
The only significant crror (besides the statistical error)
involved in this procedure was due to the additional counts
on the low energy side of the peak from backscattered alpha
particles, both from the peak being analysed and the higher
energy peaks. (The contribution of the backscattering was
about four orders of magnitude down from the peak height).
This error was determined by assuming the shape of the alpha
particle peaks to be symmetrical and observing the number of
counts that fall outside the peak, The total number of counts

in ecach peak arc shown below

Energy (bleV) Counts
6.618 1,379,515
6.280 | 266,550
7.455 4,687

total ,1,650,752



Therefore the relative intensities for the two alpha
particles involved in the decay of Bi711 were 83.8 £ 0.2%
(6,618 i:eV) and 16.2 * 0.2% (6,280 ieV). The relative
intensity of the 7.455 lieV alpha particle in the decay of

P0211

compared to the total intensity of all three alpha

particles (6.618, 6.280 and 7.455 LieV) was (3,284 * 0.005%,

The error for this calculation was smaller because the
backscattering was not as serious (the strong alpha intensities
are lower in cnergy). However it was linown that the 7.455 eV
alpha particle represents 99% of the decay of po2ll (J-1,

1954 ) and thus the branching ratio is 1% larger than

the relative intensity above. That is the beta branching

ratio of Bi’t! was(0.286 * 0.003%
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4.3 Gamma ray spectra of the active deposit and 71207
- Determination of relative intensitics.

(a) Active deposit,

The highest energy peak immediately visible in

the gamma ray spectrum of the active deposit of the actinium
series was one at 830 keV. The investigation, using the
equipment discussed in section 3.3, involved taking the

gamma spectra without absorbers and then with three di fferent
thicknesses of lead absorbers (3,958 gm,/cm.z, 7.937 gm./cm,2
and ll.9ll-gm./cm.2)(see Fig. 4-6), After correcting for the
attenuation caused by the lead, one has four independent
determinations for the relative intensities of the gamma
rays,

The sources used for gamma ray spectra were
collected on aluminum foil and were a few millimeters in
diameter. The foil was exposed to the actinon gas for
approximately 30 minutes, and then left unexposed for 20
minutes to allow transient equilibrium to develop. Data was
usually taken for one hour at a time with each lead absorber.
Counting rates were deliberately keptlow (/200 counts/sec,)

to reduce the probability of electronic pileup (e.g. two
400 keV pulses coming so closc in time that they appear as

one 800 keV pulse)., As a general rule data was taken until
approximately 104 counts had piled up at the 830 keV peak

making the statistical error #1% or better for the spectrum,




| Gammé fay gpactrum of the active deposit
of actinium up to 830 keV for three
different lead absorbers,’ The method for
determining the position of the conatituent
peaks le glven in Daction 43

{a) ne lead. |

(b) 3,958 gme/cme? lead.

(€) 7.937 gne/en.® lead.

(d) 11.911 gm,/em.g lead,
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Approximately 100 sources were used to obtain the gamma
ray data presented in this section. Background data was
collected in overnight runs (approximately 12 hr.) and have
alrcady been subtracted from the spectra presented here.

The region from 890 keV to approximately 2,5 MeV
was carefully examined for any new gamma rays. Here the
use of lead absorbers has an additional advantage. As the
absorbers are made thicker higher energy gamma rays become
more intense relative to lower energy gamma rays. When
19.821 gm./cm.2 of lead absorbers was used, two new gamma rays
at approxiﬁately 1.1 MeV appearcd (see Fig. 4-7), No peak
was seen in the region 1200 keV to 2500 keV with intensity
greater than 40 counts in 1000 compared to the composite
peak at 1100 geV (or greater than 1 part in 103 compared
to 350 keV gamma ray) (see Fig. 4-8 which shows the fesult of
background subtraction for the region from about 1200 keV to
2200 keV corresponding to Fig. 4-7.)

The gamma ray calibration isotopes use in this
experiment were ceol 325 keV, aul?8_ 411 KeV, Na?? _511 and
1280 keV, Cs'37 -662 koV and Mo -840 keV. The energies
of the gammé rays found directly in the active deposit of the

actinium series were 1100 * 18, 1060 * 18, 890 * 7,

758 7, 706 £ 7, 430 £ 7, 400 £ 7 and 350 + 7 keV.
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Difference between the spectrum and
background for the region above the

composite peak at 1100 keV in Fige 4=T4
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The gamma ray scintillation spectra shown in

Fig., 4-0 indicate that the spectrum of the actinium active
deposit, hereafter called the complex spectrum, was made up
of several gamma rays. This section shows how the number and
relative intensities of the constituent gamma rays were
determined,

| After the background was subtracted, the complex
- spectra (for each lead absorber used) and the calibration
ganma ray spectra were plotted on separate sheets of semi-log
graph paper. A large box lit from the interior and having a
translucent sheet of glass on the top was used to visually
compare the complex spectra with the spectra of the various
calibration sources. - 4", The procedure
starts with the highest energy gamma ray, which for the
present work was the 1060-1100 keV combined peak. To determine
whether the peak was due tc one or more than one gamma ray,
the complex spectrum peak was compared to a calibration peak,
known to be due to only one gamma ray (monoenergetic) and
nearby in energy. If the peak in the complex spectrum was

wider than the calibration peak, it must have been composed
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of more than one gamma ray, If the highest energy gamma
ray in the complex specfrum was a single transition the
curve from the calibration source was drawn to fit exactly
on the peak in the complex spectrum., Point by point
(channel by channel) the -entire calibration spectrum
(including Compton distribution) was subtracted from the
complex spectrum ('peeled off'), This procedure was then
carried out for the next lowest energy gamma ray in the
complex spectrum using a moncenergetic calibéation gamma
ray whose energy was near the peak in the complex spectrum
that was being analysed, The procedure was»continued until
all counts in the spectrum had been accounted for. However,
1f two or more gamma rays made up a peak in the complex
spectrum the analysis became more difficult., Trial and
error must detemmine whether two or more of the calibration
peaks could give rise to the peak in the complex spectrum
(it was not unusual for such a result to be unique)., When
the number of single peaks fitting under the compound peak
in the complex spectrum and their relative positions
(intensities) were determined, each one was subtracted from
the complex spectrum, When the abové procedure had been
carried out, all the spectrum was accounted for (including
the Compton distributicn). If counts were left in the

spectrum, the relative intensities of the gamma rays were
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incorrect. The above procedure was carried out for the
ganma ray spectrum of the actinium series active deposit

for the different lead absorbers, S . The
'peeling off' procedure is demonstrated in Fig, 4-9, The
photopeaks of the unpeeled gaﬁma rays were plotted on linear
graph paper ahd their relative areas found by a planimetgr.
These areas were corrected for efficiency of the detector,
peak to total area ratio (see section 3,3) and for the
absorption due to lead. In table 41 & is the relative
efficiency and r the relative ratic of the number of counts
in the photopeak to the number of counts in the total
spectra (photopeak plus Compton distribution). These
quantities are thoroughly tabulated (M-13, 1958). In the
table (4-1) 1 is the x ray absorption coefficient (N-6, 195)

and x the thickness of lead absorber used,
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' To ébtain'relative intensities for the gamma
ray cnergies up to 890-£éV‘a simple average was taken of
the relative intensities determined for the four absorber
situations: 1) no lead, 2) 3.958 gm./cm;2 lead, 3) 7.937
gm./cm.2 lead and 4) 11,911 gm./cm.2 lead. It will be
noticed that the relative intenéities determined using
different absorbers are in excellent agrecement with one
another. The greatest divergence from the mean values
shown below is 12% so conservatively it can be said that
the relative intensities of the y-rays are known to +10%.
An approximate error value of *20% was put on the relative
intensities of the 1060 and 1100 keV gamma rays. The

results of averaging the values in table 4-1 is shown

below.
Intensity (relative to
Energy the 350 keV gamma ray)
400 0. 31
430 Q.22
706 0.0855"
758 0,064
830 0,28
890 0.048
1060 0.0053

1100 0.0008
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Tl207 was collected as a recoil product from the
decay of il in the active deposit. A collection foil

2

(standard 1.8 mg/cm.” aluminum) was mounted close (approxi-

mately I cm.) to a foil containing the active deposit and
given a potential of -1600 volts with respect to the active

deposit foil. This allowed the preparation of foils con-

207 with an activity of approximately 407% compared

to the active deposit itself. After the T1207

taining T1
had been
collected in this way for approximately 10 minutes it was |
exposed to the NaI(TL) crystal (with photomultiplier tube,
amplifier and multichannel pulse height analyser as described
in section 3,3) for about two half lives (approximately 10

min.) during which time another 71207

foil was being prepared.
After 10 min. the T1207 foils were interchanged. Data

could be collected in this way for about 1 hr. after which
time the active deposit foil was down in activity by two

half lifes and was repiaced by a fresh one. (gpe ganma ray
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207

was detected in the decay of T1 at 900 keV(see Fig. 4-10).

It decayed with approximately a 5 minute half life(the half

1ife of 11207

is 4.8 minutes). Great care was taken in
determining the energy of this gamma ray as an 890 keV
gamma ray had already been seen in the active deposit.

The value of the gamma ray energy and error was 900%7 keV
determined on five separate runs, About 20 sources were
needed to conduct this investigation, The spectra of

Figs. 4-7 were taken with uncovered sources and it is known

207

by direct observation that 30% of the Tl is lost by

recoil from such sources. Hence any peaks in the gross

spectrum due to the decay of Tl207

are that much weaker than
they would have been had the source been covered. There is
no evidence which leaves one to believe other than that

the 89017 keV transition seen in the total active deposit
spectrum is the same transition as that which was

assigned the energy 90017 keV in the decay of T1207.



Figure 4 - 10

Gamma vay spectrum of a separated

20
source of TL 7,
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4.4  Beta Ray spectra

Because of the short half life of pb?tl (36 min.)
the entire beta coentinuum could not be recorded with the use
of just one source. In fact 60 Scurses were needed to deter-
‘mine the continuum. To cbtain recascnable statistics, the
spectrometer baffles were opened to give 1% resclution. A
minimum of 103 counts were taken at cach momentum setting
giving an overall statistical accuracy of at leastx3%. The
continuum was examined in approximately 20 adjacent scgments
cach approximately 60 keV wide and was recorded. The contipuum
was recurded twice in order tc overlap the segments. The raw
data was corrected for background and decay (by multiplying
by ekt*where A was the decay constant of Pb211) and then the data
from each segment was plotted cn a separate shecet of semi-log
graph paper. The scgments could then be fitted tcgether visually.
The entire spectrum was taken in large steps with a single scurce
to determine the overall shape and to reduce the pcssibility of

error in the fitting prccedure.
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Sources were preparcd on aluminum fcil (active
arca approximately 1 mm. in diamecter) and con the end of a
rounded wire (approximately 1/4 mm. in diameter). The wire
source was about ten times move active than the foil source.
This was not unreascnable since in the activation apparatus
the electric field lincs all pointed to the tip of the wire
source while they were spread out over the entire foil
source (the perspex mask limited the active region of the
foil)(See Fig. 2-2)., Becausc of the low counting rate of
the foil scurces, wire scurces werc used at high energics.
However belcw 800 keV the backscattering was appreciable
frem the wire sources and foil sources had to be used., The
distortion of the spectrum was focund to be quite small above
800 keV when several representative points cbtained with a
foil were compared with the spectrum cbtained with the wire.
The source backings were cxpcsed to actinon gas for approxi-
mately 1 hr., left unexpcsed for 20 min. and then counted

fcr 30-40 min.,
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For a fixed geometry spectrometer as used here
(see section 3.2) the increment of momentum Ap allowed through
the baffles increases with increasing momentum p. Thus the
ratic Ap/p is a constant. To correct the data for this, the
raw counting rate (n) was ncrmalized by dividing it by a
quantity which was proportional to the cofreSponding-momentum
(the voltage across the precision resistor in series with the
magnet ccils) giving the normalized counting rate N,

To analyze the continuum and determine its end-
point, a Fermi plot was constructed. 'The Fermi plot is based
on the well-known relationship (N-7, 1$52) for an allowed

spectrum,

df =

[N 19 = {(constant)( € -G
f(ZJP) ©

where £(Z,p) is the Fermi function, which gives the statistical
shape of the momentum distribution of the beta particle and

is tabulated (N-7, 1952), £ was the encrgy and € . the end-
pointlenergy (both expressed in units of mocz). Thus plotting

4t

(N/£)7 against E:O - &  gives a straight line.’

The strength of the magnetic field was indicated
by the voltage drop across a precision resistor in series

with the field coils., The raw data from the spectrcmeter gave
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the counting rate and the number cf millivolts across the
resistor, If B is the magnetic field in gauss, p the radius
of curvature in com, and f? the momentum in units of mc, the

following equations show the relationship between them.

k x (number of millivolts)
(Bp) /(1704 4)
(1 + 2)1/2

From calibrations using the well known standard, the thorium

Bp

it

i

F line, k was determined to be 20.80. Corrections were made
to the Fermi function £(Z,p) for relativistic effects

(R-15, 1953) and the screening effect due to the extra nuclear
electrons (N-7, 1952), Sincec beta decays to two isotopes
(Bi211 - Z =83 and Pb?07 _ z = 82) were present in the
continuum, the momentum distribution was analysed with a
function which was an average of the Fermi functicns for

Z =82 and Z = 83, To examine the error involved in this
procedure, Fermi plots were calculated using the Fermi
function for Z = 82 and Z = 83, It was found that the error
introduced was much less than the statistical error of the
continuum (£3%). The Bendix Gl5-D computer was programed

te calculate € s N, and (N/f)l/2 and the results were put
both on paper tape and the computer typewriter output, The
paper tape was produced to be used in the partial beta ray

spectrum analysis,
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The partial beta ray spectra (those distributions
due to beta rays leaving the nucleus in different excited
states) where 'unpeeled' starting with that one resulting
from the 1argeét disintégration energy (i.e., highest end
point eﬁergy). Assuming all the beta decays were allowed,
each partial spectrum would give a straight line on the Fermi
plot. After the computer output (N/f)l/'2 vs. (= had been
plotted, the points belonging to the first partial (highest
endpoint) were easily seen. The computer was then pro-
grammed to obtain a least square fit to these points, to
calculate the endpoint energy and to subtract the partial
spectrun from the composite spectrum. The true contribution
of the partial spectrum was given by its momentum distribution
(this was obtained by sduaring the value on the Fermi plot and
multiplying by the corresponding £(Z,p)). This information
had been put on paper tape as a result of the computer Fermi
analysis to facilitate the unpeeling of partial spectra.

The Fermi plot showing the partial spectra is shown in

Fig. 4-12. The endpoints calculated by the computer were:
1.431 + 0,008, 1.378 + 0.008 MeV, 470 % 100, and 200 + 100
keV. The intensity of the last two feeds compared to the

- 1.378 MeV feed was 6 * 3% and 2 * 1% respectively . These three
211

feeds are consistent: with the known level scheme of Bi
(see Fig. 4-1 and Section 4.1). The calculation of relative
intensities has suffered considerably by the removal of the
1.431 meV feed since it represents about one half of the
beta continuum. Better values for the relative beta feeds
will be determined from the absolute gamma ray intensities and

internal conversion coefficients (see section 4,3),



Figure L =12

The Fermi plot for the beta continuum of
the active deposit, The lower four lines
represent the partial beta continua. The
highest end point 1s due to the beta decay
of 71207 and the other thres are due to the
beta decay of PbALl,
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4.5 Internal conversion lines
The internal conversion data was collected using
both a wirze and foil source., The 350 keV K and 400 K con-

version lines were examined with a foil source and fitted to

the continuum (by plotting the lines on semi-log graph paper).

The foil source was coverced with a 1.8 mg./cm.z aluminum foil

207 by alpha

to prevent the loss of the beta emitting T1
recoil., Failure to observed this would have resulted in tco
large a line/continuum ratio, The wire source was then used
to collect data on the 350 keV K, 400 keV K, 430 keV K, 400

keV L, and 430 keV L internal conversion lines. The wire

source was used because of its higher activity. Using the

thgorium F line as the calibration standard, the energies of
the corresponding gamma rays were 349.8 + 0.5 keV403.3 + 0.5
keV and_426.5 + 0.5 keV.
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Unfertunately the 330 leV

L conversion line could not be resolved from the 430 keV K
conversion line, but this did not prevent calculation of

the conversion coefficients and K/L ratios (see section 4. %),
By normalizing the wire source data to the foil source data
(for the 356 and 400 keV K conversion lines) the areas

under the conversion lines were detexrmined relative to the
foil source continuum. The wire source continuum would be
false in this low eneréy region because of the backscattered
electrons, The statistical error for the points on the K
conversion lines was ¥1% and for the L conversion lines was
*+3%. However an error of a few percent (5:-7%) was involved
in fitting the K conversion lines to the continuﬁm and an
error of 15-20% was involved in fitting the L conversion
lines to the the continuum. fipproximately 50 sources were
nceded to determine the internal conversion lines with the

accuracy discussed abcve.

!
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The procedure used to determine the internal

conversion coefficients was as follows:

1)

2)

3)

aluminum foil for part 1 above to prevent the loss of Tl

From the ratioc of the area under the 330 keV K
conversion peak to the continuum area, after correction
for transient equilibrium and the fact that the
continuum represents two consecutive beta decays,

the number of 334 keV K conversion electrons/Pb211

decay was determined,

Using (1) and the alpha branching ratio of T1207,

the internal conversion coefficient for the 330 keV

gamma ray was determined,

Using (2), the peak areas for the other converted

ganma rays relative to the 330 keV K conversion peak, and
their relative gamma ray intensities, intcrnal

conversion coefficients were determined for the 400

and 430 keV transitions, :
The source was covered with a 1.8 mg./cm.2

207

211

by alpha recoil from the alpha decay of Bi“"~. The possi-

bility of recoil was investigated by comparing the 350 keV K

conversion line to continuum area ratioc for the two

situations (a) without the covering aluminum foil and

(b) with the covering aluminum foil. It was found that
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the (a) value was approximately 15% lower than the (b) value
which means that approximately 30% of the 71207 nuclei were
lost by recoil from the alpha decay of B1211 if the source
was not covered,

The beta continuum was almost entirely (approximately
85%) due to the ground state transitions of pb2ll o pi?ll
and 11207 to Pb207. Siﬁce these decays were sequential
(ignoring the 0.3% branch to P0211, see Fig, 4-1) each trans-
ition was represented by one half the area under the continuum
(momentum distribution). As shown in Appendix I, Bi?1l yas
emitting alpha particles 6,3% faster than Pb211 was emitting
beta particles., Thus the total continuum represents 2,226
disintegrations of Pb211 while the conversion lines for
11207 would be 1.063 times larger than they would be if
secular equilibrium existed.

By definition the internal conversion ccefficient
is o = Ne/Ny
where N, 1s the .number cf clectrons (from the K, L, M, ...
sheils) and Ny is the corresponding number of gamma rays.
The coefficient for each shell is given by

aK = Nék/Ny’ etc.

so that
05=(1K+(1L+..¢ 4"“]—
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whole
Let A be the area under tthcontinuum and a the

area under the K conversion peak due to the 350 keV gamma

ray. Then

Nek (—2 ) (2.226) 4o9

b211

number of P disintegrations 1.063 A

and from the known alpha branching ratio

N, + Ne
It = (0.162)(1.063)
nunber of Pb disintegrations
thus N N
Y _ (0.162)(1.063) "y
number of Pb211 disintegrations N& * Ne
_ 0.162)(1.063) 4-3
1 +a

Substituting the experimental values obtained for the areas
a and A into equation 4-2 the number of 350 keV K conversion
electrons per pp2LL decay was .found td be .245 % 0.0024,

Dividing equation 4-2 by equation 4-3one gets

__e_h_( a )(2.226) l + ¢
Ny - 1,063 A (1.063)(0.162)

“K
or using the experimental values for a and A
Q'.K = (0.142)(1 + (IK + OLL + OLM + .-o)

Assuming ay * @y * s+ to be negligible compared to
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Qe + ay + Uy then
ap = (0.142)(1 + ap + oo + aM) 4-4

To find a value for ap the nature and multipolarity of the
350 keV gamma ray must be determined. The only combi-
nation that satisfied the above céuation (4-4) was a mixed
Ml plus E2 transition. Let x be the fraction of Ml
radiation, aK(Ml) the K internal conversion coefficient for
Ml radiation for the 350 keV transition, aK(EZ) the K
internal conversion coefficient for E2 radiation for the
350 keV transition, etc. Then

ay = xLaK(Ml)] + (1 - x)[aK(EZ)], etc. 4-5

Substituting equation 4-5 into equation 4-4 one gets

xlag () )+ (1020 Lagg(Bp) 1 = 41 + xlog O + (120 a (B2

+ xLaL(Ml)J + (l-x)FaL(EZ)] + xFaM(Ml)]+(l—x)EaM(EZ)jS—(0.142)

Using the theoretical values for the internal conversion -
cocfficients from Sliv and Band (S-24, 1958) as shown in
Table 42 , ap = 0.175 + 0.017 showing a 76 * 10% M1 admixture

for the 350 keV gamma ray in T1207

. Unfortunately the L
conversion peak for the 350 keV transition fell on top of

the 430 keV K peak and hence no K/L ratio could be determined
for the 350 keV transition directly., However since the ag

(350 keV) and the Ml admixturc was known, the contribution

of the
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L peak (330 keV) to the total area could be calculated and
subtracted, leaving only that area due to the 430 keV K
conversion,

To determine the coefficient for the 400 and 430

keV transitions the following sample relations were used

N (400)  Nex(929) §= (3507
N, (400) ~ _ N, (400)

aK(400) =

i

o (359) =700y 4-6
The ratios in the numerator and denominator of equation 4-6
were determined experimentally, and the resulting values

for the conversion coefficients are shown in table 4-2
together with the experimentally determined K/L ratios. The
internal conversion coefficients for the 400 and 430 keV
transitions are shown as Ml plus E2 mixtures. From the
theoretical internal conversion coefficients shown in table 4-2,
these transitions cannot be E2 plus M3, however the experi-
mental coefficlents were not inconsistent with a El1 plus M2
mixture. The latter mixture was considered improbable since
it implies a parity change. In the Pb208 region parity

changes are present only in the de-excitation of isomeric
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states and none of the levels here involved are isomeric.
The K internal conversion ccefficient for the 706 keV
transition in table 4-2 was determined by normalizing to the
work in a previous paper (V-1, 1963) and making the required
adjustment, The peak in the previous work was seen by beta-
gamma coincidence and hence was not visible in the data
obtained from the eduipmcnt used here.

Since there are 0.162  6.280 MeV alpha particles

for each B1211

decay (seec section 4.2) and since aK(SSO keV)
= 0.175 the number of 330 keV gamma rays/Bile decay was

0.162 (1 - ,175) = 0.134 350 keV gamma rays/Bi?‘l decay.
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4,6 Alpha-gamma coincidence

Using the apparatus described in section 3.4 the
coincidences between alpha particles and ganma rays were
investigated with the two counters at 180° to each other and
with the gamma counter directly against the aluminum spinning
(see Fig. 3-11). Sources were prepared on aluminum foil and
were 3/8 in. diameter in active arca. Source backings were
exposed to the actinon gas for 1 hr., left unexposed for 20
min. to allow for transient equilibrium tc be established and
then counted for 1 hr. The single channel counting rate on
both the alpha and the gamma side was approximately 5 x 10%
counts/sec., and the coincidence counting rate was
approximately 3 x 104 counts/hr. for the 6.280 McV alpha

particle with the 350 keV gaﬁma ray.
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Since extremcly low intensities had been put on any

possible alpha particles with energies in the range 3.0 -
5.72 MeV and 7.2 - 13.0 hkicV (sce section 4.2), the region
investigated by alpha-gamma coincidences was limited to
examining alpha energies in the region 5.1 - 8.1 lieV gated by
gamma rays of cnergy greater than 500 keV (to avoid swamping
the multichannel pulsc heiglt analyser with the 350 keV gamma
ray) and, for completcness, by cxamining gamma energies from
approximately 100 keV to 1.3 MeV gated by alpha cnergies in the
range 2 MeV to 13 MeV. Figure 4-13shows the rcal plus chance
coincidences (solid line) and the chance coincidences (dotted
line) when the gamma rays werc analysed (latter situation)f
When the two curves were subtracted it was seen that the 330
keV gamma ray was in coincidence with an alpha particle. The
peak at 970 keV is contained in both the real plus chance
coincidences and the chance coincidences (no combination of
known gamma ray cnergies gives an encrgy ncar 970 keV). The two
peaks found at 560 and 5 700 keV - . -i. after subtraction
were analysed using the method described in section 4.3 (sece

and Fig.4-14).
table 4-3 A The peak at 700 keV was attributed to the adding

(pilcup) of two 350 keV pulscs because of the high counting

rate.



Gamma ray spectrum in coincidence with alpha

particles of energy 2-13 MeV.



u 115
>
[ Y
(@]
Te)
M
.
100,000 |
I
— \ | | ]~— REAL 8 CHANCE COINCIDENCES
\ |
\ |
10,000 |— ;oA
— \ \
— -
| v
»n Vg
=S \J
o }
O VR
(&)
g -
-
1,000|—
— CHANCE COINCIDENCES —\
- -
- <
[ O
~
- ()]
100 |—
0 1 ! 1 | |

20 40 60 80 100
CHANNEL | T



Fifguré} b e 1)

Hegult of subitraction of chance
goincidences from real + chance

coincidenses in Fipg. L=13.



116,

A4 0O1L —

iI00

o
o SINNOD
o
- v 10l

io =

60 80

40

CHANNEL



— >
—— @
- =
— o , 117
__ 8 3
& s
©
N L(s]
1,000 — REAL& CHANCE ~~
[ COINCIDENCES
- "
— \
|
B |
\ .
i
100 — A
[ ~~ ALSO IN CHANCE
o — COINCIDENCES
}_
E =
>
O S
(&
-l N
g
o [
j— —
/
) /"CHANCE
- / COINCIDENCES
o= .., ., ..
I 4
| | l i | l
0 20 40 60 80 100

CHANNEL



118

This view was further substantiated because when
only gamma ray energies greater than 300 keV were
allowed through the single channel pulse heigﬁt analyser,
alpha particles in coincidence with the 350 keV gamma ray
were allowed into the multichannel pulse height analyser
by the electronics (see Fig. 4-15), indicating the
presence of a significant amount of pileup. The peak at
560 keV was due to a gamma ray in Pb207 ( it was in |
coincidence with a 6.90 MeV alpha particle as seen in

Fig. 4-15).- Approximately 70 sources were needed for

the alpha-gamma coincidence studies,
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Figure 4-13 shows the coincidence gamma ray spectrum
(both real plus chance and chance cocincidences) when the
multichannel pulse height analyser was gated by alpha particles
in the range 2 to 13 MeV. After subtraction of the chance
coincidences, the intensity of the 560 keV gamma ray relative
to the 350 keV gamma ray was determined and the result is
shown in table 4-3. The 560 keV gamma ray was due tc the
decay of the well known first excited state in Pb207. That
this state was being fed by a 6.90 MeV alpha particle can be
seen in Fig. 4-15. This alpha feed is a‘well known one
(J-1, 1954). From the relative gamma ray intensity and pre-
viously determined information (see equations below) the
probability of Po?ll (see Fig. 4-1) decaying via the 6.90 MeV
alpha particle to the first excited state of Pb207 (560) keV)
was calculated. The internal conversion coefficient which was

known to be low (ay = 0.018, R-13, 1951) was neglected in

this calculation.

Probability of po2ll o, number of 560 keV gamma rays
emitting a 6.90 MeV 4 number of Bi-211 beta deCays
alpha particle (population of Po-211)

Lnumber of 560 keV gamma ra s] Lnumber 0of 350 keV gamma rays
number Of 30U KeV gamira rays number Of Bi-ZL1 decays ]

[number of Bi-211 beta decays/mumber of Bi-211 decays]

continued,
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(0.00008)(,13 (see table 4-3, section 4,5
.0U287 and section 4,2)

Ii

= ,00%0 + 001y or 0.40 * .10%

In addition an upper limit of 0007 * 0,0002 or
0.07 * 0,02% can be put on the probability of any other alpha

211

particle emission by Po to an excited non-isomeric state

in Pb207. Since prompt coincidences were used, isomeric

states could not be investigated., An upper limit of 10'6
compared to tic 6,28 McVa-35G keV gamma coincidence can be
put on the probability of any other alpha-gamma coincidence.
The. alpha gamma angular correlations for the two
coincidences seen here could have an effect on their relative
intensities. However, the 6.90 MeV alpha- 560 keV gamma ray
coincidence was so weak that no angular correlation could be

performed on it, Thus angular correlation effects on the

relative coincidence rates were ignored.



4;7 Gamma-gamma coincidences and absclute gamma ray tntensitics,
Using the apparatus described in section 3.4 possible

coincidences between gamma rays were investigated. Sources

were prepared on aluminum foils and were 3/8 in., diameter in

active area. They were exposed to actinon gas for 1 hr.,

left unexposed for 20 min. to allow for transient equilibrium

to be established and then werc counted for 1 hr. The single

channel counting rate on both sides was approximately 5 x 104

céunts/sec. and the coincidence counting rate was approximately

103 counts/hr, for the 400-430 keV coincidence. One scalar

in addition to those described in scction 3.4 was needed to

provide normalization for the different source intensities

121
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when the single channel analyser window positions were changed.
This additional scaler was connected directly to one of the
amplifiers in Fig. 3-4. Figure 4-16 shows the real plus chance
and normalized chance coincidencc spectra when gated by gamma
rays in the range 350-450 LkeV., Figure 4-17 shows the result

of subtraction of the chance coincidences and how the three
gamma rays made up the spectrum. The dashed line in the 650
keV region is just consistent with the experimental errors.
This makes the intensity determined for the 650 keV gamma ray
only an upper limit. The table below shows which gamma rays

are in toincidence and how intensc they arc.

gate (keV) Gamma rays in (area) relative
coincidence(keV) , area

350-450 430 13,60 1.00
650 0.24 <0.018
706 0.78 0,057

650-750 400 0.85 0.063

550-650 400 0.30 0.023

950-1150 Nonec

800-200 None

700-800 290 0.20 0.015

(NOTE - because of instrumental limitatiens only the region

below approximately 350 keV was examined when the gate was

sct at 700-800 keV.)




Gamma ray spectrum in coincldence with gamma

rays in the range 350=450 keV,
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The 400 keV gamma ray was in coincidence with the
430, 650 and 706 keV gamma rays and the 758 keV gamma ray
(see scction 4.1) was in coincidence with the 290 keV gamma
ray. No other coincidences were present with intensities
greater than one part in 102 compared to the 400-430 keV
coincidence. Approximately 90 sources were needed for tﬁe
gamma-gamma cocincidence studies.

The gamma-gamma coincidence spectra were analysed
in the same way as the gamma ray spectra except that the
photopeak areas had to be corrected for crystal efficiency
and the peak to total distribution (see section 3.3) for
both of the gamma rays involved. The data and analysis can
be seen in table 4-3. € was the relative efficiency and x
the relative peak to total distribution ratic. The 706-290
keV gamma ray coincidence was normalized to the 4002430 keV
gamma ray coincidence by the method described in section 4.7
(using an cxtra scaler to determine the source intensity).
The 400 and 430 keV gamma ray photopeaks could not be
resolved, and the single channel pulse height analyser was

wide cenough that either radiation could cnter either counter.
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Table 4-3
350 keV
€x . 350
relative area(AR) 8673.0
AR/ €r ‘ 24780.0

the relative intensity is

A
(\6_5) 560

560 keV

172
0.33

1,92

= 0.00008 % 0.00002

Aq
(T 350
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This essentially meant that the effective solid angle for
the coincidence between these radiations was twice as
large as for the other coincidences. Thus the relative
intensities determined in Table 44 for the 650, 706 and
250 keV gamma rays had to be multiplied by two to get the

true relative intensities shown below,

energy (keV)  intensity(relative to intensity{relative

430 keV gamma ray) to 350 keV gamma ray)
430 1,000 0,22
650 < 0.06 < 0.013
706 0. 24 0.053
290 .04 0.009

The relative intensity of the 706 keV gamma ray
determined by gamma-gamma coincidence work is in good

agreement with the relative intensity determined in the
unpeeling of the gamma ray spectrum (see section 4.3). The
coincidence spectra for the 758-290 keV and 400-430 keV
cascades were taken with the counters in the same geometrical
positions.

The gamma-gamma angular correlations for the
coincidences shown above could have an effect on their
relative intensities, However some of the coincidences were
so weak that no angular correlations could be performed,

Thus angular correlations effects on the relative coin-

cidence rates were ignored. The alpha branching ratio to
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Table 4-4
Coincidences _(€x) _(¢r) area rel,area

(keV) K= a_ "bXW g K K
a b
400 430 0.730 13,6 18:6 1.00
400 650 0,395 < 0.24 < 0.61 < 0.03
400 700 0. 349 6.78 2.24 0.12
758 290 0,517 0.20 0.39 0.021
the excited state of 71207 relative to the ground state was
16.2% : -« and there were 6.3% more alpha

211 211

particles from Bi

Therefore there were (1,063)(0,162) = 0,172 350 keV tran-

than there were beta particles from Pb<'",

sitions (gamma rays and conversion electrons) per Pb211 decay.
To determine the absolute gamma ray intensities, the number of

350 keV gamma rays per Pb211

decay must be determinedf There

were .0245 350 keV K conversion electrons per szll decay

(see section 4,5) and using the theoretical K/L and K/M :iii
ratios (table 4-2) there were 0.032 K, L, and M 350 'keV con- |
version electrons per pp2tL decay. Subtracting the number of

conversion electrons from the number of transitions per Pb211

decay (0.172) it was found that there were 0.140 350 keV
photons 211 '

gamma rayJQper Pb decay. This.number, with the relative

gamma ray intensities (sec section 4, 3 gave the absolute

garma ray intensities shown in table 4-5,



energy (keV)

290
350
400
430
650
706
758
830
890
1060
1100

129

Number of gamma rays

per Pb-211 decay

TN

0.0013 * 0.0003
0.140 * 0,021
0.044 * 0.004
0.031 % 0,003
0.0019

0.0077  0,0008
0.0090 + 0.0009
0.038 * 0.004
0.0066 +0.0007
0.0007 * 0.0001
0.0012 * 0.0002
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4,8 The 900 keV Gamma Ray

Benedetti (B-10,1939) and Surugue (S-5,1942)

indicated the presence of a gamma ray at 865 keV in Pb207

following the B-decay of T1207.

207

The stronger gamma ray in

Pb was shown by Benedetti to be close to the 830 keV

211

gamma ray in Bi Fig. 4-6 shows no indication of a

gamma ray at 865 keV. This figure does show a gamma ray
of 890 keV whose intensity relative to the 350 keV gamma
Yay was 0.076.

Alburger and Sunyar (A-9 1955) have shown from

207

the electron capture decay of Bi that the resulting

207

gamma ray in Pb is 894 keV., It was thus important to

determine if the 890 keV gamma ray seen in the active deposit

207

was due to the decay of the 890 keV level in Pb Since

the only gamma ray to appear in the spectra of the

207

separated TL sources was 900 keV(that is the active

deposit spectrum of gamma rays did not appear)( see section
4,3), it must be due to the decay of a level in ph207,
Christensen et al (C-17,1963) using a separated source of
T1297 found the energy of this gamma ray to be 200*10 keV.
There is no evidence to suggest other than that the 900 keV

207

gamma ray in the decay of T1 is the same transition as

that at 890 keV seen in the spectrum of the active deposit.
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Two corrections must be applied to the relative

intensity(per pp2tt decay) of the 900 keV gamma ray since
it is in the decay of T1207. Firstly it must be éorreéted
for the 30% recoil loss of 71207 (sce séction 4:5) and
secondly it must be corrected for transient equilibrium

(see appendix I), The eorrected infensity‘of the 890 keV

207

gamma ray is 0,007+0,001 per T1 decay. That is0.7%

of the beta decays of TL297 populate the 900 keV level in

Pb207= :

The absence of the 350 keV Bile

207

gamma ray in the
spectfum of the separated Tl source indicgted that no
aggregate recoil was occurring and that the source was
pure. This effect is significant for other alpha

decays (R-18,1930).
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211 207

4.9 Excitation probability of levels in Bi and Pb
Using the gamma ray information of section 4.4,

4,7, and 4.8 along with the information that the 350 keV
transition was in T1207 (section 4.6) and that the 560

and 900 keV transitions were in pp207 (section 4.6
and 4,8) the excitation probabilities (beta feeds) of levels
in Bi%M were calculated. Table 4-6 includes the logloft
values as well as the % beta fceds. These % feeds agree
well with the Fermi plotsi?section 4.4 obtained from the
beta continuum. In the following table t is the half
life of Pp?ll (2166 sec.) and log,y £ values were obtained

from the tables of Feenberg and Trigg (F-10, 1950).
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The -shell model predictions for the ground
states of the isotopes involved in the active deposit
of actinium are shown below (W-6, 1961).

P2t o9/2%, B2l 9/27, po?ttio/o*) 11207 1/2" ana Pb207.1/2",

207

Only the spin of Pb has actuélly been meésured and it

is in agreement with the shell model assignment.

211 211

The beta transitions from Pb to Bi and from

207 207

T1 to Pb both ihvolve a parity change and thus are
described as being first forbidden. The log ft values
in tables 4-6 and 4-7 all cluster around 6 and thus are
consistent with the interpretation that the transitions are
first forbidden following modern views on beta decay¢ It is
not inconsistent with the allowed character described
above for there to be a spin change of *1 in addition
to the parity change. However a spin change of +2 would

be inconsistent with the given log ft values.



4.10 Alpha-gamma angular correlation

The 6,380 MeV alpha particle in the decay of pi 211
was the only alpha particle Whosé coincidence counting rate
with a gamma ray (here the 350 keV gamma ray) was high enough
to allow an angular correlation to be performed. The sources

? in

used were collected on aluminum foil and were 25 mm
active area., They were exposed to the actinon gas for 1 hf.
and immediately counted for 1 hr. The sources used gave
counting rates in the alpha and gamma channels of approximately
400 and 500 counts/sec. respectively. The coincidence
counting rate was approximately 400 counts/hr. and by

removing the delay in one channel in order that genuine
coincidences could not occur, the random rate was determined

as about 6 per hour, Coincidence counting rates were taken

for the angles 108°, 120°, 150°, 180°, 210°, and 240°, and

then normalized by the alpha single channel counting rate.

136



The data was accumulated by moving among the six selected
angles at random until a total of 2500 coincidences had
been registered for each angle. Since the correlation
must be symmetric about 1800, the data collected for angles
greater than 180° provides a check on the physical alignment
of the counters and source. However the counts at angles
beyond 180° can be added to their corresponding angles
below 180° (é.g. 150° and 210°) to improve statistics. The
angular correlation between the 6.280 Mev alpha particle
and the 350 keV gamma ray was isotropic with an overall
1.({see Fig.4-17a) ]
error of * lgkf\ This required approximately 70 sources.
Using the notation of Fig. 4—i8 the expression
for the angular correlation of an a-particle of unmixed
angular momentum A followed by a y-ray of umnmixed angular

-

momentum L 1is

w(9) = Ay b&k,k) Py (cos0) 4-7

where Ay = F\J(hjlj) E}szj)




The 6,280 Mev alpha- 350 keV gamma angular
correlation in the decay of Bigllo‘
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Hotation for equations in section 4.10

(alphaegamna angular correlation).
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39=3-1 (o, 1/2
and Fy (A3 §) = (-1) 1 (25 + 1) %2 + 1)

x COMW Y5 1-1) W(35 MG Y 3p)

with by () = 240t 1)

IXENES - (Vv + 1)

The functions P, (cos®) are the Legendre polyncmials. The
function C and W are the Clebsh-Gordan and Racah coefficients
which are related to Wigner's 3-J and 6-J symbols respectively
(see Appendix II)., Restrictions on the values of 1) are

as follows:

~

vV

3

o
IN
IN

23
2N

o
IA
IA

o
FA

2L

A

If the a-particle angular momentum is mixed (A and A') but

the y-ray angular momentum is pure L the angular correlation

function becomes

_ 1 5 n s 4
W) =1+ Y Kﬁ”[b‘)(h’h) Fy (A3 3) +

5%y (M A1) By (M50 + 2Bby(u,A)
Fy (W33 1 Fy (LLjgd) x Py (cosO) 4-8

where 52 is the ratio of the intensities of the a-particles

having angular momentum A' to those having angular momentum A,




L4l

1/2
200 + 1) AT(A 4+ 1))
and by (WMD) = I # MO F D ST DN

Xeos (¢34 -0 ) and where ¢ 1s the Coulomb phase shift
for an outgoing a-particle with angular momentum A,

Parity conservation demands that A and A' differ
by 2.4 ... etc, Hence 1f A is odd (even) A' is odd (even),
The values of (07, ~ (3) may be calculated- from (S-23, 1952).

Toug =3, = tea Gl + ean” (g

(7‘7,\..§_zlL -7, = tan™t (i—;_%) + tan~t (K-i- )+ tan~t (i%)

-
+ tan"]' (m_il-) where 7 = 2Ze

Here Z is the atomic number of the daughter nucleus and

v, is the a-particle? \'relocity. The function 1/

Pyt 33 = (DI 2 (v (v )

Gy (A J 3 and 6, O 5 D = COAY 5 1-1) W(ij A, Y i)
The quantities b, (A,A') and - Fy (' 3 3) do not change

in value if A and A' are interchanged.



142

When the a-particle angular momentum is pure but

the y-ray angular momentum is a mixture of L and L' we have:

W(O) = 1 + —E— 2[F, (LLj,3) + € 2F  (L'L' j,3)
1+ 5 Il V 2
+ 26 Fy (LL'3,3) 1 Fy(Aj3) B (cose) 4 =9

where ¢ 2 is the ratio of the intensity of the y-rays with
angular momentum L' to those having'angular momentum L.

Finally, the angular correlation function for
mixed a-particle and mixed y-ray angular momenta is

1
(1+62) (1+ € %)

W) =1 + 2 LF, (LLj,)) + €«

¥FyL'Tj,3) + 2€¢F, (LL' 3,31 x [Fy MG by (AN +
67F1) (AT jlj) by(AAT) + 28F) (WA j1 by (h.x'ﬂ
x Py (cos0) 4=10

These relations have been discussed by Biedenharn
and Rose (B-8, 1953), Fraunfelder (F6, 1955), Devons and
Goldfarb (D-5, 1957) and by Singer (§-22, 1957),

The experimentally determined correlation between
6.280 MeV alpha particle and ‘the 350 keV gamma ray revealed

no angular dependence at all within the limits of the
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statistical accuracy (1.5%) of the points at the four

angles chosen, viz., 108°, 1200, 150° and 180°.
207

has

The half-life of the 350 keV state in Tl
been found to be 0.6 x 10710 sec: (V-1, 1963), hence per-
tufbing influences are likely tb be negligible and the
isotropy a genuine nuclear effect.

The spin and parity of the ground state of Bi 211
has previously been taken as $/2-. The evidence for this is
less than cverwhelming ‘and rests largely on the single
particle model prediction (M-14, 1959) that the lowest single
particle energy level for the 83rd proton is an h 9/2- level.
Support for this view is afforded by the observation that the
ground state spin of p1 709 is $/2 (M-15 , 1950) but the spin

of Bi’ll

does not appear to have been measured and the
possibility of its being 9/2+ should not be cwerlooked.
Cuperman (C-8, 1961) advances three strong

arguments for accepting the spin and parity of the ground

state of TV as 1/2+, viz,
3 )
i) the measurcd spins and parities of T1197, T119’,
11700 11293 ana 11203 are all 1/2+,
- 207 . ,
ii) T1 decays by B-emission predominantly to the

207, while the 3/2-level is

ground state (1/2-) of Pb
populated only to the extent of 0.5% and the 5/2- level

is not populated to any measurable extent.
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iii) the log),ft value of the B-decay from the groﬁﬁd

207 207

to that of Pb” is 5.2 which indicéates

state of Tl
a AJ = 0, yes transition.
Cn the basis of these arguments it will be

207

accepted in what follows that the ground state of Tl is 1/2+.

It was therefore necessary to determine the
possible combinations of spins, parities, a-particle angular
momenta (pure and mixed), y-ray angular momenta (pure and

_the present
mixed) which could yield,  isotropic correlation to within

+1-1/2%. The possibilities are

oo iy A L
(&) /2- 3/2+ 1/2+ 3 and 5 1 and 2
(b) 9/2+ 3/2+ 1/2+ 4 and 6 1 and 2
(¢) 9/2- 5/2+ 1/2+ 3 and 5 and 7 2 and 3
(d) 9/2+ 5/2+ 1/2+ 2 and 4 and 6 2 and 3

These possibilities yield twenty possible arangements of

pure o - pure Yy correlations, sixteen .mixed a (two angular
momenta mixing) -pure 7 correlations and ten pure a-mixed ¥
(two angular momenta mixing) correlations. One combination,

(a) above, was examined for a mixed a-mixed y correlation,




For the 20 unmixed correlations, the Bendix GL5-D
- computer at the University of Manitoba was programmed to
calculated W(8) from Eq. 4-7 at 3° intervals. Typical cor-
relations are shown in Fig.4-1S, None of the 20 possi-
bilities yielded correlations which were isotropic within
+ 1-1/2%.

In order to compare the experimental correlation
to the theoretical correlations with mixed radiations
(equations 4-8, 4-9, and 4-10) the computer was programmed

to calculate AW/W for various values of 52 (or & 2) where

A/ = W(8) max - W(Q) min
w(o)

Hence W(0) max and W(Q) min refer to the largest
and smallest values of the correlation function. The observed
correlation W'(8) is related to the theoretical correlation
W(6) through the equation W(B) = K W' (0) where K is a constant.

Thus
- KW'(0) max - KW'(8) min
KW' (Q)

MN/W

W' (0) -

experimental value 4-11




Typical theorstical angular correlationa

where both the alpha and gamma radiations

are pUras
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The values of 8, ({ ) used were 1, #1.5, +2, #2.5,
*3; 3.5, 4, +4,5, ¥5, +6, *7, +8, +9, and 10, The range
of mixing was thus approximately 1% to 99%.

In the analysis the choice of angle used in the
denominator of Eq., 4-10 secemed to make little difference and
120° was arbitrarily chosen.

Plots were then made of AW/W against d(or ¢ ) and
the experimental value of AW/W was drawn on the samg ~ plot.
The intersection of the theoretical and experimental curves
determined the range of mixing possible.

Graphs of AW/W against § will be asymmetric about
8 = 1 because of the invariance of the functions F.) (hk'jlj)
and by (AN') with respect to an interchange of A and A'.
Where the value of AW/W fell below the 0.03 level, the
correlation was isotropic to within the quoted experimental
errors for that range of values of 0 or € ., Of the sixteen
mixed o-pure y correlations none of the twelve arising from
situations (c) and (d) yielded a AW/MW < 0.03 for any b value.

Graphs of the remaining four correlations are shown in Fig.4-20.




Figure 4 = 20

Plots of LW/W ves & (ses text) for
mixed alphae-pure gamma angularp

corralatvionsge
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Of the ten pure o-mixed y-correlations, none of
the six arising from situations (c) and (d) yielded a AW/W
value < 0.03 for any € value. Graphs of the remaining four
correlations are shown in Fig.4-21,

These results indicate that the first excited

207 cannot be 5/2+ for no case with j=5/2

state of T1
survives this test.

An examination of these eight graphs shows that for
nixed a-particle angular momenta the values of O giving
isotropy are the same for both y-ray angular momenta, and for
mixed y-ray angular momenta the values of € giving isotropy
are the same for both a-partcile angular momenta.

Fig.4-22 shows the graph of possible values of
and € for a mixed a-mixed y-correlation based on the shell
model assignments (situation (a) above), which would give an
isotropic angular correlation within the observed accuracy.

The shaded areas represent the infinity of points whose -

coordinates (3,& ) satisfy the isotropy conditionms.

Discussion

The results of the preceding sectiocn may be summarized as
follows:

i) The spin of the first excited state of 71207
cannot be 5/2 so nossihilities (c) and (d) above must

be discarded and in what followe the shell model
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prediction of 3/2+ will be accepted as the only

reasonable alternative.

il) As no pure B3-pure y cascade represents the
observations, one or other or both must be of mixed
angular momentum, If one of the radiations is pure

the possibilities are,

Alpha particle Gamma-Ray
I Pure = 3 , ML+ (5.4 - 8,4)% E2
IT Pure =5 ML + (5.4 -~ 8.4)% E2
ITI Pure = 4 ML + (6.2 - 7.6)% E2
IV Pure = 6 ML + (6.2 -~ 7.6)% E2
% (2.6 - 4.3)% = 3, (5) Pure ML
VI (2.6 - 4.3)% = 3, (5) Pure E2
VII (12,5-15.8)% = 4, (6) Pure M1
VIII (12.5-15.8)% = 4, (6) Pure E?

iii)  If both transitions are mixed the possibilities
.are shown in Fig, 4-22.

In order to determine which of the many possibili-
ties represents the true nature of this decay additional
evidence must be brought to bear.

It will be understood that a-transitions
involving even angular momentum can arise only if the ground

211

state of Bi possesses positive parity. There is no
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evidence to suggest that this is so and negative parity

is predicted by the single particle model. It is proposed
to accept this prediction in the absence of any suggestion
 to the contrary. This lecaves possibilities I, II, V and
VI and those contained in Fig. 4-22. The conversion
coefficient of the 350 keV gamma ray was 0,175 + 0,017
indicating a 76% ML + 24% E2 mixture., This indicates that
none of the pure-mixed cases are applicable and that both

the alpha particle and the gamma ray momenta are mixed.



vlote of AW/W vs. o (see text) for
pure alpheemized ganma angulay

corirelations.
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Plot of the alpha mixing ratie (5)
against the gamma mixing ratio( € )for
ghell model spins and parities. The
crosses represent the values of CorodetaRy
ot al (G-8,1962).
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4,11  Gamma-gamma angular correlations

Two gamma ray cascades in the active depdsit were
stroné enough to allow .their angular correlations to be
measured. Both cascades were in pi 2l (430-400 keV and
706-400 keV). The sources used were collected on aluminum
foil and were 3/8in. diameter in active area. They were
exposed to the actinon gas for 1 hr. and then immediately
counted for 1 hr. The counting rates are shown in the

table below.

Cascade Single channel  Real coincidence Chance coincidence
rates(per sec.) rates (per min.) rates (per min.)
430 and
400 keV 5,000 100 25
706 and 200 4 1
430 5,000

Coincidence counting rates were normalized by the single
channel counting rates and normalized to the 90° count for
both correlations: The data was collected for 90°, 120°,
150°, 180°, 210°, 240°, and 270°, the counts at the angles
beyond 180° can be added to their corresponding angle below
180° to improve statistics. The correlations are shown in
Fig. 4-23 (430-400 keV-statistical error *1%) and Fig. 4-24
(706-400 keV-statistical error il%%). It wiil be scen from
Fig., 4-23 that the present work agrées well with that of
Vandenbosch et al. (V-1, 1963) and Giannini et al. (G-5, 1962)
for the 400-430 keV angular correlation but the agreement is
not as good with either group for the 400-706 keV angular
correlation (see Fig. 4-24).,iThis work reduired approximately

70 sources. BE TR P




Gampa-gamsa angular gorvelation for the
400=430 keV casecade. The X's are from

a fitted curves
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Xx- Vandenbosch et al

o- Giannini et al

e-Present work
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Gammae—gamnna angular correlation for the
LO0=706 keV cascade. The X'g are from a

fitted cuvrvas



163

X—-Vandenbosch et al
°-Giannini et al

- *— Present work
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- Using the notation of Fig. 4-25, the
expression for the angular correlation of a gamma ray
of unmixed angular momentum L; followed by a gamma ray

of unmmixed angular momentum L, is (B-8, 1953; F-6, 1955;

D-5, 1957)
W(e) = :%:A.v Py (cose) 4-12
where Ay = F\J(Lljl’j) F-J(szzj)
) 0
and RIS (—1)31 (2j+1)1(2(2L1+1)C(L1LIU :1-1)

W(3iL Ly Y 3p)

The functions P.j(cosB) are the Legendre
polonomials., The functions C and W are the Clebsh-Gordon
and Racah coefficients which are related to Wigner's 3-J

and 6-J symbols respectively (R~12, 1959 and Appen&ix II).




Notation for equations in section L.11

(gammaegamma angular correlations).
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Restrictions on the values of J are as follows
0<+J<2j
0 5_0 5_2L1
0<y <2y

If one of the gamma radiations is mixed (L; and
L';) and the other pure L, the angular correlation function
becomes ’

W(e) = 1 +

1 < : 2 '
52 o Py L) + 8Ty (g g

+ 2Fy) (L1 5,901 x Fj (LyL,y 3y ) ij (cosd)

& -13
where 52 is the ratio of the intensities of the gamma rays
having angular momentum L'1 to those having angular momentum
L.

The function

F'J(LlLl'jli) = (-l)J-

jl- 1/2
[(25+1) (2L +1) (2L, '+1) ]

Gy @it i d
and

Gy (Ll 519) = O(LyLy 'V 5 L-DWCAILL 5 3 3y)

The quantity F (LlL'ljlj) does not change in

value if Ll and L'1 are interchanged.
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Finally, the angular correlation function for
both radiations of mixed angular momentum is
1 —

> [F (L,Lajnj) + BZF'_I L' L' )
(1+82)(L+E 2) ;§; | “H2t2d2d J( ol' 9393

w(e) =
+ 29 F (L2L2'j2j)] x [F\J,; (LlLljlj) + & °

Fy(L' L' 5;3) + 2 € F(L 15,9 ] P (cosb)

4 ~14

where 612 refers to the intensity ratio of the L; to L'y
angular momentum and 52 refers to the intensity ratio of the
L, to L'é angular momentum.

-The A.}'s were corrected for finite solid angle
by the method of Rose (R-11, 1853),

211

The half-life of the 400 keV state in Bi has

been found to be 3.15 * 0.020 x 10710 sec. (V-1, 1963)., This
half life was borderline for the possibility of perturbing
influences (extra nuclear fields, etc, D-6, 1957 and F-9,
1955), That is if the half 1ife were much longer there would
definitely be some perturbing influences, However it was

here assumed that the correlation observed was a genuine

nuclear effect.
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The spin and parity of the ground state of
Bi?tl wi11 be taken as 9/27 in the following analysis.
The justification for this selection was given in section 4,10,
Since the 400 keV transition contains some
Ml radiation (Table 4-2) the spin of the 400 keV level (j)
is related to that of the ground state (j2) through
j= 1 + 1, jg» On the basis of shell model predictions
the value j = Jog = 9/2 is most unlikely and will not be
considered further. As Jp = 9/2 then j = 7/2 or 11/2,
Moreover, both states must_havé the same patity because
all three transitions contain some ML. For the second
state (jl), table 4-8 shows the possible spins and gamma

ray angular momenta on the basis of the single particle

model (P-8, 1962).

Table ¢4-8
J 31 L, and L2
7/2 5/2,7/2,9/2,11/2 All combinations of
the two lowest
11/2 7/2,9/2,11/2,13/2 possible angular

momenta e.g. (1,1
1,2 2,1 2.2)

This gives rise to thirty possible unmixed
correlations, twenty-cight possible correlations where one

cf the radiations was mixed and eight possible correlations
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where both were mixed, which.must be compared with the
observed correlations.

Now, it will be remembered that the natures
of all threc gamma rays involved in the two correlations
presently under study are known from the present work and
it is believed that all three are of mixed angular momenta,
yet Vandenbosch et al (V-1, 1963), on the basis of their
o for the 350 keV transition obtained an op for the 430
keV transition (0.154) which implied that it was pure ML,
Their angular correlation work was subsequently inter-
preted on this basis. Giannini et al (1962) interpreted
their data as showingboth the 400 and 430 keV transition
as pure E2, It scemed worthwhile therefore to examine all
possible cascades for pure-pure, mixed-pure and mixed-mixed
angular momenta in order to see 1if a theoretical description
based on the first two could fit the obsecrvations,

For the thirty unmixed correlations the IBM
1620 computer at the University of Manitobgﬁ%ﬁ%grammed
to calculate W(@) from equation 4-12 at 3° intervals. Six
correlations are shown in Fig. 4-26 which are those which
might be thought to approximate to a fit of the 400-706
keV and 400-430 keV correlations. The values of the
spins j; and J and the angular momenta involved, L; and L,

are shown in the figure. It will be scen that some of the




Theoraetical angular eerralatieﬁs which are the
hest of those which might be thought to approxe-
tmabe to & £it of the LO0=-760 keV and 400«430
keV coprralationse The experimental points for
the LOO=706 keV cascade are shown as open
gireles and the polnts reprasenting the LU0~

1,30 keV caseade are ghown as solid circless
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six do fit either the 400-706 keV of the 400-430 keV
correlations, However all are re jected since from the internal
conversion coefficients all three of the radiations involved
are mixed, The experimental points for the 706-400 keV cas-
case are shown as open circles and the points for the 430-

400 keV cascade are shown as solid circles. Both are normal-
ized to unity at 900, and the error bars correspondingly
increased to (1.4 x 2)%.

In order to compare the experimental data to the
theoretical correlations for situations where one radiation
is mixed and the other pure, the computer was programmed to
claculate W(0) / W(90°) from equation %13 for 0 = 120°,
150°, and 180°, for the following values of &; *1, +1,5, *2,
+2.5, £3, +3,5, #4, *4,5, *+5, 6, *7, £8, +9, and *10, This
corresponds to a range of mixing of one gamma ray from 99%
down to 1%,

Now Vandenbosch et al have indicated the 430 keV
gamma ray to be pure and have suggested that the 706 keV
gamma ray may be 99% pure M1, Therefore from the twenty-
eight possible mixed-pure situations only those for which
L, =1, Ly =1 and L‘2 = 2 were chosen for examination,

There were only six situations which satisfied these conditions,
(Internal conversion and beta ray data do not support any

Ly =2, L'y = 3), The values of W(120°) /W (90°), w(150°) /
W(90°) and W(180°) / w(90%) as a function of 8 are éhown in

Fig, 4-27 for these six situations. Superimposed on these




Figure 4 = 27

plots of (a) W{1200)/u(90°)
(b) W(150°)/W(90°)
and (c) w(180°)/w(90°)
ve, o {see text).
The experimental values are shown
as the range between the solid
lines (400=706 keV cascade) and
the dashed lines (400-430 keV cascade)s
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_curves are the experimental values of the two cascades, They
arc shown as the range of Values between two horizontal
lines, a solid line for the 706-400 keV cascade and a broken
line for the 430-400 keV cascade, The error bars were
increased to (1.4 x 1)% because of the normalization at 90°,
The six situations are identified in Table 4-9, Table 4-%
also gives the range of the mixing rstio 8§ which satisfies
the obserxvations (i.e., lie between the horizontal lines)

for all three values of W(9) / w(90°),

Table ¢ ~ 9

Range of § for mixed-pure cascades

i, =9/2 L, =1 L, =1 L'y =2
Situation it o Cascade
| - 706-400 keV 430-400 keV
1 5/2 7/2 1.8 - 2.3 2.2 - 2.9
2 7/2 7/2 - 8.7 - 10
3 9/2 7/2 - 1.0 - 1,6
4 9/2  11/2 4,0 ~ 5,2 5.2 - 8,2
5 11/2 11/2 7.6 - 9.5 9,5 - 10
6 13/2 11/2 2.0 - 2.9 3.0 - 5,2

The @ value of the 400 keV gamma ray given in table 4-2 is
0,091 = 0.016 which correspends to a possible range of

mixing 1 < 8 < 2,
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This allows situation 1 and perhaps 6 for the
706-400 keV cascade with situation 3 for the 430-400 keV
cascade, But neither 1 nor 6 can be accepted because the
log ft value (section 4.9) of the beta transition to this
level (1100 keV) is inconsistent with a spin of either 5/2 or
13/2. It is therefore unlikely from this evidence that
either the 706 or the 400 keV gamma ray is of ummixed angular
mementum, Situation 3 does fit the angular correlation data
but is inconsistent with the internal conversion data (see
table 4-2). |

Next the mixed-mixed cascades will be examined.
Since all radiations involved are known to be mixed this is
the correlation which is expected to fit the physical situation
under review., The eight situations are shown in table 4-10
where all possible values of & are given for which the
mixing ratio of the 400 keV transition (0) lies between 1 and
2. This information was obtained by programming the computer
to calculate W(Q)/W(90°) from equation 4-14 for © = 120°,
150° and 180° and for 6 and € each having the range 1-10 as
shown in detail earlier and selecting from the readout those
ranges of € which occured for 1 < 8 < 2 and which were
within the experimentally observed range for all three

W(e)/W(90°) values.
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Table 4-10
Range of € for mixed-mixed correlations

Situations where 1 < 0 < 2

Cascade
Situaticn 3 i 706-400 keV 430-400 keV
1 5/2 7/2 6 -~ 10 8 - 10
2 7/2 7/2 2.5 2.5 -3, 7 -10
3 /2 7/2 3.5 4,9 -10
4 11/2 7/2 8 ~ 10 3, 6 - 10
5 7/2 11/2 2 2, 4 - 4.5_'
6 9/2 11/2 - -
7 11/2 11/2 4 2, 3.5
8 13/2 11/2 - 4,5 - 5,9 -10

Consider table 4-10 which shows the range of G
for mixed-mixed situations where 1 < & < 2. Situaticn 1
would make the spin of the 830 keV level 5/2 and situation 8
would make the spin cf the 830 keV level 13/2 both of which
are inconsistent with the log ft value for the beta feed to
that level (see section 4.9). Situations4 and 5 require
a mixed radiaticn of angular momentum 2 and 3 which is
inconsistent with the internal conversion coefficients of both
the 430 keV and the 706 keV gamma rays. Situaticn 6 does nct
fit the possible range of mixing (1 < 8§ < 2) for the 400 keV

gamma ray as determined by its internal conversion coefficient.
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For the situations where j = 11/2 (5-8)this leaves only
situation 7 which would make the spin of the 400, 840, and
1100 keV levels all 11/2. There is no isotope in the szos
region which has three levels below 2 MeV all with the same
spins, and since such an assignment (all three levels 11/2)
would be inconsistent with the single particle model,
situation 7 is rejected, This leaves situation 2 and 3,

both of which are consistent with the internal conversion
coefficients of the 430 keV add 706 keV transitions and means
that the available spins for the 830 keV and 1100 keV levels

are 7/2 and 9/2. Noting that the beta decay of pp Ll

prefers
to decay to the 830 keV level rather than the 400 keV level
(see table 4-6) it would not be reasonable to assign to these
two states the same spin. Thus since the spin of the 400

keV level has been detemmined as 7/2, the 830 keV level is
assigned the spin 9/2, If the 1100 keV level were assigned
spin 9/2 it would make the 1100 keV, 830 keV and ground levels

all have spin 9/2 which as pointed out above is not reasonable,

Therefore the 1100 keV level is assigned spin 7/2.
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Chapter 5

DISCUSS ION

5.1 Introduction

The final chapter discusses the active deposit
of actinium according to the radiations de-exciting each
isotope. The discussion compares the known experimental
and theoretical information including the present work.
The discussion follows 'chronologically' the decay of the

active deposit, i.e., the beta decay of Pb211, levels in

Bile, vee; levels in Pb207. It will be seen that the
present experimental results are consistent with each other
and arc in general consistent with the meagre amount of
knowledge previously known. For some measurcments (e.g.,
the internal conversion coefficients) the present work

does not agree with other researchers' results; however

in all such cases arguments are advanced to explain the
discrepancy. In general the agreement with the few
theoretical works available is quite good although the
applicability of the nuclear shell model to the isotope

involved in the active deposit is questionable (see

section 5.3).
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5.2 The beta decay of Pb211

Hahn and Meitner (H-4, 1908) were the first to

examine the beta rays from the decay of Pb211. Two groups

were found; one of low intensity which was easily absorbed

and a stronger more penctrating group. The former was

211 and the

latter to the decay of the subsequent product, T1207.

rather arbitrarily assigned to the decay of Pb

On the other hand, Sargent, (S-16, 1933) in many

careful experiments found a high energy group in the decay

211

of Pb which had the same penetrating power as the beta

rays from 11297,

In later work Sargent (S-15, 1939) found
the low energy group of Hahn and Meitner had a raﬁge of
0.08 gm./cm.2 in aluminum and a maximum ecncrgy of 300 keV.
The infensity of this group was tco small in any case to
account for the complete decay of Pb211 (if it were to

211 it should be approximately as

207

represent the decay of Pb
intense as the beta rays from Tl when in equilibrium).
Furthef, the low energy group did not fit the rule
enunciated by Sargent (S-25, 1933) between half life and
endpoint energy. The energy (300 keV) was not high enough
to correspond to the observed half life of 36.1 min.

(S-4, 1939) and Sargent pointed out that Sanielevici (S-17,

1936) supported the presence of a high energy beta component
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211

in the decay of Pb from hecating measurements in a micro-

calorimeter. Assuming 470 keV to be the average energy of

207

the beta rays from Tl , Sanielevici found the average

211 spectrum to be 370 keV, The value,

energy of the Pb
obtained by Lecoin (L-4, 1938) for this was 360 keV and he
further concluded the endpoint of the spectrum to be between
1.00 and 1.25 MeV. Lecoins description of his spectrum
however (L-3, 1936) bears little resemblance to that
determined in this work,

Sargent's value of the endpoint from absorption

measurements was 1.39 MeV (no error quoted), the maximum

range being 6.4 gm./cm.2 of aluminium, using the relation

R =0.526E - 0.094 -~ (s-4, 1939)
With this extreme endpoint, ''from graphical attemps at
breaking up the spectrum into two reasonable components'!
the endpoint of the lower energy group emerged as S00 keV
as opposed to the 300 keV of earlier work., The intensity
of the high energy component relative to the low was placed
between 1/2 and 1/5. From this Sargent inferred that the

excitation probability of the state fed by the low energy
component was between 0.12 and 0.17. Li's value (L-1, 1937)

for the excitation probability was 0.195 and also in the
same paper he quotes 3.3 secondary beta rays per 100 Pb211
decays. The latter number corresponds well to the intensity

of the internal conversion lines determined in this work,
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Sargent's view of Li's value was 'In view of all the
difficulties of measuring beta and gamma intensities the
agreement is as good as can be expected'. Sargent (s-4,
1939) comments that the partial decay constants are

0.000040 and 0.00028 sec.”l for the endpoints of 0.50 and
1.39 MeV respectively are in good agrecment with the expected
half life-energy curves.

Much more recently, Vandenbosch et al (V-1, 1963)
used a six-gap beta spectrometer with 1.2% resolution and
10% transmission to measure the beta spectrum. They did not
unpeel the partial beta spectra from the composite spectrum
but used beta-gamma coincidences to determine the endpoint
energies and intensities of the partial spectra. Their
coincidence apparatus had a resolving time of 12.5 nano-
sedonds and the gamma detector was a 7.6 x 7.6 cm., NaI(TL)
crystal. Coincidences were examined betwcen the beta rays
and the 830, 400 and 430 keV gamma rays. The present work
is the only one to examine the entire beta spectrum in

detail and to unpecel the partial beta spectra.
Table 5-1 below sects out the resulis w¢f+AEl ~the

above work,
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5.3 The levels in BiZ2l!
(a) Gamma rays
Until the present work was undertaken the gamma ray

spectra of the active deposit of the actinium series had not
been investigated with any technique other than by examlnlng
the gamma ray dttenuation in different absorbers. Rutherford
and Richardson (R-10, 1913) found that the mass absorption
coefficient for the gamma rays from R3223 (which is the
precursor of the active deposit) and its daughters was 0,073
in aluminum of thickness 6 - 9 cm. Curie and Savel (C-11,
1933) found the mass absorption coefficient for the same gamma
rays to be 0.076 for lead of thickness between 4.6 and 10.6
cm. That these coefficients are likely to be due to the more
penctrating gamma rays of 81211 was suggested by Sargent
(8-4, 1939), This conclusion scems reasonable in light of
the present day knowledge of the gamma rays of Ra223 and its
daughters (W-1, 1962); however it is not quantitative enough
to determmine a level scheme. Using the energics of the
internal conversion electrons and their binding energies, the

energies of the expected gamma rays were determined by
several authors in the 1930's (G-11, 1933; €-2, 1938 and $-19,

1936) . The intensities of the gamma rays werc estimated by
Surugue (5-6, 1941) using his own data and that of Li (L-1,
1937) and are shown in table 5-2 (below). These estimates
depend on knowing the relative intensities of the internal

conversion lines, the absolute intensity of one of them
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(in this case the 350 keV K conversion line) and the
internal conversion coefficients. Before the internal
conversion tables of Rose (R-17, 1958) and Sliv and Band
(5424, 1958) appeared the knowledge of the internal conversion
proceés was limited and calculations based on earlier tables
arec open to criticism. As an cxample Sargent (5-4, 1939)
states that the 350 keV gamma ray 'must be electric
quadrupole'. It is now known to be nixed ML and.EZ with
the ML admixture the predominant one.- Sargent also shows
that the intensities Li quotes assuming thatthe 400 and 430
keV transitions were E2 are close to his 1nten51t1es. Also
he shows agreemcnt with the cstimates of Kara—Mlchallova
(K-8, 1938). It is.ﬁow known (sce section 4.5) that the
400 and 430 keV transitions are 42 and 72 ML respectively.
It should'be noted that none of the three predominanﬁ
investigators involved in the early beta and gamma ray work
(Sargent, Li and Surugué) quote errors, and neither Li nor
Surugue mention transient equilibrium or its effect on
their values.

| Sargent (S-4, 1939) attempted to determine thc
intensity of the gamma rays relative to the intensity of
fhe beta rays using the experimentally determined mass
absorption coefficients, initial intensities with corrections
(how they were determined and what corrections were neceded

were not explained) and average gamma and beta ray energies.
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He reduces the beta intensity by a factor of 1.32 to account
for 'reflection from the aluminum disc', That this
determination was crude was recognised by Sargent when he
put an error of *50% on the number determined stating
'the number of gamma quanta from actinium (B and C)
(Pb211 + 81211) is about 19 per 100 beta particles from
actinium B'(Pb211). He was in agreement with Kara-Michailova
but not with Li (L-1, 1937) or Surugue (S$-20, 1937).
Sargent tries to explain the discrepancy by suggesting that
Surugue (S-20, 1937) assumed erronously that the radiation
was Ml instead of E2. It scems remarkable that considering
the state of the theory and Sargent's techniques, which are
crude by today's standards,that he should have seen through
the numbers to what we now know is the true situation.

Li (L-1, 1937) using an erroncus value for the
absolute intensity of the 350 keV K conversion electrons
thus gets erronous values for the intensities of the other
beta conversion lines he . ... . . measured, (See tables
5-3'and 5-4, and section 5.2). Considering the weak
sources he had (a few hundredth of a millicurie) it is not
surprising that his work agrees only in general with the
present work. The amount of disagreement can be seen in the
comparison between the K/L ratios in table 5-4. Furthermcre
it is surprising in view of the crudeness of Li's experimental
mcthod that it should lead to even reasonable intensities for
the gamma rays (see table 5-2). Li concludes his paper with

the level scheme shown in Fig. 5-1..
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As can be seen from table 5-2 the detail concerning
the gamma rays in B1211 is not well defined. The first
column shows the cenergy of the gamma ray and the other
columns indicate the relative intensitics due to various
authors. For  Vandenbosch et al (V-1, 1963) and the present
work the first several places are left blank in the table
because the technique used did not allow investigation of
energies below 300 keV, Suruguc and Li used internal con-
version lines to determine the gamma réy intensities
including those in the region below 300G keV. Giannini et al
used the sum coincidence method which allowed them ‘to sce
low energy gamma rays. Vandenbosch et ‘al scems to have
identified only the scintillation peaks in the gamma ray
spectrum without considering the possibility that the peaks
might be due to more than one gamma ray. Giannini et al
used the sum coincidence technique throughout. It is now
known (5-27, 1963 and S-28, 1964) that some of the peaks
in a sum coincidence spectrra may be due to coincidences
between a known gamma ray and a compton scattered photon.
Because (a) the gamma rays they claim at 80, 170, 260 and
270 keV have not been seen elsewhere,

(b) considering the technique used (sum coincidence) and
(c) because only a few counts (5-10) are shown in thesec

peaks, it seems reasonable to conclude that they were due
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to Compton scattered events. The K X Ray for B1211 is
85'R9V~(S—29;”1§55) and this is identified with the
gamma ray shown at 88 keV. Walter and Coche (W-2, 1960)
using a Th227 source {which occurs in the actinium scrics
above the active deposit) found gamma rays at 405, 425, 827
and 1070 keV. They did not quote intensities and in view
of the present work failed to resclve the composite spectrum
into its constituent gamma rays. The gamma way shown at
487 keV by Surugue (S-13, 1946) and Li has not been seen
since and is probably spuricus. The present work affords
the first confirmation of the 1060 and 1100 keV levels
first suggested by Giannini et al (G-5, 1962). The works of
Giannini et al and Vandenvosch et al were published after
the present work had been started and in fact after the
prescnt work had shcwn the presence of the 1060 and 1100
keV levels.

Vandenbosch et al (V-1, 1963) found by gamma-
ganma coincidence that the 706 keV and 430 keVY gamma rays
are in cascade with the 400 keV gamma ray. The present
work confirms this and also shows the 758 keV gamma ray to
be in. cascade with the 290 keV gamma ray and that the 630
keV gamma ray is in cascade with the 400 keV gamma ray:. This
provides cvidence that the 830 keV, 1060 keV and 1100 keV

levels are in B121l.




Figure 5 = 1

Level diagram of Bi‘tdue to Li(1-1,1937).
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5§ 11
Energy Energy.
Hp in of y-ray
e-volts . in
e-volts
763-2 48-90 65-22
768-5 4956 65-22
8588 61-22 65-23
8813 64-2 65-23
2157 313-4 403-8
2522 3875 4038
2250 335-2 425-6
2544 409-4 4257
2602 421-7 425:7
3805 739-0 829:4
4075, 813-2 829-4
1946 264-6 349-7
2247 334-4 3497
2295 346-0 3497
2306 348-8 349-7
Table 5-3 Lits(L

analysis.(AcB is Pbé
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AcB.C
v v
Intensity
Shell Abs.
Rel. (electron/
disint.)
L 20 0-0032
Ln 2 0-0003
M; 5 0-0008
Ni 1 0-0002
K 25 0-0041
L 3 0-0005
K 20 0-0032
Ly 5 0-0008
M; 5 - 0-0008
K 10 0-0016
Ly 2 0-0003
AcC.C” .
K 100 0-0162
Lt 40 0-0065
M; 5 " 0-0008
Ny 1 00002

1937) interna
AcC is Bi

%io

VI

Experimental
internal conversion
coeff. for K shell

Quadripole

Dipole

VII
y-ray intensity
(calc_:. from cols. V & Vl)_

If CIf

" Quadripole Dipole”

0-065  0-236
0-062 - 0-202
0-185  0-400

nversion results and

and AcC!'Y 4ig T1R

7)
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(b) Internal Conversion Lines and
Level Excitation Probability

As can be seen from table 5-4 the agreement between
Vandenbosch et al and the present work is reasonably good.
The K/L ratios of Li (see table 5-3) do not correspond to
the values determined in the present work. No other
experimenter (except Li) has been able to resolve the 430 K
line from the 350 L line although Vandenbosch et al
determined the intensity of the 430 keV K line relative to
the 400 keV K line by measuring both of these lines in
coincidence with K X Rays. There is good agrecement between
their value and the value calculated in the present work
(sce Section 4.5). Vandenbosch et al had a spectrometer with
- a 10% transmissicn and were still unable to see the 706 keV
K and 830 keV K lines on the beta continuum. Vandenbosch
et al improved their signal to noise ratio by a factor of
ten by recording only events in coincidence with K X Rays.
Neither of these lines were seen in the present work which
combined with Vandenbosch's findings leads one to suspect
that Li's observation is épurious since Li had weaker sources
and cruder techniques.

Pilger (P-3, 1957) gives a beta continuum with

internal conversion lines for Ra223

and daughters but the
isotopes above the active deposit in the actinium series

are so rich in conversion lines that it is not clear which



k/L

Giannini et al

Vandenbosch ct .al

Present Work

Giannini et al
Vandenbosch et al

Present Work

Li

Present Work
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Table 5-4

400 keV 430 keV
033,006 .039%,010
.108+,026 .154%,039

091 % .018 ,il7 £ ,024

100% E2 10% E2
S07M1+45%E2 10071
427ML+387E2 7221+ 28%E2

8.2 4,0
41 742

700 keV

-

.035£,012

.025%,010%

827M1,
457M1+55%E2
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lines are due to the active deposit. Pilger's work was
concentrated on the isotopes above the active deposit.

The determination of internal conversion coefficients
depends, among other things, on a knowledge of the number of

211 beta decay. Vandenbosch et

350 keV K electrons per Pb
al quotes this number as 0.0314, the number from the
present work being 0.0245 + 0,0024 (see section 4.5). Since
Vandenbosch et al's numbér is higher than that of the
present work it would introduce a calculable systematic
cerror in the internal conversion coefficients which depend
on it. The internal conversion coefficients shown as
starred (%) in the present column (table 5-4) result from

a normalization to the values of Vandenbosch et al. As was
pointed out in section 4.4, the source was covered to

207 by alpha recoil for'.the internal

207

prevent the loss of Tl
conversion measurements. If T1 was lost the resulting
beta continuum would be smaller than its true value and

thus any internal conversion coefficient determined by the
peak to continuum method would be high. It should be noted
from table 5-7 that all the other values for Qe (350 keV)
are higher than that of the present work. Only Falk-
Variant mentions the effect of alpha recoil (although he did
not comment on whether ‘he cowered his source) and his value

is the closest to the value determined here. Since all the

other op's depend on ap (350 keV) (see section 4.5) it is




level

1100 keV
1060
830
758
400
0
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Table 5-5

Excitation Probability

Vandenbosch Giannini

Li et al et al

- 5 1( ,012+.001
L'OO7J

- ) 004

. 333 055 .087+,006
- - .009%+,001
024 014 ~. 009

. 637 .924 .879+.01

log10 ft

B transition to

level at
1100 keV
1060
830

758
400

0

Vandenbosch Giannini

et al et al

. { 5.5

' 5,9_[

6,7

5.9 5.5

- 6.8

7.3 7.3

5.9 6.1

Present Work

G.,009=20,001

0,00420,0005,

0.073=0,001
0.00820,001 -
0.004=0,0005
0.,902+0,001

Present Work

5.7
6.4
5.8
6.8

7.8
6.0
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not surprising that they are all higher than the preSent
values also. Giannini et al did not explain how they
calculated their og's and they infer E2 which is in violent
disagreement with the present work and that of Vandenbosch
et al.

From the absolute gamma intensities and the internal:
conversion coefficients the excitation probability for the

levels in B1211

and the corresponding log;oft values for the
beta feeds to these levels were determined and are shown in
table 5-5. As can be seen the log,yft values cluster

d i i i i i ti that th
around 6 whlc?i%gtcggﬁéfgggg with the interpretation that the

transitions are '/\ following modern views on beta decay

(W-5, 1961),

(a) Spins and Parities

As was pointed out in Section 4.11 two other
determinations of the gamma-gamma angular correlation have
been made and there was some agreement between them and the
present work. However the interpretation and analysis by
the previous workers (Vandenbosch et al, V-1, 1963 and
Giannini et al G-5, 1962) were far from complete. Giannini
used o, values different from those used in the present
work and assigned to the 430 and 706 keV transitions a

100% E2 nature. They thus suggest a mixed-pure correlation
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giving the 830 keV level spin 11/2 and the 400 keV level
spin 7/2. They claim that the 1100 keV level must be 7/2
but do not explain this. Vandenbosch et al using their
'seemingly high o; values assign a 100% Ml nature to the
430 keV gamma ray and a large (827%) ML nature to the 706
keV gamma ray. From this they suggest spin 9/2 for the 830
keV level, 7/2 for the 400 keV level but cannot find
agreement between their angular correlation and ay value for
the spin of the 1100 keV level. The present work agrees
with the above two in that the spin of the 400 keV level
is 7/2 but since the Qg values determined here indicate
" that both the 430 and 706 keV gamma rays are mixed both
angular correlations should invoive mixed radiations. As
was pointed out in section 4.11 the only set of spins and
parities consistent with the present angular correlation,
the gamma ray intensities and the internal conversion
coefficients are: ground level (9/27), 400 keV level (7/27),
830 keV level (9/27) end 1100 keV level (7/27).

211

The decay scheme of Pb and the level scheme

211

of Bi resulting from the present work is shown in Fig.5-2,

ow
It seems somewhat surprising to find so many lying
excited levels (five) in a nucleus which hag only three

nucleons outside thz cloced chells.



Figurs 5 =2

The decay gchems of ?%£1&ﬁﬁé the level schens
L \ : »
of Biitd resulting from the prosent work,

The log,, ¥% valuss ace shown in sarenthselde
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In passing, it should be noted that Zeh and Mang

21

(Z-1, 1962) had some success in describing Po L (also

three nucleons outside the closed shells) with shell model
wave functions. However in light of the many levels of

211

Bi the applicability of the shell model to such systems

is questionable.

5.4 Alpha Decay of Bi21l

211 involves the assembly of

The alpha decay of Bi
the alpha particle from two protons, one inside and one

outside the closed shell at Z = 82,

As mentioned in section 4.2 there were two alpha
particles involved in the decay of Bi%'t. The table below
(Table 5-6) shows the energies and relative intensities of

these two due to various authors.

Table 5-6
Worker energ intensity energ integsity
(MeV§ (%) (MeV) (%)
Rutherford B
(1931) 6.597 34 6.254 16

Falk-Variant
(1954) 6.621 82.6 6.274 17.4

Pilger (1957) 6.61740,002  83.3%0.7 6.27310.002  16,7+0.7
6.2775240.00068 -

Rytz (1961)  6.62219+0.,00069

Walen et al

(1962) 6.6218 84 6.2781 15.8
Giannini et al .
(1962) - - - 15,8

Present work 6.618+0,005 83.3+0.2 6.280+0.005 16,2%0.2
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Walen et al saw a 5.9464 MeV group in the alpha
particle spectrum of Ra223 along with 45 other alpha groups.
They contended the 5.9464 MeV alpha group was in the decay

211 1297 and quote an intensity of 3.7 x 1077

of Bi to T
alpha particles/Bi211 decay. Their attempt to assign a spin
to the resulting 675 keV level in T1207 is not conclusive and
their assigmment of the alpha particle to Bi211 is dubious
since the present work puts an upper limit of 10"5 alpha
particles/Bi211 decay on an alpha particle of 5,946 MeV
(see section 4.6),

Rutherford et al (R-9, 1931) scarched for alpha
particles in the range 7.1 cm. to 12 cm. (~~7.7 MeV to
~10.7 MeV) for the actinium active deposit and put an upper
limit of any possible alphas of less than 1 in 300,000 of the
two main alpha feeds (per Bi211 decay). This was further
confirmed by Curie and Rosenblum (C-10, 1931). As shown in
section 4.4 and 4.6 no other alpha particles exist in the
region 7.6 - 13 MeV with intensity greater than 1 part in 106
compared to the two main alpha feeds. Also there are no
alpha particles in the cnergy range 7.0 - 7.6 with intensity
greater than 1 part in 104.7 Pilger (P-3, 1957) puts an
upper limit of 2 parts in 103 comparcd to the main alpha feeds

of any other alpha particles within 100 keV of the main

alpha feeds.
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Discussions of the prcsent state of alpha decay
theory are available in the literature (W-3, 1952-5,
H-10, 1959), and in particular theoretical calculations have
been performed for the alpha decay of i 21 (R-5, 1959,
H-10, 1959). However the latter tWo authors make contra-
dictory predictions concerning the alpha decay of Bi 21
which allow little meaningful interpretation of experimental
work in terms of theoretical predictions. It should be
pointed out that there are two major difficulties with
present alpha decay theories; (1) they ignore the prefor-
mation factor, i.e., the probability of two neutrons and
two protons getting together at tﬁe nuclear surface with the
proper cnergy to escape (for further discussion of this
point see P-7, 1949), and (2) the caleculations arc very
sensitive to small changes in the nuclear radius, a paramecter

whose value is not preciscly known.

Zeh and Mang (Z-1, 1962) used shell model calcu-
lations and obtained a valuc for the ratio of the intensity
of the 6.280 MeV alpha particle to the 6.618 MeV alpha
particle of 0.15 using a shell model radial function and

including configuration mixing. The experimental value
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from the present work is 0,193 * 0,002, Zeh and Mang also
predicted that the ratio of the intensity of the L = 5 to
the L = 3 transitions for the 6,280 MeV alpha particle as
0.12. The experimental value détermihed here (see Fig.
4-22) is 0,04 * 0.01 if the shell model spins and parities
are assumed. Considering the large uncertainties en-
countered in alpha defay theory this agreement can be
considered good.

5.5 The Levels in T1207

207

T1™"" having one proton less than doubly magic

208 would be the most likely of the isotopes in the

Pb
active decposit of actinium to be described by the shell model.

Since the 350 keV gamma ray is by far the most
intense one in the active deposit, it is well known
(Pilger P-3, 1957, Vandenbosch et al V-1, 1963, Gorodetzky
et al G-7, 1953, Falk Variant F-7, 1954). ¥rom alpha

in the present work

particle and alpha-gamma coincidence studies,there are no
other levels with intensity grecater than 0.0002% of all the
Bi211 decays.

The thcoretical level schemc of Bloomquist and
Wahlborn (B-2, 1960) is shown in Fig. 5-3. The energy
separation of the two lowest levels corresponds well to

the experimental value (350 keV) but the zero encrgy

levels disagree by about 0.7 MeV between experimental and
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theory. Pryce in a theoretical calculation using the
independent particle model puts the separation of the levels

in 171207

at 350 keV and suggests that the ground state spin
is 1/2% and the excited state spin 3/2%.

The ap and K/L ratios of the 350 keV transition are
shown in table 5-7. The present @ value is lower than any of
the previous ones which as suggested in section 5.¥may be due
at least in part to other workers neglecting to cover the
source to prevent the loss of T1207.

Using the theoretically calculated alpha decay
intensities, Zch and Mang (Z-1, 1962) predicted the ratio of
E2/ML for the 350 keV tramsition to be 0.27 * 0.02. The
cxperimental value determined here was 0.31 * 0.10 which is in
excellent agrecment and lends support to the interpretation of

the alpha transition to the excited state being predominantly

A = 3 (sec discussion of Mang's calculation in section 5.4),

Table 5-7
Worker Gy Multipolarity
Falk-Variant 0.18 * 0.03 -
Gorodetzky et al 0.195 *+ 0,015 Ml with 7-12% E2
Vandenbosch et al 0.239 100% M1
Mead 0.24 + 0,01 100% ML ‘

Present work 0.175 + 0.017 Ml with 24 + 10% E2
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Table 5-7 continued,

Worker K/L
Li 2.5
Falk-Variant | 5.5 0,5
Present work 5.0 £0,5F

As shown in section 4.10 the most plausable inter-
pretation of the alpha gamma angular correlation is to assign
a spin 1/2% to the ground state and spin 3/2% to the 350 keV
level, |

Gorodetzky et al had measured the alpha-gamma

211 previously (G-7, 1953) and also

angular correclation of Bi
got an isotropic correlation. However their interpretation of
ﬁhis result was to invert the spins. of the ground and lst
excited state suggested above. With spin 1/2 assigned to the
first excited state the theoretical angular correlation is
always isotoropic regardless of the ground state spin, the

spin of the parent level (the ground state of Bi211) or any

of the transitional angular momenta involved. Theoretically,
this arises because of a failure of the triangulation
requirements of the angular momenta involved in the F functions

(B-8, 1953) which are themsclves contained in the coefficients

of the Legendre polonomials in the angular correlation function,

* Calculated for the observed M1, E2 mixture
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An alternative suggestion by Perlman and Réémussen
(P-4, 1956) retained the shell model spin assignments
(Fig. 5-2) but has postulated mixed alpha particle angular
momentum (A = 3 and 5 in the proportion 87% and 13% with a
pure ML gamma transition). A further suggestion (Gorodetzky
et al (G-8, 1962)) has been that the alpha transition is pure
A = 3 but that the gamma transition is mixed (ML with 12% E2).
They (Gorodetzky et al) performed a polarization correlation
experiment and accepting an ap of 0.195 suggested that the
cascade could alsc be described by alpha particles of mixed
angular momentum (A = 3 with either 6.8 or 64.8% A = 5) and
a gamma ray of mixed nature (ML with 12% E2). These two
points are shown in Fig. 4-22 as crosses and it will be
seen that only one (6.8% A = 5) is consistent with the
angular correlation, however neither cross is consistent with
the present internal conversion value (ML with 24% E2).

Gil and Petit (G-6, 1961) have also measured the
alpha gamma angular correclation of By 211 and report that
their findings are consistent with the following spins:
pi 21l (9/2), T1207% (3.2) and 11207 (1/2). The present work
shows (section 4.10) that none of thepfevious intepretations
are complete representations of the experimental evidence.

In fact from the ap of the 350 keV transition the gamma ray
is mixed (ML with 24% E2) and since the ranges of gamma ray
mixing allowed by the pure alpha-mixed gamma theoretical

correlations (see section 4.1) do not include the possiblity
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of a 247% E2 component both radiations must be mixed. The
most probable spins, parities and angular momenta are
shown in Fig, 5-5.

It will be clear from this work that it is not
sufficient to determine a single set of spins, parities,
angular momenta and mixing ratios from the angular correlation
work in order to arrive at the physical pattern being studied.
Far from being unique, any one result which is consistent
with the data may be only one of an infinity of equally good
theoretical interpretations, and an appeal to other infor-
mation may be reduired to narrow down the range of possi-
bilities,

Further, it should be noted that even though the
parameters predicted by a certain nuclear model fit a
correlation, they may not be the only parameters to do so,
hence the fit cannot be taken as confiming evidence for this
model. The present results accommodate among others the
shell model spins and paritics but this cannot be interpreted
as a confirmation of the applicability of the model to the
levels in question. It is no more than plausible that this
is so,

It is somewhat surprising to find an isotope which
has scemingly only cne excited state. Although there may be
other cxcited levels their intensity would be more than five
orders of magnitude down fr&%ﬁghgf350 keV level (see section

4.2) .
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Fig. 5.4 (B-3, 1957) shows the level spacings

for the odd A isctopes of thalium (top two curves) and it is

207

seen that the 350 keV level in T1 is a definite break in

the trend. This effect may be due to the closed neutron

shell and may alsc explain why the other excited states in

207

Tl are so weak,

211

The final alpha decay of Bi and level

207

scheme of T1 is shown in Fig. 5.5,

5.6  Beta Decay of Bi211

As was pointed ocut in scction 4,2 very few of the

211

211 decays go via beta decay to Po . . Table 5-8 shows

Bi

the actual percentages due to various workers.

Table 5-8
o . 211
Worker % of Bi beta dccays
Rutherford 0.32
Walen et al 0.29
Way ct al 0.28

Present work 0.287 + 0,005
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This beta decay wes too weak to be seen in the continuum of
the active deposit and the above percentage was determined

by comparing the intensitics of the BiZll and Po2ll alpha
particles (sce section 4.2). Tho cnergy of the beta decay of

211 can be calculated by deduction, Consider Fig. 5-6 in

Bi
which are noted the transition energy between ground states
as determined in the present work., It is seen that the
energy between the ground states of Po2til and Bi%ll (energy
of the beta decay) is 7,455 MoV - (6.618 + 1,431 MeV)

= 0.594 + 0,008 MeV.

3.7  Beta Decay of 71207

Lecoin (L-4, 1938) using a Knonpinski-Uhlenbeck
plot quoted two endpoints for the beta decay of 71207 at 1.50
and 1.85 MeV. Sargent (S-4, 1939) performed the first
accurate measurement of the endpoint using absorbers and put
the value at 1.44 MeV. Evans (E-1, 1950) using a separated
source whose strength was 1.6 microcurics put the endpoint

at 1.442 + 0.008 MeV. Vandenbosch et al (V-1, 1963) give
1400 * 20 keV as the endpoint of the composite beta spectrum

of the active deposit. The present work gives an endpoint

of 1,431 + 0,008 McV,
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The beta decay from the ground level of T1207(l/2+)
to the ground level of Pb207(l/2”) having a parity change and
no spin change is first forbidden but displays the statistical
shape and a low logyy £t value, |

Chcong and Surugue (C-2, 1938) searched for internal

207

conversion lines in the decay of Tl and were unable to find

any. Surugue (5-6, 1941) found an 870 keV gamma ray with

intensity ¢f 1 in 200 Tl?‘o7

disintegrations. Christensen et
al (C-17, 1963) quotc a 900 keV gamma ray but as noted in
section 4.8 the energy detemmination of Surugue may have been
in error.

Table 5-9 shows the % fceds and logyy ft values for

the beta decay of T1207 as determined from a knowledge of the

gamma rays involved.

Table 5-9
Beta cnergy percentage feed logyo £t Present
(MeV) Suruguc Present Work King and Peaslee Work
1.431 9¢.5 $5.30 5.2 5.2
0.531 0.5 0.70 -—- 5.5

The tables of Fecnberg and Trigg (F-10, 1956) werc used in
the calculation of the log ft values.
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5.8 Alpha Decay cof po?tt

21L

Po alpha decay involves crcssing the closed

neutron shell at N = 126,

The alpha groups found in past work de-exciting the

211 (the excited state at 1.3 Mercannot be

grocund state of Po
fed in the actinium series - sce Fig. 4-1) are shown in
table 5-10, It will be noted that there are four groups
which when viewed through the actinium series are very weak
compared to the pi 2Ll alpha groups (6.280 and 6.618 McV).
Since Po’tl is produced in the actinium series by an 0.287%

211 and since the 6.90 and 6.56 MeV alpha

2

beta feed from Bi

11 (see table 5-10)
211

groups arc 1/2% of the decay of Po
these two alpha groups are very weak compared to the Bi

alpha groups. Thus since the 6,56 and 6.90 MeV alpha groups

211

are so weak and arc so close in energy to the Bi alpha

groups they arc not scen in the ordinary alpha single spectrum
One of

(see Fig. 4-2).4 these two weak groups in P021l were revealed
by alpha-gamma coincidences in the present work. The 6.90

m7am1ﬂm

207 (sce

MeV alpha grcup feeds the 560 keV level in Pb
6.56 MeV alpha group feeds the 890 keV level in Pb
Fig. 4-1)., When alpha particles were displayed on the multi-

channel analyser (sec Fig. 4~15) only the 6,90 MeV alpha
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group was revealed., However because of the large number of
6.618 MeV chance coincidences in Fig., 4-15 a peak at 6.56 MeV
comparable toc that of 6.90 MeV would be inside the statistical
accuracy and thus would not be seen. When gamma rays are
displayed on the multichannel analyser (sce Fig. 4-13) one

might well expecct to see the 890 keV gamma ray since the 560 keV
gamma ray 1is so casily visible. No peak is seen at 890 keV

and the upper limit of 0.07% shown on table 5-10 was deter-

nined from Fig. 4-13,

Table 5-10
Alpha Neuman , Zch and
energy  Jentschke Walen and Present Mang
(MeV%‘ et al ™ et al Perlman Work (theoretical)
7,455 99,0% 99% 99.88% 99,6 0+0,10. 7 99.72%
6.90  0.50% 0.7%  0.57%  0.40%0.10% 0.80%
6.56 0.53% - 0,48% ¥<0,070,02% 0.48%
6.34 - - 0.07% *<0,07£0.,02% -

* mnot observed in the present work, upper limits of
intensity quoted.

Because the present work disagrees with that of
Jentschke et al and Neuman and Perlman it secans worthe-
while to comment on their work., It should be noted that both

Jentschke et al and.Newman and Perlman used At2ll sources
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211

which decay to Po by electron capture and hence their

spectra were not complicated by the presence of the intense
pi 2Ll alpha groups (6.618 and 6,280 McV) as was the present
work, Jentschke et al published only a letter which con-
tained no alpha particle spectra. However the 6.58 MeV
alpha group they report is very weak and they are uncertain
of its origin. Since no actual spectra were shown it is
impossible to advance any comment on the work itself, Neuman
and Perlman saw a 6.59 MeV alpha group of very lowintensity
-but their detection of the 6,90 MeV alpha group rests on one
experimental point which.is less than completely satisfactory,
Neuman and Perlman also report a 6.34 MeV alpha group whose
intensity is consistent with the upper limit determined in
the present work (see table 5-10). Having regard to the
meagreness of the existing information it seems important to
keep an open mind on the intensity of any 6.59 MeV alpha feed.
The present result is advanced as a new determination of this
intensity and should be considered with the carlier data.

Zeh and Mang (2Z-1, 1962) use shell model wave
functions in thelr calculations and it is interesing to
note how close they come to the experimental values.

Long range alpha particles have been reported in

211

Po by several workers. Curiec and Lub (C-~3, 1933) reported

alpha particles in the range 9.1 - 9.7 MeV in abundance

211

3 x 1077 per Bi disintegraticn (i.e., 107°/pPo?tl gisinte-

gration). Avignon (A-5, 1950) and Ader (A-4, 1955) also
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reported alpha particles in this range for P021l. The present

=3 /po?ll disintegration on any

work puts an upper limit of 10
alpha particles in this region which is not in disagrecment
with Curie and Lub but does not confirm their findings.
However it should be noted that such alpha particles could
only arise due to the decay of an excited state of POle

211

between 1.6 and 2.2 MeV. No beta particle from the Bi ground

state could feed either of these levels and the excited state in

211

Bi required to feed these levels would be above 1 MeV,

211 would have to be an isomeric

This high energy level in Bi
state to allow beta-decay to cbmpete reasonably well with the
gamma decay and thus would be expected to have a high spin.
The spin of the 1100 keV level in BiZtl has been determined

as 7/2 which is not consistent with an isomeric level, There-
fore the only possible explanation of these long range alpha
211 N

particles would be an isomeric level in Bi higher than

1 MeV and de-exciting only by beta decay to an isomeric level
in P0211. However the only known exicted state in P0211 is
an isomeric level but its energy (1.3 MeV) is not consistent
with an alpha particle of 9.1 - 9,7 MeV. Thus it is here
suggested that the long range alpha particles mentioned above
are not due to the active deposit of actinium, An additional
picce of evidence for this contention comes from Hanna (H-11,
1959) who comments that because of the very low beta to alpha
branching ratio (0.287%)of B1211, long range alpha particles

would nat be expected in the decay of po?tl,
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Chang (C-56, 1946,8) saw several alpha particles
in po?l4 (which is in the active deposit of the radium or
uranium series). Their energies were in the range 3-5 MeV
and their intensities were in the range 1 part in 104 to 2
parts in 105 compared to the main alpha groups. He bLelieved
the alpha particles had nuclear or atomic origin although
there was no obvious explanation. He suggested two possible

explanations:

1) vibrating nucleus

2) nucleus in a state of pre-fission

Similar alpha particles were looked for in the
active deposit of actinium (see section 4.2) and a limit of
1 part in 5 x 10° put on their possible existence. Therefore
it can be concluded that if such alpha particles exist in the

211 214

alpha decay of Po they are much weaker than those in Po .

These kind ~ of peaks have been seen before in alpha spectra-
and are usually ascribed to backscattering in the source or

adsorbed material on the source backing (F-11, 1929 and

F-12, 1963).
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The theoretical predictions for the alpha decay
of Po?ll (R-5, 1959, H-10, 1959) are contradictory in the
same way as for Bi 21l (see section 5.4)., Thus no inter-
pretation of the experimental results in terms of theoretical
predictions is possible,

If one considers the two protons outside the
Z = 82 closed shell to be paired there is left a gg /9 neutron
in Po?tl, Also the spins of the levels (from shell model
(P-2, 1952) in Pb27 are shown in Fig., 5-7 along with the
decay information from the present work. It might therefore
be expected that the alpha feed to the 560 keV level
involving the assembly of 89/9 and f5/2 neutrons would be
less hindered than the other feeds (g9/2 with P1/2 and P3/9
neutrons) because of the better overlap of the wave functions.
This suggestion is in agreement with the experimental result

that the alpha feed to the 560 keV level (0.50%) was larger
than the alpha feed to the 900 keV level (<0.07%),



The alpha decay scheme of Pezll and the
lovels in 7%207 regsulting from the present

work.
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5.9 The Levels in Pb207

The level scheme of Pb207

has been examined by
experiments involving:

1) electron capture from Bi 207 (Alburger and
Sunyar, A-2, 1955; Neuman and Perlman, N-3, 1951; Grace and

Prescott, G-13, 1951),

2) the alpha decay of po2ll (Spiess, S-10, 1954
and S-11, 1951; Walen et al, W-1, 1962; Jentschke et al,
J-1, 1954),

3) (d,p) and (d,t) nuclear reactions using pp200

08 targets (Harvey, H-6, 1953 and H-7, 1951).

and sz

4) neutron spectroscopy (Newson et al, N-8, 1961).
The levels indicated by these experiments along with the
suggested shell model spins are shown in Fig, 5-8. The
isomeric level (13/2) gives rise to a 1060 keV gamma ray
whose internal conversion electron line is a standard in beta
ray spectroscopy (A-3, 1953).

Pryce was the first to make theoretical calculations
for Pb207 (P-2, 1952). He used the independent particle model
and ignored non-central forces and assumed rigorous jj
coupling. He disagreed with the level diagram shown in
Fig., 5-8 only by including a level at 1110 keV. This level
was in good agreement with a 6.34 MeV alpha particle reported

in the alpha decay of po2ll (N-3, 1951 and S-10, 1954 and

S-11, 1951). Pryce quotes a note from Prescott confirming
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the presence of the 1110 keV level. Prescott (P-5, 1954)
then reported from coincidence data that the 1060 keV gamma
ray may actually be double, 6% of it being in prompt coin-
cidence with electron capture electrons and in fact did not
support the 1110 keV level. He suggested from his results
that instead of an additional level at 1110 keV there was

an additional one in the neighbourhood of the isomeric level
at 1600 keV giving rise to the prompt 1060 keV gamma ray.
However he does not seem to rule out a level in the neighbour-
hood of 1100 keV since he suggests the possibility of two
gamma rays in the 500 keV region. Reid and McNeil (R-7, 1954)
suppctt such a level and suggest that its spin is 11/2.
Prescott had assigned spin f7/2 to this level but found this
assignment 'embarassing'. He pointed out that according

to the shell model the (f5/2 - f7/2) doublet spacing should
be three times that of the (p3/2 - p1/2) doublet, whereas

it would only be 1.2 for this if Prescott's suggestion were
accepted. Further, analogy with other doublets suggests
that the £7/2 level should be located at about 2 to 2.5 MeV
(H-6, 1953) ° (it has since been assigned to a level at 2.4
MeV). The support for Prescott's 7/2 assignment is seen in
Fig. 5-9 (B-3, 1957) which suggests a 7/2 level between the
3/2 level (900 keV) and the 13/2 level (1600 keV). Montal-

betti however (M-11, 1952) points out that any level around
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1.11 MeV with a spin 7/2 would by shell model decay pre-
ferentially to the 560 keV level (spin 5/2) by a probability
exceeding 105 to 1 compared to the ground state tranéition.
It should be also noted that the 6.34 MeV alpha
particle quoted by Neuman and Perlman could be from the
1.3 MeV Llevel in Po’rl (J-1, 1953) to the 2.4 MeV level in
Pb207 (H-6, 1953). It should be noted that it is not
energetiéally possible to excite the 1.3 MeV level in P021l
in the actinium series. Lazar and Klema (L-2, 1955) took
Prescott's suggestion of two closely spaced levels and re-
examined the Pb207 gamma ray spectrum. They found no
evidence of close levels (iQe., prompt gamma rays) near the
1600 keV level, Gupta and Lawson (G-10, 1959) in examining
the 1060 keV transition conclude that weak configuration
mixing (which is very small near closed shells) is not capable
of bringing the theoretical M4 lifetime (0.32 sec.) into
agreement with the experimental lifetime (1.3 sec.). They
also contend that this is not due to spin-orbit effects but
suggest that it is due to meson currents. Hoff and Asaro
(private communication to H-9, 1953) did not find any
evidence for the 1110 keV level, Yavin and Schmidt (Y-1,
1955) say that no gamma ray exists in the region of 80 keV
to either side of the 1060 keV keV gamma ray with intensity
greater than 10% of the 1060 keV gamma ray and differing

more than 10 keV from it in energy. Alburger (A-2,,1955)
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searched carefully in the 1060 keV region for internal con-
version electrons., He put an upper limit of 1.3% compared
to the 1060 keV K line of any other transition unless it
fell on one of the 1060 keV conversion lines. True (T-2,
1956) in a theoretical calculation supports the levels as
shown in Fig., 5-Y and does not include a level at 1110 keV,
True's calculation is supported by one due to Sliv and
"Volchok(S-9,1959) in which they used experimental infor-

208

mation in the Pb region to determine an average nuclear

potential, Blomgvist and Wahlborn (B-2,1960) in yet

another theoretical calculation,(see Fig., 5-8) show no level
at 1110 keV. The spin of the ground level, the 560 keV level
and the 1600 keV level have been confirmed-by gamma-gamma
angular correlation as the shellmodel spins(see Fig. 5-8;
M-6,1953).

One gamma ray of 900 keV exists in the decay of Tl207

in the present work, i.e., is due to excited levels in Pb207f

Christensen et al (C-17,1963) report the gamma ray £from

207 6 be 900+10 keV. They quote &
1og10 ft value for the ground state beta transition of 5.07

a separated source of Tl

(the present value is 5.2). The suggested decay scheme of
Tl207- 207

work are shown in Fig. 5-10 (an upper limit of 0.027% was

and corresponding levels in Pb due to the present
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put on the possibility of the 560 keV level being excited

207).

by the beta decay of T1 Sargent(S--4,1939) found that

207

the gamma rays duc to the decay of Tl are 1/4 as intensc

211 Surugue (S-6,1941)

as those due to the decay of Pb
finds a 0.5% feed to the 900 keV level(he calls it the
870 1.V level) which agrees reasonably well with the
present work.

The final decay and lecvel scheme for the isotopes

in the active deposit of actinium are shown in Fig. 5-11.




Figure 5 = 10

0
The beta decay scheme of le 4 and the levels

20
in Pb 4 resulting from the present work.
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APPENDIX I

a) Consider the following decay scheme (S-1)
211 = 0.000320 sec.”t

(1) | pbtt - 2,
\\
(2) pi 2Ll _ A, = 0,005348 sec.™t
;
\ 207 1
(3) ", - TL - Ay = 0.00242 sec.”
\
(4)§J ‘Pb207 - stable

where isotOpe (1) has the longest half life and isotope {4)
is stable,

The equations governing the decay are (R-1)

dN o
dN

2/at = ANy AN, I-2
dN B N

where Ni and Ai are the populations and decay constants of

isctope 1 where 1 = 1, 2, 3,




The solutien to eq. I-1 is

-7\.It

where N;g 1s the number of atoms of isotope 1 initially.

Substituting eq, I-4 intoc eq. I-2
..7\,1t
WMNy/ae = MBoe 7 - M

The solution of this equation is of the form

~A =Nyt
o 2

_ 1
N, = Nlo(a e + b )

By substitution it is found that

A
2= /)

A
. 1
and since N, = 0 when t = 0, b = /(hz—kl)
Thus
N.p A N\ =Aat

Substituting this value of N, in eq. I-3, it can readily

be shown that

2

-N; € ~A,t ~Aqt
1= B e + ¥ e 3

Ny = Nle(a e ) I-6

where

M N

a = ”
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M Ao

™
|

M Mg

T R AP (RR3)

b) Supposé that n_ atoms of isotope 1 are deposited each

o
second (from the emanaticn), After a time of exposure T, the

number of particles Ny of isotope 1 present is given by

T
A n oy W
Ny = ng j e 1tdt=xil)-(l-e 17
O

At ény time t, after removal of the source, the number of

atoms N, is given by

Ay T A, t

Sy W o
1 (1L - ¢ 1 ) e T I-7

?"'Oﬂ

N, = N e
1T 1

Consider the number cf atcms n dt of isctope 1
produced during the interval dt, At a later time t, the
number of atoms dN, of isotope 2, which result from the
change in N;, is given by (see eq. I-5)

1 ~Aot -\t '
sz = (e - )dt = nof(t)dt I-8




246

Ater a time of exposure T, the number of atoms

Nop of isotope 2 present is given by

T

Nyp = no‘j’ £(t)d t.
O

If the socurce is removed from the emanation
after an exposure T, at any later time t the number of

particles of isotope 2 is given by

t+T t

No =M | #(o) at - n_ [ £(t) dt

O
O

where the second term is present because isotope 1 is no

longer being fed from the emanation after time T,

Since B C C
oS
J
A B A
then
C B C
A A B
and thus
: t+T
N2 = n /’ f(t)de
t

it should be noted that this expression is independent of

the expression used for £(t).
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Substituting the particular value of £(t) given

in eq. I-8 and integrating it can readily be deduced that

At MT A At AT
Ny=n [&—Sd=e ) 1 e ° (e "), 1-9

7\.2—7\.1

Similarly Ny may be found by using the value of £(t) from

eq. I-6 in the equation

T+t
N, = n_ / £(t) dt
Tt
AT A, ¢ Sy W oy W
= n [a(l-e 1 Ye 1= B(l-e 2 ) e 2
AT =ALL
+ ¥ (1-e e 33 I-10
where a4 = 7\'2

(hg-Ay ) (A3=Aq)

p=__ M
8y 7g) (hghg)

AL Mo
Agnhg ~A3) (hg-Ag)

Il




28

Using the values for A from part a

AT At AT hy
N, = 198.9 (1~e 1) e 1 -11.90(l1-e 2)e =
N I-11
R N o, i v AT <AL
Ny = 508.5 (l-e. & ¥.e® it + 21, 7(1ee 2)e 2
- AT Aot
- 115.5(1-e 3)e 3~

c) If, as we have with Pb211‘being isotope 1, the decay

constant of isotope 1 is small compared to the others
AN, T

(hl < hz or h3), the term containing e 1 will be the

dominant one.

Thus after a long time t equations I-5 and I-6

reduce to
Nig M 6'7“1t

N. = I-12

hl hz -hlt
N, = N e
3 10 (hz—hl)(h3-h17

The rate of emission for levels 1, 2 and 3 are
thl, LZNZ and h3N3.respectively. If klNi = thz = L3N3
secular equilibrium exists. If the daughter is radiating at

a constant rate which is faster than the parent, transient
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equiibiium exists., It is important to examine how these two
'equilibrium conditions are related. The relationship can be
investigated by the ratio of the rate of emission of the ‘
daughter to the rate of the parent, which by substitution can

'be shown to be

MM
and
AgN3 Aghg

AN g A gy

The result of the above ratios has the form of
the Bateman solutions (B-1) to the radiocactive decay equations
and are tabulated for all the radicactive series (K-1). Also
useful are the tables of growth and decay for the naturally
occuring radioactive series calculated by Kirby (K-2).

Using the values of A from part c

5222 = 1,063 . I-.13

Ny &M

N3hg

1.226
Ny

That is Bi21ll (isotope 2)is emitting alpha particles 6,370 %
faster than PbZil (isotope 1) is emitting beta particles and
71207 (isotope 3) is emitting beta particles 22.6% faster

than pb2ll is emitting beta particles,



250

APPENDIX II

Some values of the F functions (for L > 4) were
not listed in the literature and had to be calculated from
tables of Clebsh-Gordan and Racah coefficients, However
there are some differences in notation in the available
literature. In the theoretical part of this paper (S:c. 5.8
and 5,9) the Clebsh-Gordan coefficient is written in the
form C(jljzﬂ); MIMZ)‘ This is exactly equivalent with another
common notation C(leij2M25 jM). TFor our case My =1, N, =

-1 and thus M = 0, Therefore our coefficients will look

like
C(3pdg v 5 1-1) = €(§;14,~1; 10)
- | iy 3y 3
Jg-i;-M /2 (31 J2
= (=1) (23+1)
Ml M2 ~-M
Jp 39 3 )
where M, M, -M is. 8 3-j Wigner symbol and is tabulated

(R-12, 1959). The Racah coefficient W(3; dndsd; Jy9d13) in our

expressions is simply related to the 6-j coefficient by

L Jytigtisgtd [y 3o
W31 3pdsds Jpdy) = (1)TH T2 t e

3 I3 313
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The following are tables of values for the functions F, G
and b which were needed in this analysis and were not

avaeilable in the literature.

'FZ (5 9/2 3/2) = 0.300
Fy (6 9/2 3/2) = -0.591
Fy(L 9/2 5/2)

S\L 5 6 7
2 0,259 -0,181 -0, 781

4 -0,0554 0,467 0.288

G, (53 9/23/2) =0.051
Gy (6 4 9/2 3/2) = 0,0395
Gy(LL' 9/2 5/2)

L'L 4 5 6 7
2 0.0472 - 0 -
3 - -0,0384 - 0
&
5

- - : ~0.0263 Lo
- - - 0



~N o o P

AT

4

I

¢, (LL' 9
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/2 5/2)

4
~0,00445

5

-0.0175

-

by(A, A1)

-1,04

0,494

ba(h,h‘)

-3. 44‘

0,742

-0.958

0,422

-l 9565

0,545

6

-0.0458

0

~0.8%96

-0,0253

0.0184






