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PREFACE

The study of beta decay has played an important role in Nuclear Physics
from the early years of this century to the present time. The experiments of
von Baeyer (1), of Chadwick (2) and of Rutherford (3) over the period extending
from 1910 to 1914 had revealed the three main components of the radiation in beta
decay. The group of electrons of continuous energy distribution was identified
with the disintegration of the nucleus, and the monoenergetic groups of electrons
and the gamma rays were thought to be connected with the reorganization of the
new nucleus formed (4). This latter view was finally confirmed in 1922. Over
the next decade the efforts directed to the study of the disintegration electrons
culminated in 1934 in the theory of beta decay proposed by Fermi. Since 1934,
the use of artificially produced radio isotopes and improved experimental tech~
niques have provided confirmation of this theory and yielded new information
concerning nuclear processes. In the Fermi theory the disintegration energy is
shared between an electron and a neutrino. This latter particie, assumed to have
zero charge and mass and postulated simply to conserve momentum and energy,
interacts so weakly with matter that its direct detection did not occur until 1956.
In that year, Reines and Cowan (5) demonstrated the presence of inverse beta
decay induced by the large anti-neutrino flux from a nuclear reactor. About the

same time the suggestion of Lee and Yang (6) that parity might not be conserved

ix
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in beta decay led to a flurry of experiments which determined the coupling con-
stants of beta decay and provided new insight into the spin properties of the
neutrino. A study of a specific beta decay process can yield information concern-
ing nuclear matrix elements, and the spins and parities of nuclear levels in both
the parent and daughter nuclides. These studies are therefore useful in providing
the new material for testing existing nuclear models and suggesting modifications
to them.

The work described in this thesis is concerned with the construction of
an electron-electron coincidence spectrometer designed for studying the generic
relationships between various beta and conversion electron groups in beta decay,
determining conversion probabilities and measuring branching ratios. This
spectrometer has then been used to study 0893 which decays by beta decay to

‘[r193 with a 31-hour half-life. The decay scheme of this nuclide has been ex-

tremely difficult to solve because there are many excited states of Ir 193 in a
smallb energy range and none of these are strongly populated in the beta decay
process.

The first chapter gives a brief account of the theoretical concepts
necessary for an understanding of the thesis. Subsequent chapters deal in turn
with the theory of operation of beta ray spectrometers and coincidence experi-
ments, the details of construction of the electron-electron spectrometer and the

193
results of the experiments on Os .



CHAPTER I

(i) Introduction

A nuclear level is characterized by its energy, spin and parity. These
guantities are not directly observable but are inferred from a study of its tran-
sitions to other nuclear levels. In the beta decay process, the transition is
from a level in the nucleus (A,Z) to a level in the nucleus (A, Z + 1) with the
accompanying emission of a negative electron and an antineutrino and the pro-
perties of the initial level must be deduced from the nature of the beta spectrum.
If the level of interest is an excited state, it may decay to the ground state of
the same nucleus by the emission of electromagnetic radiation or conversion
electrons. The properties of the initial level must now be deduced from the

energies and intensities of these radiations.

(ii) Beta Decay

The Fermi theory is set up in analogy with the process of photon
emission by electric charges. The transition probability is given from pertur-
bation theory as

T =27 [Hyt| ‘i M
+ dE

wherelH;ndis the interaction Hamiltonian and dn is the density of final states.
dE



In the case of photon emission, the Hamiltonian density is
,H-t1A
where p and j are the source charge and current densities and ? and A are
the electromagnetic scalar and vector potentials respectively. The quantities
( ,icp)and (A ,i @) are both four vectors. The Hamiltonian is then a scalar
product of two vectors and the interaction is called a vector interaction. To
form the analagous two four-vectors in beta decay (which is the form Fermi
first constructed in his theory) the wave functions of the nucleus and leptons
(electron and neutrino) are used. The Hamiltonian is
* * *

=g [(F ) (v - P PICY “$ ] @)
It was soon shown that the vector interaction was not the only one possible but
that there were four other ways of constructing a relativistically invariant
Hamiltonian. Much of the effort of beta ray spectroscopists for the last twenty-
five years has gone into attempts to determine which of these five actually occur
in nature. The discovery of parity non conservation and the experimental results
connected with this discovery have shown that only the vector (v) and axial
vector (A) interactions are present in the beta interaction. The Hamiltonian may
therefore be written as H =CyHy+Cp H, , (3)
where C, and Cy are coupling constants such that

2 2

+C, =1

CA v

Since we must sum over all nucleons and integrate over the entire nuclear

volume, the final expression for the transition probability becomes

T- s (Hsanpdnl O



The term in the modulus is called a matrix element. The first order term in
the expansion of this matrix element, in terms of spherical harmonics gives the
transition probability for the so called allowed spectrum. Physically this
corresponds to the emission of the leptons with zero orbital angular momentum
and therefore no change in parity, For the vector (the so-called Fermi) inter-
action, the selection rules are
Al=0 , Am=0.
for the axial vector (the so-called Gamow-Teller) interaction, the selection rules
are
AT o \,(076 0) Am=0.
The second term in the expansion is much smaller than the first, and
its effects can only be observed if the allowed transition cannot take place. The

selection rules in this case (the so-called first forbidden transitions) are

AI a Yy \, O, O}‘O, O T=-] for the vector interaction

AI-'!-’Z,'.‘-’I,O, o*,o)
AN » -\ O &% | ) for the axial vector interaction.

Yo A %)
The argument can be extended to higher order terms, and leads to second,
third, etc, forbidden transitions.

The matrix element for allowed transitions is independent of energy,
and we can replace it by a constant. We can get the momentum distribution of
the electrons from equation (4) by expressing % in terms of the momentum and
energy of the emitted electron; and including a factor F(E,Z) which corrects for

the coulomb effect of the nuclear charge. |
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Weget P(p) = (ﬁl/g_q‘ﬁ’HCs) } Mif’z F( E,Z) Fz(Em‘qu)l

where | Mifl 2 - matrix element
Emax= maximum energy of the emitted electron
g = coupling constant
The shape of the distribution apart from the factor F(E,Z) is determined by
p2(Emax = E)2 which is called the statistical factor.
A plot of VF-ES;-) versus E is called a Fermi plot and is a straight line with an
intercept on the energy axis equal to Epq. Spectra which give a linear Fermi
plot are said to have the "allowed shape''. For forbidden spectra the matrix element
is a function of the electron energy and so one would not expect these to have the
allowed shape. However, the departures from linearity for most first forbidden
spectra are so slight as to be experimentally undetectable. Notable exceptions
are the so-called first forbidden unique spectra withj I = 2, yes, and Re186
withAI=1, yes( 7)
The total probability that an electron be emitted is

) -.:jb"'“" P dp = 0:093/t wheret is the half-life. The hali-
life isotherefore dependent on the disintegration energy. We can, however, find
a quantity called the comparative half-life which is independent of energy, and
depends only on the nuclear matrix element. From above, it follows that

0633 - [Mi|* =tz S:W F(z,E) P (Emax B)* dp

= const |Mi4 f {(2,E)

-2
const | Mif‘

o ft

The range of values of ft, the comparative half—]ife,is extremely large, so



log; ft is generally quoted. For allowed transitions log; ft ranges from
4.0 - 6.0 except for mirror transitions where the value is around 3.5. For
first forbidden non unique spectra, log; ft ranges from 6.5 - 9 while for higher

order of forbiddenness, the values are correspondingly higher.

(iii) Electromagnetic Transition

Electromagnetic radiation from nuclei can be classified as dipole,

quadrupole, 21

pole according as to whether one, two or 1 units of angular momen-
tum are carried away by the photon. For any given multipole order, the radiation
may be classified as electric if the parity change is (-1) 1 or magnetic if the
parity change is (—1)1 '1. Calculations of transition probabilities can only be
carried out in terms of some specific nuclear model. For any model the transi-

tion probabilities may be expected to decrease very rapidly with increasing 1.

This is clearly shown by the formulae for the single particle model (46):

(B) = _Hq4d4lr+d 2 L+ -
% L{Caren 11]? (\.u) ( \cn) ot x 10* sec

T(M) = o~\°\(\-"") zu—l at=2 ‘om it
\.\L:.Lﬂ)\l]‘ L+2) (/“ L= L-ﬂ) <“\7) of- “x10°§
oz 1us xi0 BAYS (n 102 em units
/Aﬁ:: 2:79 ) E‘y itm Mev,

Consider two levels A and B within the same nucleus. The radiation from A to

B will be restricted to those multipoles which satisfy the condition

e rdy ol £ oniinly
and the parity condition for electric and magnetic radiations. On the basis of the
single particle formulae one can arrange the various multipoles in order of de-

creasing probability according to the following scheme



Type of Radiation El M1E2 M2 E3 M3 E4 My Ej
Parity change yes No yes No yes

Thus for a transition between two states of specified parity only the lowest
allowed multipole order may be expected to contribute appreciably to the intensity
of the radiation. This in fact is found to be true except for transitions between
states of the same parity and spin difference of + 1, or 0 (07‘)0, and 14.-/-)0).

For these, one would expect pure M1 radiation on the single particle estimate
whereas in fact one often finds a mixture of Ml and E2. The enhancement of the
E2 intensity is related to the occurence of collective effects in the nucleus.

As an alternative mechanism to photon emission in the de-excitation
process the nuclear excitation energy may be transferred directly to an orbital
electron which emerges with the transition energy less the orbital binding energy.
The absolute probability for this internal conversion process depends on the
nuclear model used, but the ratio of the conversion electron to the photon emiss-
ion probability depends only on the multipole character of the electromagnetic

transition. Thus the internal conversion coefficients

and -E— ) —:‘-;‘- ) Ll‘ Ll\ :Llll ratios are sensitive functions of the char-
acter and energy of the transition. Extensive tables of conversion coefficientsare
now available (8) and make it possible to use measured conversion coefficients
and their ratios to determine the character of the radiations. It is more con-
venient in the coincidence spectrometer to work directly with conversion

probabilities, defined as

Xk = Xk = New :
- T SR Nx+NQK*NQL+"‘




(iv) The Nuclear Shell Model

The shell model proposed independently in 1950 by workers in
Switzerland ( Haxel, Jensen and Suess (9) ) and the U.S. A. (Mayer (10) ) has
had striking success in predicting the properties of the ground states of nuclei.
The basis of the model is the assumption that each nucleon moves in the average
field due to the rest of the nucleus. The exact nature of the potential is not
known but the order of filling the levels is not very sensitive to the choice of
potential so long as it is spherically symmetrical (the square well and the
harmonic oscillator have been two favourite choices). If one applies the Pauli
exclusion principle separately to protons and neutrons, the occupation number
for each level is determined and the appearance of closed shells occurs quite natu-
rally. It had long been known that nuclei with 2, 8, 20, 50, 82 and 126 neutrons
or protons are particularly stable (Mayer) and these values became known as
"magic numbers''. Almost any simple potential leads to the closure of shells at
2, 8,and 20 but all of them failed to predict the others. Mayer showed that
with the addition of an unexpectedly strong spin-orbit coupling about (fifteen
times that expected from the known proton and neutron magnetic moments) the
theory could be made to predict closed shells at all of the magic numbers.

While this theory has made it possible to predict correctly the ground state
spins and parities for elements of mass < 120 (with some exceptions) it is not
so successful for the strongly deformed nuclei with partially filled shells. The
ground state spins for such nuclei have been much more reliably predicted by

Nilsson (41) using an ellipsoidal potential and spin-orbit coupling. In his



treatment, the simple shell model orbits are replaced by orbits characterized
by the parity, and the component{p of the nucleon angular momentum along the
nuclear symmetry axis. Each orbit may be occupied twice, oncefor +£1p and
once for -§2p. The effect of this potential is to mix the simple shell model
orbits more and more as the nuclear deformation increases. In this model

one might expect to find .,‘O,S',?: with a ground state of 3/ 2-4 nd an 11/2+ particle

state not too far above it. Similarly 77"1r igg should have a 3/2+ ground state

spin with low lying particle levels of 1/2+ and 11/2- nearby.

(v) The Unified Model

Even while the successes of the shell model were being exploited its
weaknesses became evident. It failed to explain the large quadrupole moments
between closed shells and the presence of E2 transitions as much as 100 times
faster than the single particle estimates which occurred from low lying nuclear
states. The answers to these questions and many others were provided by the
unified model of Bohr and Mottelson (11). Large quadrupole moments indicated
strongly deformed nuclei and led to a consideration of collective modes of.
excitation of a spheroidal drop of matter. For a strongly deformed nucleus, the
most easily excited mode is that of rotation and its mathematical description is
similar to that of the familiar rigid rotator of the molecule. In general one
expects a series of energy levels with spins Io, Ig+ 1, Io+ 2.....with energies
given by E,ot = _'ﬁ__? I (I+ 1) and all of the same parity. Two special cases
occur; if I, = 0, (ijs is true for all even- even nuclei in the ground state) the

spin sequence is 0, 2, 4, 6 ..., whileif I = 1/2 a special correction term of



9

2
v (I+ 1/2) must be added to Epu¢ to yield the correct energy

the form a (—1)I T
of the level. It should be noted that the moment of inertia j is not that of a rigid
spheroid rotating about its axis, but that of a matter wave moving over a rigid

core,

Deformed nuclei may also be made to perform vibrations, i.e. periodic
changes in the shape of the surface without a change in volume. These may be
classified as /S vibrations (those which retain cylindrical symmetry about the
axis of symmetry) and Y vibrations(those which are not symmetric about the
axis), Nuclei close to the closed shells are very difficult to set in rotation. For
these the level structure is more easily described in terms of a three dimensional
harmonic oscillator with equally spaced degenerate levels with spins of (0), (2), (0,2,4),
(2,3,4,6) etc. In practice,the degeneracy of the pure harmonic oscillator
is unlikely to be realized. An interesting extension of the theory of the vibra-
tional levels has been given by Davydov and Philippov (12) who discuss the
properties of the levels to be expected for anasymmetric rigid rotator and apply
their results to levels in even-even nuclei.

The actual level structure of a heavy nucleus will consist of a combin-
ation of particle and vibrational levels, each carrying its own rotational band.

Since the levels may be close together, perturbation effects can well wipe out
any similarity between the actual levels and those predicted by the model. Only

for highly deformed nuclei or those close to the closed shells can the actual

structure be easily interpreted.



CHAPTER I

BETA RAY SPECTROMETERS

(i) Introduction

A great deal has been written on the subject of the design'construc—
tion and performance of beta ray spectrometers. There are excellent reviews by
Kai Siegbahn (13), Persico and Geoffrion (14) and many others. The first published
work on the determination of energies in beta radiation was done by O. von Baeyer
and O. Hahn in 1910 (15). The deflection of beta particles in a magnetic field was
measured by a photographic plate placed at some distance away from a radio-
active deposit on a wire. No attempt was made at focussing. Nevertheless, these
authors were able to report the presence of definite lines corresponding to mono-
energetic groups of electrons in the beta spectrum.

The first semi-circular magnetic spectrometer was built by
Danyz (16) in 1912, This instrument consists of a uniform magnetic field in which
a source and some detecting device are placed in the same plane perpendicular to
the direction of the magnetic field. A narrow beam of electrons, selected by suit-
able source slits, describes a circular path in this plane and comes to focus after
describing a semi-circle. In spite of its inherent low transmission modern ver-

sions of this type of spectrometer are still being used because of their cheapness,

10



X
precision and ease of construction. The field can be measured with high accuracy
using the proton resonance method and so absolute determinations of energies can
be readily made. Photographic registration can be used to compensate for its
low transmission, since a large part of the spectrum can be recorded in one
exposure. The double focussing spectrometer,first built by Siegbahn and
Svartholm (17) ,is a flat spectrometer like the semi-circular instrument which
employs a shaped field to obtain focussing in the z direction (perpendicular to
the orbital plane) as well as in the radial direction. Since DivB= 0, and Curl

B =0 for free space,specification of By is sufficient to determine Br and Bo

completely.
BL=BO[1+&a§r-a) +A(r;a)2 +y(__r;a)3+,.,].

If o =-"ﬂ = x= 0,we have the situation in the semi-circular spectrometer with no
focussing in the z direction. Forth = Y2, we have 1st order focussing at © = V2 T
for all values of ¢Jt°“ d ¢1.' This means that the first order terms in 4)"-

and ¢z vanish in the equation for the image size. The coefficients ﬁ and b’
must be adjusted to obtain complete second order focussing. With iron, itis
difficult to do this precisely by shaping the pole pieces, and so these instruments
fall shortof ideal performance. With iron-free instruments it is possible to

design the coils to give any desired values of /3 and bf and eliminate defocussing
terms up to the 3rd order. Such an instrument was built by Ewan et al (18) at
Chalk River following the design conditions worked out by Lee Whiting (19).

Over the years there has been a corresponding development in spec-

trometers employing magnetic lenses. In these the magnetic field has axial
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symmetry and the elections travel in helical paths. These instruments in general
have higher transmission and poorer resolution than the flat instruments and are
better suited for coincidence experiments. The first of this type of instrument
was made by Tricker (20). Very superior instruments using fields of this
general type have been constructed by DuMond (21), Schmidt (22), Siegbahn and
Slatis (23), de Waard (24) and Gerholm (25).

The decision to build a Gerholm type instrument at McMaster was dic-
tated by the need to have available an instrument suitable for coincidence
work with a resolution sufficient to resolve the complex conversion electron spectra
of the heavier nuclei. This instrument is essentially two beta ray spectrometers
placed back to back in such a way as to allow them to '"look at'" a common
source. Each half of the instrument has a transmission of about 4% and a reso-
lution of about 1.5% for a source size of 2mm. Gerholms paper was not
sufficiently detailed to serve as a blue-print and so the construction of the
McMaster instrument involved a considerable amount of design. Its principle

of operation is discussed in section (vi).

(ii) General Properties of Magnetic Spectrometers

Since the radius of curvature ﬁ of an electron orbit in a uniform
magnetic field B is related to the momentum by the relation \): Bp.e, it is
customary in experimental work to measure momentum in gauss-cm units, The
corresponding electron energies can be calculated directly or obtained more
conveniently through the use of tables (26), Most magnetic spectrometers do

not have a constant field over the entire trajectory. Nevertheless, as long as



the source and detector are fixed and suitable baffles are provided to ensure
that only electrons in a momentum bandAp aboutp can pass from the source to
the detector, it is still true that the magnetic field at any fixed point in the
electron trajectory is proportional to p. Therefore, in any magnetic spectro-
meter, a measurement of the field at one point can be used as a measure of p.
If the instrument is iron-free, a measurement of the magnetizing current is
equally as good as a measure of the momentum and much more easily carried
out. This feature is one of the great advantages of iron-free instruments over
those with iron-shaped fields.

The transmission w of a spectrometer is defined as the fraction

of the electrons of momentum p emitted from the source which arrive at the

13

detector when the instrument is focussed on p. The resolution of a spectrometer

is usually determined by observing its response to a source of monoergic
electrons. When the counting rate is plotted as a function of the field B, or the

mOmeﬁtum p, one obtains response curves of the type shown below.

NCP)

_Figure 1

The resolution R is defined as APE where Alb is the momentum spread at half
(/]

maximum and Po is the momentum at the peak counting rate. R is independent



14
of I>° . It should be noted that each instrument has its own characteristic line
profile determined by its own particular focussing properties, but this definition
of R can be used for all of them.

Although both the transmission and the resolution of a spectrometer
are independent of p, they both depend strongly on the design of the instrument,
the choice of baffles and the source and detector dimensions. In any practical
beta ray spectrometer, a compromise must be made between the conflicting
requirements of high transmission and low resolution. The ratio R/@ is often
called the figure of merit of the instrument. R/&’ varies from about 20 for

older instruments to 0.1 for many of the best modern instruments (27).

(iii) Ring Focus and Baffles

In a lens spectrometer, the electrons leaving the source at an
entrance angle o to the axis eventually return to the axis again to form an image.
The spherical aberration of this image is large for many field shapes. A
position of minimum spherical aberration generally occurs before the electrons
cross the axis at the so-called ring focus. A great improvement in performance
is obtained by placing the defining baffles at this focus rather than at the detec-
tor (28). Ring focussing is employed in the Gerholm instrument.

In any lens spectrometer, the profile of a mono-energetic line
is due to the following three effects acting independently of each other (the
broadening due to source thickness ignored),

(1) the finite angle of acceptance of the spectrometer

(2) the finite size of the ring focus gap, which for a fixed angle of emission
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accepts a finite momentum interval
(3) the finite size of the source.
Du Mond (29) and Persico (30) have discussed in detail the case of the homogen-
eous field lens spectrometer and Du Mond has established a criterion for the
optimum source size, instrumental resolution and transmission with an arrange-

ment of diaphragms shown in Figure 2 below.

Py
D,

Do Dx

Figure 2

The diaphragms D, and D2 define the solid angle and Dg and Dy
the momentum band for a fixed angle of emission. Du Mond has suggested that
for a given transmission,the width of the ring focus be such that broadening at
the base of the resolution curve due to finite transmission momentum and reso-
lution be approximately equal. The source size should then be chosen to give
an equal base broadening. Hubert (31) has shown that the arrangement of
diaphragms shown below in Figure 3 leads to an improvement in resolution for
the same transmission. The combination of diaphragms D3, Dy, Dg define both

the solid angle and the momentum band.
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D ||Ps

D2

Figure 3
For the case of non-homogeneous fields where the electron

trajectories cannot be calculated the shape and position of the ring focus can be
determined using photographic film. The diaphragms Dy and Dg can be replaced
by a single conical baffle and Dy by a movable baffle. The gap between the
movable and conical baffles then defines both the transmission and resolution
of the instrument. One of the advantages of this system over the one proposed
by Du Mond is that only the movable baffle Dy is required to be adjusted to vary
the transmission and resolution of the instrument, whereas in his instrument
D3 and D4 must be adjusted for each setting of Dy and D2. The Hubert baffle is

used in the Gerholm instrument.

(iv) Response of Spectrometer to a Monoergic Beam

The resolution %E defined above is a useful concept for many
purposes but it is not as convenient for making queantitative deductions as the
quantity'gl to be defined in this section.

To describe the response of a spectrometer to a monoergic elec-

tron beam of finite angular spread emerging from a source of finite area
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following Gerholm (32) we introduce the function g (§ p) which is the probability
of recording an electron of momentumg when the instrument is set to focus
electrons of momentum p. If E = p the value of g is unity. It can be shown
that g (8,p) is independent of p and depends only on (§-p)/p. Hence, writing

o &0

(¢-p) /p =u, we have So Q(E,P) de = t: g—' Q) dw = ‘:T‘L,
where\’lis a constant for a given spectrometer and depends only on the source,
detector and baffle geometry.

If a monoergic source of electrons of intensity N ( 'gc) is placed
in the spectrometer, the detector counting rate N (p) at an arbitrary value of p
isN (p) =N (g) w g (€ p) and the peak counting rate is N (g.) w. If we now plot
N/p vs p the area under the peak is >

(% N dp = e N(ED
°

However, since g (g, p) vanishes unless p% E, , the effective range of integra-

€b)d P

tion is so small that we can remove p from under the integral sign. Hence

"N d b s wNE) (“a(€P) d
So_%_ e NE) (" (EF) dp
- wN(io)Q.

Thus "l represents the area of the peak divided by the peak counting rate. In
spectrometers where the peak profile is symmetric, 12 will be very nearly equal
to the resolution Ap/p defined earlier. This condition is satisfied for the

Gerholm instrument with the Hubert baffle system. (See section vi.)

(v) Response of Spectrometer to a Continuous Distribution

For a beam of electrons of continuous energy distribution we
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introduce a shape factor 4)(6) which is the probability per electron, that the
momentum will lie in a unit interval of momentum about g ;

S:;o ¢(§)d§ = N, where N is the total number of electrons. When
the spectrometer is set at p, the counting rate is
(TVee qepwdt
In beta ray spectra 4)( g) is a slowly varying function of § , compared to g. We
may put # (8) = (P( P) = constant over the range of integration, and the counting
rate becomes No ¢ (P) 'rL ‘9 w

If N is plotted against p , the area under the curve is given by
Y o0

o
o P o 3
The approximation that ¢ remains constant over the range of finite values of

g is valid in most practical cases. A large resolution can, however lead to
errors in the determinations of areas, and end points of beta spectra of the

order of a few percent.

(vi) Theory of the Triangular Field Spectrometer

The focussing conditions for a lens spectrometer are difficult to
treat mathematically and complete theories exist for only two types, the thin
lens and the homogeneous field lens. For other cases it has often proven more
advantageous to carry out experimental explorations of the focussing properties.
In the Gerholm (2 4) instrument, Hz on the symmetry axis is zero at the
source position and increases roughly linearly with 2 as one moves towards the
detector. Gerholm (24) had shown the advantages of such a field form but no

theoretical treatment of its properties was available until the present instrument
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was well under construction. In 1957 and 1958 two papers dealing with this
topic appeared. Lindgren (33) discussed the performance of a pure triangular
field and showed that the maximum luminosity was superior to that of a uniform
field. A shape between a triangular and uniform one, however, would be even

better. Ramberg and Blaugrund (34) dealt with such a field shape. Their
paper is useful in deducing the general focussing properties of the Gerholm
instrument but not of much value in locating the actual baffle positions. Some
discussion of their theory and comparison of its predictions with the results
obtained from the McMaster lens seems waranted. Curve (a)of Figure5 presents
the measured value of Bz. on the symmetry axis as a function of z for the
McMaster instrument with a coil current of 20 amperes. The field shape was
determined for various current values and found to be independent of this par-
ameter as expected. The lower part of the figure also shows the location of the
source ring focus and detector.

Ramberg and Blaugrund dealt with a simpler field than this one.

They considered the focussing effect of a field rising uniformly along the symmetry

axis (i.e. B, =Kz up to a position Z, and then becoming constant

|

N
©

N4+ ————
N

Figure 4
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The equations of motion of an electron in the linearly rising portion of this field
v (K )2 Z2 == (X \2 2
are S (z.'“) z'nl (Zm) }tz)
where A is the distance from the symmetry axis and z is the distance measured
from the source along this axis. If we define ,0 = % and f = ER where R2== 2BpL

K

and BP is the electron momentum, the equation of the path is given by:
3
pUPE) e p3 =00+ )

The solution is of the form /0= f Qm S e where the Q.. are specified functions
of tan &k the angle of emission of the electron from the source. Beyond the
point where the field becomes constant,r the electron trajectories are difficult
to calculate analytically. Ramberg and Blaugrund (34) give the results for
computer calculations for & = 26. 5° and 31. 0‘ . They describe these results
in terms of the following parameters:

Zo’ the position where the field becomes uniform

D, the maximum value of r

Zg¢ and Z,, the coordinates of the ring focus and (2 A P/P)/T-zg A
Graphs are presented for A,rf /D Zy /D as a function of Z, /p: Wemay compare
the predictions of this theory with the performance of the McMaster Instrument. For this
instrument ® = 300 and hencep = 0.577% - 0.02563° - 0. 0022 3 e 0. 000253 13
The maximum value of p occurs at$= 1.3, From the dimensions of the vacuum
chamber, D~6.2 em so that R = 10.0 cm. This enables us to plot the trajectory
up to Z = Z, (see curve(b)of Figure 5).

Since K =2 B2 ,one can immediately determine its value from the

R2
fact that the electron momentum focussed,for I1=20 a.mperes’is 14,900 gauss-cm.
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The necessary value of Zg = 9.3 cm for this field can be deduced from Ramberg
and Blaugrund's paper using the datum A = 21. This idealized field curve ¢ of
figure 1, shows a broad similarity to the actual field although one would have
hoped for a larger value for Zo. The coordinates of the ring focus for the
idealized field are zp=19.3 cm and J2¢= 4.7 cm,_ in excellent agreement with
the observed values at 19.5 and 4.4 cm respectively, The lower part of Figure
5 shows the ray at 31. Oo drawn to pass through the ring focus. The expected

paths of two extreme rays on either side of it are also shown,



CHAPTER III

THE THEORY OF COINCIDENCE COUNTING

(i) Introduction

An electron-electron coincidence spectrometer is designed to study co-
incidences between conversion electrons on the one hand and decay electrons or
conversion electrons on the other, i.e. e- ﬂ or e-e coincidences. In addition,
by removing the baffles from one spectrometer and inserting a Sodium Iodide
(T1 activated) crystal scintillation spectrometer /S - Yand e —x coincidences may
be studied. Equipment for this latter type of experiment was built and tested but
was not used in the 0s193 investigation and will not be discussed further here.

It will be assumed in the following discussion that a suitable source moun-
ted on a thin backing has been placed in the spectrometer so that electrons can
pass freely into both focussing fields, and that the coincidence circuit has been
set up to record coincident events from the two detectors with 100% efficiency.
Under these conditions we shall examine the information which may be obtained

from e - ﬁ and e-e coincidence experiments.

(ii) e- @ coincidences

In these experiments, one spectrometer is set on the peak of a conversion
line while the other one scans the continuum. The coincidence counting rate

yields the spectrum of beta rays in coincidence with the conversion line and this

22
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spectrum can be subjected to Fermi analysis in the usual way. A linear Fermi
plot will indicate a simple beta spectrum (assuming an allowed shape) while de-
parture from a straight line will indicate the presence of two or more partial
spectra in coincidence with the conversion electron. The situation is illustrated

in the Figure 6.

Figure 6
For case A the coincidence spectrum with spectrometer No 1 on 2., will have the
same end-point (but not the same intensity) as that obtained when it is set on 7\1.
In case B, the coincidence spectrum with spectrometer No 1 on 12, will yield
two spectra 8 1 and 82 under Fermi analysis. The difference in the end-point of
8‘1 and 82 will be equal to )' and the difference in the end-points of 82 and 83 (if
this is known) will be equal to Az. This type of experiment breaks up the initial

complex spectrum into simpler components which are more easily analyzed. The
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area under the coincidence spectrum when combined with the area under the single
channel spectrum will yield the branching ratio or the conversion probability (of
the beta group or the conversion electron respectively) depending on which one of
these is known,

Let us consider the simple case of a beta spectrum of intensity_s 1 feeding a

level which decays by a transition ]'ﬁgure 7.

Figure 7

Suppose that spectrometer No 1 is set to focus a conversion line of momentum Py
and spectrometer No 2 is set to focus beta rays of momentum py from the contin-
uum. The single channel counting rates will be

N, = No ¢(R) w, ", h + No £, X wi

Ny = No ¢(|°,,) Wa n, B
where the symbols have the same meaning as in Chapter II. Of the events recor-
ded in spectrometer No.2, a certain number belong to the partial spectrum 81

which lead to the transition A,. These are No 5' t@o Uz")zkz where ¢S(P,)
)
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is the shape factor of the partial spectrum £ 1 such that

g~.s,¢c§>d§ = g,

Of these events the fraction registered in spectrometer No 1 is W, ¥X,. The co-
incidence counting rate is therefore N/ 814)' (PZ) w z-rl 9 P2 Wi X = N,

The area under the curve

f N, 81?(P2)w2

If we combine this with the area under the singles curve Chapter II (v), we get

V(P N(P . Nebywamn P w3 ;
S,'F‘)"’/H“" by cen

The solid angle Wy can be measured readily and so if either § or X is known, the

i

versus P is

2P2w) K dby = N, 8wy w, '72.'1(.
2

w1 S v

other may be found. The product §X is simply the number of conversion elect-
rons per disintegration. If the level formed by the transition §; decays by anoth-
er mode in addition to 2 , then the coincidence counting rate will be reduced by a

factor equal to thebranching ratiofor transitions from this level.

(iii) e - e Coincidences

In e - e coincidence experiments one spectrometer is focussed on one peak}
while the other spectrometer scans the other peak. Since both conversion lines
are in coincidence with partial beta continua the profile of line 2 which is scan-
ned while line 1 is fixed is due to coincidences of line 2 with line 1 and with partial
spectra. The contribution due to the continuum must then be determined by mov-
ing the first spectrometer off line 1 and re-scanning line 2, The difference be-
tween the two peak heights so obtained is then the coincidence rate due to line 1
and line 2 coincidences. In some cases,particularly when the transitions are

weakly converted,the signal to noise ratio may be very poor and obtaining data
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with statistical significance can be very difficult. Apartfrom revealing the ""gen-
eric'" relationships between transitions, e-e coincidences can, in favourable
cases, give conversion probabilities directly.

By arguments similar to those in the last section one can show that the co-

incidence counting rate due to two transitions A 1 and ;\2 is

N () = No b, wix,w, Ko

where 81 is the total probability for transition ;)1. Since the single channel
peak height is N(/‘l) = No 8.](. W,

WL

This ratio gives the conversion probability X g directly since &, is measurable in
the spectrometer. Here again if )?. is not the only transition possible from that
level, the coincidence counting rate will be reduced by a factor equal to the bran-
ching ratio. The observed coincidence counting rate when both spectrometers are
focussing the conversion peaks ‘i\‘and }tz is due to ()'/3) + (ha/‘) + (A. hz)' The
contributions from ( Z‘,S) and (hz /) coincidences constitute unwanted or noise
counts and must be deducted to get the true rate. In practice, the whole profile
of the peak need not be scanned in the coincidence spectrum unless there are in-
terfering lines close to it. The counting rates "on" and "off" the peaks may be
used to get the various combinations of (7\‘,3 ),('ILA) and ('a‘ az) coincidences. The
coincidence counting rates are

NLB) = N8, 4 &, 57K, NL) = Mo, (Dxionem
where ¢( }) and 4( ) are the shape factors for the beta spectra associated with

ﬁ and A respectively. The signal to noise ratio is therefore:
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N()lh‘) i No Sl W K, Wa, Xa
n{@,,sm.,a)g T M B0 Y R+ Ne§ 0¥ gD BT

S X Ka
§, %, (¢.(P) "U’;) v S2 ¥, (?zdb) 7, k)

Obviously one can improve the signal to noise ratio by keeping the resolution 77
of each spectrometer as small as possible. It is difficult to decide beforehand
whether a certain coincidence combination will give a good signal to noise ratio
or not unless a good deal is known about the decay scheme in question. In gener-
al, one might say that e - e coincidence experiments are favoured in cases where
the conversion electrons are situated on a very low back ground (e.g. K capture,
or conversion electrons beyond or near the beta end~point.) Conversion electron-
beta continuum experiments on the other hand generally give a high signal to noise
ratio, since the only noise present is due to scattering in the spectrometer itself.
The counting rates in these experiments can be made large by using large values
of 1) and e, In such cases large sources may be used to advantage , whereas for
e - e coincidences, small sources are preferable.

It should be finally noted that if both ej - eg and e - ﬂcoincidences can be
studied from the same source,the ratios w, X, and §, w, X, will yield § directly

without any necessity of determining & or ¥,



CHAPTER IV

THE ELECTRON-ELECTRON COINCIDENCE SPECTROMETER

(i) Introduction

The two halves of an electron-electron coincidence spectrometer should
be magnetically independent of each other, or awkward problems of correcting
for the effects of the stray field of one on the focussing properties of the other
would have to be overcome. Most thick lens spectrometers operate with the
source within the magnetic field region. If a single source is to be used with two
different lenses their magnetic fields should not overlap, and so, it is best to em-
ploy lenses with their magnetic fields dropping to zero at the source. This field
form has been discussed in Chapter ]I, section v. It is capable of better perform-
ance than the homogeneous field, since larger sources can be used under the same
conditions of transmission and resolution. An approximately triangular field shape
may be realized in a long solenoid with pole pieces at the extremities as shown in
Figure 8. The pole piece at the source end is receding from the field region and
the pole piece at the detector end is bulging into the field. The outer iron yoke
provides a low reluctance path for the magnetic flux outside the solenoid. Both
solenoids may be placed in the same iron yoke with a single centre pole piece com-
mon to both instruments. The outer pole piece may be a composite unit, half of
it serving as a pole piece for one spectrometer and half of it for the other. The

source position is then at the pole piece and electrons enter both spectrometers

28
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via openings in it. The axis of symmetry of the iron yoke is the common axis
for both the pole pieces and the magnetic coils.

(ii) Physical Dimensions and Power Requirements

A sectional drawing of the spectrometer is shown in Figure 8. Its geomet-
rical shape is that of a hollow cylinder of Armco iron with walls 2" thick. The
ends of the cylinder are closed with flanges of the same thickness and the centre
portion is nearly closed by a disc of 4'" thickness. The total mass of the iron is
approximately 800 lbs. The copper coils which fit inside the cylinder are four in
number and have a total mass of about 800 1Ib. The two vacuum chambers are
cylinders of diameter 6" and length 10". Most of the space in these chambers is
filled with pole pieces, baffles and gamma ray shielding, not shown in the figure.
The outer cylinder is pierced at various points to allow for the insertion of the
light pipes, the source holder, the pumping lead and the electrical and water con-
nections.

Gerholm's instrument required 60, 000 ampere turns to focus 3.5 Mev
electrons. The McMaster instrument has 3400 turns, is capable of handling 30
amperes and focussing 6 Mev electrons. However the power dissipation at this
current is 9 kilowatts, considerably above the 5 kilowatt rating of the d. c. gener-
ators available. Within the limits imposed by the generators, the instrument can

focus electrons up to 4.5 Mev .

(iii) The Magnet Coils

Since it was important for good focussing that the coils be axially symmet-

rical and possess uniform currentdensity along theirlengths, it was decided to wind
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the coils on machined spools using square section wire (No.12 AWG). The re-
stricted space available for the coils and the high current density required made
it necessary to use two concentric coils for each lens with water cooling at the
outer and inner faces of each coil. With this design, the temperature at the cen-
tre of each coil does not rise above 800C at 5 kw.  Each inner coil, Figure 8,
was wound on a spool which was machined to close tolerances to maintain cylin-
drical symmetry. The inner surfaces of the flanges were insulated with micarta,
and the curved surface of the spool was covered with a glass and mica insulating
fabric. During the winding operation a constant tension was maintained on the
wire, and each turn was pressed alongside the previous one without leaving any
visible gap. At the end of each row the '"fly-over' was brought over smoothly to
the next. Each row was covered with a very thin insulating plastic film. Each
completed coil had 16 layers of 106 1 turns per coil. The outer radius of the
coil was measured at a large number of points along its length and at various
azimufh angles. The deviations from axial symmetry were small and random with
a r.m. s. value of 0.003". Each coil was then covered with a glass and mica fa-
bric. The spool for each outer coil had a spiral groove cut in its curved surface,
into which a copper tube for cooling water was soldered. The surface was then
machined true, and the coil wound in the standard manner. The completed coils
were then fitted together and tested. It was found that overheating of the inner
coils occurred because of the poor heat transfer through the narrow air gap be-
tween the outer face of the inner coils and the inner face of the outer coils. The
situation was remedied by pouring cerrobend (a Lead-Bismuth-Tin alloy which

melts at 780 C) into the cavity.
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The vacuum chambers were bronze cylinders with spiral grooves cut in
their outer surfaces. These chambers fitted snugly into the inner spools and the
interface at each end was sealed with O-rings. Thus thegrooves on the vacuum

chamber served as channels for the water required to cool the inner coils.

(iv) TheVacuum System and Source Holder

Vacuum tight seals were made between the chambers and the pole pieces
by means of O-rings. The chambers were connected to the vacuum pumps by
means of a pumping lead which was attached to the centre pole piece. With an oil
diffusion pump and a small fore pump the system can be pumped down to less than
10~4 mm of Hg within ten minutes. The source holder shown in Figure 9 was de-
signed ‘to allow the source to be inserted into, or withdrawn from the spectro-
meter without disturbing the vacuum. It consists of a set of tubular sections with
O-ring seals between them. The source is mounted on the innermost tube. Its
position on this tube is adjusted in a specially made jig so that when inserted in

the spectrometer it will be located on the mid point of the axis of symmetry.

(v) The Pole Piece and Detectors

The pole piece and the detector assembly at the detector end of the instru-
ment are shown in Tigure 10. No attempts were made to vary the profiles of
either pole face since the first set used gave good performance. The opening
through the pole piece was designed to be used with the Gerholm light pipe
described below.

An anthracene, or plastic scintillator was placed at S to detect the elec-

trons. It is essential that an efficient method be provided to transmit the
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scintillator light output to the photomultiplier. An ordinary cylindrical light pipe
will not transmit more than one-third of this output. The pipe shown in the figure
will deliver almost all the light thrown into the forward cone. When a thin alumi-
nium reflector was placed over S, the light transmitted was increased by about
30%. The profile of the light pipe from A to B is a logarithmic spiral of the form
R=a exp( @ tanc) where c is the critical angle and a is the diameter of the detec-
tor. For lucite, with index of refraction equal to 1.501, this pipe will reach a
maximum diameter of 1.86a at a distance 1.277a from S. If the profile is made
to follow the spiral beyond B second reflections will meet this surface at less than
the critical angle. If the spiral is abandoned at B and the profile continued as a
cylinder of diameter 1.86a, all higher order reflections will meet the surface at
angles greater than the critical angle. However, it is still possible to reduce the
diameter of the pipe gradually, reaching a value 1.50a at a distance 2.80a with- :
out losing any more light. Beyond this point the pipe must be continued as a cylin-
der of diameter 1.50a. This second choice has the advantage of requiring a small-

er hole in the pole piece and a smaller photomultiplier.

(vi) Spectrometer Power Supply

(a) Schematic Diagram

A block diagram of the power supply is shown in Figure 11. The output of
the 5 kilowatt generator is filtered by means of a standard L C filter to reduce the
value of the commutator ripple and applied to the magnet coil in series with a stan-
dard resistor. The voltage developed across this resistor and a reference voltage

are both applied to a difference amplifier. The amplified difference signal is then
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magnet coil

: sreference
filter B 2 voltage
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Figure 11.

fed to a power amplifier which alters the current to the field coils of the genera-
tor in such a way as to reduce the difference voltage to zero. In addition, an ac
amplifier is connected as shown to prevent the circuit from '"hunting'. The magnet
current may be set at any predetermined value by adjusting the reference voltage.
The short term stability of this stabilizer was about one part in 5000, a value quite
sufficient for the needs of the experiment. The long term stability (i.e. over a
period of weeks) was about one part in 2000. Each part of this circuit will be dis~

cussed in turn.

(b) The Standard Resistors
The standard resistors are made of constantan ribbon wound on a brass
pipe and insulated from it by two layers of baked Formel enamel. This pipe is

included in the cooling system for the magnet and is thus kept at the temperature
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of the city water mains. Each resistor is fitted with current and potential leads
as shown in the sketch, Tigure 12 . Under these conditions of operation, the lar-
gest change in current due to temperature changes in the resistors is less than
one part in 20, 000.

(c) The Reference Voltage

The continuously adjustable reference voltage is provided in the circuit
of Figure 12. Since its effectiveness depends on the properties of the 5651 voltage
reference tubes, some efforts were made to examine their long and short term
stability. It was found that these tubes were stable to about one part in 10, 000
over periods of a few hours. However they are subject to occasional sudden
changes which might be as large as one part in 2, 000. Even with this limitation
these tubes seem to be adequate as standards for an instrument whose resolution
was one or two percent.

Since the reluctance of the magnetic path is dominated by the air gap, the
field produced in the spectrometer and hence the momentum of the focussed elec-
trons varies linearly with current. The reference voltage however is proportional
to this current so that the helipot setting is a linear function of momentum. On
each range the momentum focussed can be varied by a factor of two, and it was
a simple matter to inter-calibrate the ranges.

(d) The Difference Amplifier

The difference amplifier, a four terminal device, is presented in detail in
Figure 13. Its chopper-converts the difference of the two input voltages into a
square wave which is amplified by an a. c. amplifier and detected by a phase sen-

sitive detector. The phase of the a.c. signal is reversed when the sign of the
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difference voltage is reversed. The a.c. amplifier consists of three push-pull
stages with current feed-back via cathode resistors on each stage and a gain
which is variable from zero to a maximum of 180, 000. At full gain, an input of
300 /Lvolts is sufficient to overload the amplifer. It is therefore of paramount
importance to keep the ripple voltage into the chopper at a very low level. The
phase sensitive detector is in effect two full-wave rectifier circuits employing
6SN7 twin triodes. Two transformers apply sixty cycle per second signals be-
tween the grids and cathodes of these tubes. One rectifier gives a positive output
voltage and the other a negative output voltage and these are made conducting
alternately. An incoming a.c. signal is rectified to give a positive or a negative
output depending on its phase with respect to the switching of these rectifiers.
The difference amplifier therefore gives an output voltage which depends on the
sign and magnitude of the difference between the two input voltages.

(e) The Power Amplifier

The power amplifier, Tigure 12 consists of one voltage amplifier stage
and six 6A S7G tubes in parallel. The generator field coil forms the cathode
load for these tubes.

The power supplies for the difference amplifier and the power amplifier
are shown inTigure 14. They are of conventional design and need no comment.
(f) The Filter

The ripple frequencies present in the output of the generator are 50 c/s,
100c/s, 400c/s, and other frequencies up to 1.8fc/s. The resistance of

the magnet coil is ten ohms and the inductance 0.29 henry, so that the attenuation
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of the low frequency components by the magnet is not very great. It was quite
unrealistic to remove these frequency components by an a. c. feedback loop
through the generator field coils since the upper frequency cut-off of the gener-
ator is close to sixty cycles per second. The simplest solution was to use a L.C
filter consisting of a twenty ampere variac and two banks of electrolytic conden-
sers of IOOOIaF each. This filter reduces the ripple current at 50¢ /s to about
one part in 5, 000 of the direct current. The ripple currents at higher frequen-
cies are considerably smaller. This filtering was necessary before d. c. stability
could be achieved by means of the feedback network.

(g) The a.c. Amplifier.

The bandpass of the feedback network does not extend beyond 20c/s, but
nevertheless appreciable phase shifts at lower frequencies occur in passing
through the generator. To eliminate hunting at high feedback gain, it was neces-
sary to provide some a.c. feedback from the high voltage side of the magnet to

the power amplifier.

(vii) Location of the Ring Focus and Baffle Alignment

(a) Location of the Ring Focus

Since there is no exact mathematical treatment ofthe fieldformused inthe
spectrometer, the optimum positions and dimensions of the baffles cannot be cal-
culated. It is therefore necessary to locate the ring focus by the photographic
method of ray tracing. To do this, the entrance angle and the source to detector
distance were fixed at 300 and 25 cm. respectively. The 30° entrance angle was

obtained by using a set of baffles near the source which limited the value of tk to
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300 *+ 20, The one inch detector was stopped down to 4 mm. by means of a brass
plate with a hole in it located axially on the axis, and a lead shield was placed be-
tween the source and detector. A 2mm. diameter source of Cs137 was then
mounted in the source position and the current required to focus the K conversion
line of the 661 kev transition was determined. This experiment givés the current
necessary to bring an electron of energy 624 kev emitted at 30° to the axis back
to the axis again at the position of the detector. Strips of X-ray film were moun-
ted in the vacuum chamber in a plane containing the axis of symmetry and an expo-
sure of several hours was made to register the profile of the electron beam on the
film, using this current setting. These photographs showed the ring focus very
clearly, the K and L. conversion electrons i‘egistering in narrow lines of width
about onemm. located 2mm. apart on the film. The beam on both sides of the
ring focus became very diffuse but was sufficiently well defined to show that thére
was adequate clearance between its outer edge and the wall of the vacuum chamber.
The clearance was not sufficient to warrant choosing a larger mean angle of emis-
sion than 30°. Since the performance is not very sensitive to changes in this
angle (34), this limitation is of no importance. @ A comparison of the experimen-
tally located ring focus position with that expected from theory has already been
made in Chapter II.
(b) Baffle Construction and Alignment

The details of construction of the Hubert baffle (see Chapter II) are pre-
sented in Figure 15. Its outer jaw is a fixed cone with a slope that matches the
profile of the ring focus. Its inner jaw is a disc of 1/4" brass of diameter equal

to the width of the ring focus and bevelled to match the outer cone. The inner jaw
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is mounted concentrically with the outer cone on a threaded shaft so that the gap
between the two jaws can be varied continuously and reproducibly simply by rota-
ting the inner jaw. Since the baffle must be accurately located with respect to the
electron beam, provision is made for moving the entire baffle system laterally
and vertically with respect to the instrumental axis. The baffle system was adjus-
ted to concentricity with the electron beam axis in the following manner. With
the baffle in place a brass plate with a 45° sector removed was placed between
the baffles and detector to allow only electrons passing through one quadrant of
the ring baffle to be recorded. The conversion line was then scanned four times,
recording in turn the electrons passing through each of the four quadrants of the
ring baffle. The criterion for correct alignment is that all four peaks occur at
the same magnet current. A typical case illustrating a poor and a well aligned
baffle system is shown in Figure 16. The pairs of curves in the left and centre
of this Figure show peaks as recorded in each of the four quadrants with poorly
aligned baffles. The shifts between the North-South peak positions correspond
to a misalignment of 0. 34 mm. After making the appropriate corrections the
four peaks fall directly on top of each other as in the curve on the extreme right.
The width and height of this curve cannot be directly compared with the other
four as the baffles had been stopped down to increase the sensitivity of the test.
The position of the peak has also moved slightly demonstrating the fact that with

the Hubert baffle the line position depends on the baffle setting.
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(viii) Determination of the Spectrometer Transmission

(a) Determination of Transmission

When once the field shape, the source position and the detector position
and diameter have been chosen, the transmission of the spectrometer for a point
source depends only on the size of the ring focus aperture and (or) the diameter
of the entrance baffle. In the present instrument, the entrance baffles do not
critically define the electron path so that the transmission for a point source isa
function of the ring focus aperture alone. With this aperture wide open, the in-
strument has its maximum transmission, a value which is independent of the
source diameter providing it is small compared to the detector diameter (i.e.small
comparedto2.5 cm.). With the ring focus aperture partially closed, the trans-
mission does change significantly with source dimensions. It is thus possible to
determine the maximum transmission once for all, but it is necessary to deter-
mine the actual transmission with a partially closed ring aperture for each source
placed in the spectrometer, by observing the counting rate in a conversion peak as
a function of the baffle setting.

The maximum transmission was determined by placing a 08137 beta source
of known strength in the spectrometer and measuring the counting rate on the K
conversion peak of energy 624 kev when the baffles were wide open. The trans-
mission at other baffle settings was similarly measured. It should be emphasized
that while the maximum transmission so determined is a property of the spectro-
meter independent of source size, the transmissions found for partially closed
baffles depend strongly on source size.

The results of these determinations are presented graphically in Figure 17



SPECTROMETER No. |

EEO

1
2
RESOLUTION

NOISSINSNVYLl %

NOISSINSNYYH1L %

TURNS OPEN

-

FIG.




40
for one spectrometer only. The results for the other are very similar. The
curves for transmission vs '"turns open' show clearly that the transmission at
a given baffle setting depends on source size but that the maximum transmission
is a constant of the instrument limited by the detector diameter. The 5% maxi-
mum transmission could conceivably be increased to 7% if one could design a
light pipe capable of working with a laxrger detector.

The resolution-transmission curves show clearly the effect of source size
on performance. The 0. 4% resolution obtainable with the point source is not
really very practicable for coincidence work since the transmission is too low.

In practice, one usually works with sources of diameter 2 -5 mm., which means
resolutions and transmissions in the range of 2 to 4 %.
(b) Determination of Source Strength

Inasmuch as the determination of the C8137 source strength in the most
difficult part of the procedure outlined above, the method used is described in
some detail below.

A small source of C5137 of diameter less than 1 mm. was prepared on a
Mylar film and mounted on the spectrometer source mounting plate. Two anthra-
cene crystals of dimensions 2.5 x 1.3 x 1.3 cm. were wrapped in aluminum
coated mylar (on all but one face) and mounted side by side on a RCA 6810 held
in a vertical position. The source was then placed between the two crystals as
shown in Figure 18, to give essentially a 4 counting geometry, (a correction
of 1.2% was applied for the lack of complete 4 Tt geometry), and the entire assem-

bly enclosed in a light tight box. The pulse height spectrum was then observed
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using a single channel pulse height analyser. To correct for the effect of the
gamma rays the spectrum was repeated with the source sandwiched between
0.5 gm/ cm2 brass plates. Finally, the integral spectrum above the lower edge
of the window was measured in order to make the results independent of the win-
dow width calibration of the analyser. One such set of data is presented in
Figure 19. Curves A and B represent the total and gamma spectra respectively,
(Curve D the integral spectrum) and the difference represents the pulse distribu-
tion due to the beta ray and conversion electron spectrum of C3137.

The decay scheme of Cgl37 is very well known. The radiations involved
are as follows (see Nuclear Data Sheets, N.R. C.‘, Waslﬁngton) $
(a) a main group, with intensity 92% and energy 0.51 Mev;
(b) a weaker group, with intensity 8% and energy 1.18 Mev;
(c) a 0.661 Mev gamma ray, with the total K+ L+ M conversion coefficient of 0.108.
Of the total conversion electron intensity, 82% is due to K electrons.

Since, in the transmission determination, we are only concerned with the
number of K conversion electrons emitted by the source, there is no necessity to

use z ay of the published branching ratios except to make a correction for the
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number of high energy beta rays underlying the conversion electron peak and to
use the 82% figure given above to obtain the number of K conversion electrons in
that peak. From the data above, the high energy beta group has an intensity equal
to 74% of the conversion electron intensity. This spectrum spreads from 100kev to
1.2 Mev in the manner shown by Curve C in Figure 19 (calculated from the Fermi
theory) and roughly one-fourth of the total underlies the conversion electron peak.
It is estimated that uncertainties in the branching ratio for this beta group and in
the method of analysis introduce an uncertainty of 4% in the conversion electron
source strength. Inasmuch as three independent determinations of this source
strength, all analysed in the same way, gave results agreeing within 4%, it is felt
that the conversion electron source strength of the Cs137 source is known to with-
in 6%. The averaged result of all determinations is:

N = 2105 ¥ 120 K conversion electrons/second

for the source used in calibrating the spectrometer.

(ix) Scattering

It was early recognized that a weak, low energy tail extended beyond the
end-point of a simple beta spectrum. The counting rate in this tail was sometimes
as large as 1% of the counting rate on the maximum of the continuum and was re-
duced sharply as the baffles were closed. This tail was entirely removed when the
Source was covered with an aluminum absorber, showing that it wasdue to electrons
scattered from the walls of the vacuum chamber and not to gamma rays. In deter-
mining the end point of a beta spectrum it was necessary to allow for the effect of

this "tail" to get the correct end-point and hence its presence reduced the accuracy
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with which these end-points could be determined.
It was assumed that this scattering was an inherent defect of a spectro-
meter of small dimensions. However, after these experiments were completed,
a systematic attack on the source of this effect by Dennis Burke of this laboratory
led to a complete understanding of its cause and to its removal by a suitable baffle
between the ring focus and the source. Since this baffle was added, no measurable

trace of the effect remains.
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(x) The Coincidence Circuit

The coincidence circuit of the Bell’Graham and Petch,type (35) was set
up as shown in the block diagram of Figure 20. The electron detectors were
anthracene crystals coupled to RCA 6810 photo multipliers. The gain of this tube,
when operated at 2000 volts,is sufficient to ensure that the limiter will be

cut off by the pulse due to the first photoelectron to leave its photocathode. (The



total pulse height was & 50 volts for 100 kev electrons). The clipped output
pulses from the(404A) limiter are positive pulses of uniform height (~0. 75 volt),

uniform length (w1077 sec) and very fast rise time (< 1679

sec). Unfortunately,
these 6810 tubes turned out to have a very large time jitter (of the order of

5 m /u sec) which made it impossible to make full use of the properties of these
pulses.

The pulses from the limiter pass down the 100 ohm line, are reflected by
the 50 ohm stubbing cable,and, together with the reflected pulses, create pulses
at O of height v 0. 37 volts and duration 2T ,2where T is the time taken for a pulse
to travel down the stubbing cable. The reflected pulses pass to the anode of the
limiter and are absorbed in the terminated line.

When pulses from both counters arrive at O simultaneously, a pulse of
double the standard height is produced. If the center channel discriminator is
adjusted to reject the standard pulses but to pass the double height ones, only
coincidence pulses will be passed by the center channel. The resolving time of
the fast circuit is determined by the length of the stubbing cable and the level of
discrimination in the center channel (i.e. the degree of overlap of the incident
pulses demanded by the center channel).

The pulses for the side channels are taken from a dynode near the anode
of the photomultiplier, amplified and passed through a lower level discriminator
and fed to the triple coincidence circuit and to a scaler. The triple coincidence
unit rejects essentially all of the coincidences due to noise in either photomulti-

plier.

The process of setting up the circuit for an experiment involves three
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steps. The first is to set each spectrometer on the position of the spectrum to
be investigated and determine a bias curve. Curve (a) of Figure 21 shows a typi-
cal bias curve for the L-conversion peak of the 139 kev transition. It is clear
from the curve that essentially 100% detection efficiency can be achieved without
accepting much noise. For lower energy electrons, the plateau is shorter but
quite workable for electrons down to 40 kev.

The adjustment of the coincidence circuit is slightly complicated by the
fact that transit time of the electrons through the trajectory of 29cm. length
ranges from 1 mﬂsec. at high energies to 3 m/asec. at 30 kev. With the 100 chm
cable lengths adjusted to bring pulses from prompt coincidence events into coinci-
dence at O, a center channel bias curve is taken (as in Figure 21 (c)). It is seen
from the figure that again there is a good plateau. The shape of this curve is
quite insensitive to the energy of the electrons which produce the coincidences, and
the bias setting need not be changed throﬁghout an experiment. With an appropri-
ate setting of this bias, a resolution curve such as Figure 21 (b) is obtained by
altering the lengths of cable between the photomultipliers and the fast coincidence
unit. In order to be certain that the coincidence efficiency is 100%, it is essential
that the resolution curve have a flat-topped portion and that the operating point be
chosen near the center of this portion. In the experiments described in Chapter V,
resolving times of 12 and 16 m}l seconds were used.

The chance contribution to the coincidence rate may be measured directly
by interposing a long delay in one coincidence 'channe_l or may be calculated from

the relation Ng = 2N]Np T where N3 and Ng are the side channel rates. In



4L
139 L SIDE CHANNEL
sl BIAS CURVE
b |
o (a)
» - - -, A%
et '
22 4 i
N |
2] i
i
Z \
S
O} !
b ‘\ Noise
\
\
\
\\
] N i 1 1 i
0 20 40 60 80 100
DISCRIMINATOR VOLTS
30" 60&-
20t 40} (c)
[o] 8 20L
i i 1 [l ] i i i i 1
12 8 Q 0 o 8 12 200 400 600
321 K DELAY 139 L DIODE BIAS SETTING

delayed in my sec delayed

FIG. 2]



46
practice, both methods were used, a few measurements of N; being performed
during the experiment to check that the theoretical relation was valid.

While, in principle, one might have reduced the resolving time and so made
possible the use of stronger sources there was, in fact, little advantage in doing
so, since the specific activities of osmium obtainable were so low that source
thickness effectively limited the strength of sources that could be used. On the
other hand, a reduction by a factor of 2 might have created a serious loss in effi-

ciency for coincidences with the 73 kev transition with its lifetime of &.0% O-4 °

m u S€cC (38).



CHAPTER V

THE BETA DECAY OF 0s193

(i) Introduction

The decay of Ogl93 has been studied by several workers (36). Rela-
tively complete investigations have been carried out by Cork et al @7), de
Waard @8) and Nablo 39. Cork determined the energies of a large number
of conversion lines using permanent magnet spectrographs. De Waard carried
out coincidence experiments using a long lens spectrometer to focus the conver-
sion lines and an anthracene scintillation spectrometer for the beta continuum.
The resolution of the anthracene spectrometer was very poor and the end-points
of the spectra were subject to large uncertainties. Nevertheless, on the basis of
his coincidence data and the accurate measurements of Cork et al , he proposed
levels at 73, 139, 281, 387 and 460 kev. Subsequent work by Nablo, however,
revealed the presence of eleven gamma raysnotpreviously detected. All but six
of these could be fitted into four of de Waard's levels. Nablo was therefore
led to postulate three additional levels at 247, 315 and 613 kev to account for
these transitions on the basis of energy fit alone. (See Figure 22 for Nablo's
decay scheme). He rejected de Waard's level at 387 kev which could account for
the 106, 248, 314 and 387 kev transitions, because it involved using the last

named transition twice. None of the energy measurements have been precise

47
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enough to force a decision between these two choices. Nablo analysed the beta
spectrum into five groups and established the branching ratios to most of the
excited states. He also made an independent assessment of these branching
ratios through an extensive series of gamma ray measurements. There exists
a serious discrepancy between these values and those obtained from ‘beta ray
measurements which he could not resolve.

Nablo's experiments ran into two major difficulties: the subjective nature
of the Fermi analysis for a complex beta spectrum and the presence of the intense

beta spectrum of 03191

which extends up to 143 kev. (Separated isotopes of
osmium are not yet available). Since the electron-electron coincidence experi-
ments simplify the first problem and eliminate the second, it was felt that these
experiments might be able to resolve the inconsistencies in Nablo's decay scheme.
Inasmuchashis energy measurements are superior to any that could be obtained
with the coincidence spectrometer, the present work has leaned heavily on his
energy and conversion electron data. Figure 22 shows the internal conversion
spectrum as observed by Nablo at a resolution of 0. 6%. ‘ The peaks in this

spectrum stand up more sharply than in the single spectrum of the coincidence

spectrometer and will be useful for reference.

(ii) Source Preparation

Osmium metal, in the form of a powder, was sealed in quartz capsules
and irradiated in the Brookhaven reactor for four days at a flux of about 1.8 x1043
neutrons per cm? per second. The capsules were broken under medium-strength

nitric acid and the metal dissolved under gentle heating. The solution was then
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placed in a beaker and evaporated until fine dark blue crystals of the nitrate
began to crystallize out of solution. In the meantime, a thin film of VYNS was
deposited on a source holder plate. A drop of insulin was placed on the film,
and removed after a few minutes. A drop of the saturated osmium nitrate solu-
tion was then deposited on the spot wetted by the insulin and evaporated to dry-
ness. Usually only one drop of solution was used. The size of the source ( 2 to
5 mm. in diameter) was determined by the size of the initial insulin drop. The
same backing in all cases was thin enough that there was no noticeable change in
peak position when the source was rotated through 180° (except, perhaps, for the

73 kev L transition ).

(iii) Counting Procedure

The coincidence counting rates observed in the following experiments
ranged from 1 count/min. to 20 counts/min. while the single channel rates were
of the order of a thousand to 100, 000/min. In recording coincidence data, it
became standard procedure to count at each point for 15 minutes, and to include
a 15-minute chance count about every two hours. Counting was continued day
and night with each new source for a period of about five days. The electronic
circuits proved to be very stable and it was possible to accumulate data and make

decay corrections over the entire period.

(iv) The Determination of the Spectrometer Transmission

Every time a new source was placed inthe spectrometer or the baffle set-

ting altered, the transmission was determined in the following manner. The
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281K conversion line was scanned twice, once at maximum transmission and
again at the baffle setting to be used in the experiment. For example, in a
typical experiment, Figure 23 shows the 281 K peak at maximum transmission
and again at a baffle setting of two turns open. From the ratio of the two peak
heights the transmission may be directly determined.

(v) The 139 L-8 Coincidence Spectrum

Spectrometer No. 1 was set on the 139 Lpeak and the beta continuum was
scanned with spectrometer No. 2. Figure 25 shows the Fermi plot of four such
runs normalized to the same counting rate and the analysis of the spectrum into
three beta groups with end points of 1000% 10 kev, 675720 kev and 490 30 kev
and relative intensities of 1. 00, 0.30%0.05 and .147005. If the 1131 kev tran-
sition is to the ground state, then these beta groups lead to the states at 139 and
460 kev and to one or both of those at 559 and 613 kev. (See Figure 22). More-
over, one would expect to find the 322 kev transition between the 460 and 139 kev
levels. This expectation was confirmed by observing direct coincidences between
the 322K and 139L conversion electrons (Section (v) (b)). The strength of the
490 kev beta group suggests that the transitions from the upper levels (559 and
(or) 613 kev levels) are stronger than is indicated by Nablo's decay scheme.

(a) The Conversion Probability of the 139-L Electrons

The L-shell conversion probability of the 139 kev transition was determined
from the genuine (139L - 322K) coincidence rate and the 322K peak height in the fol-
lowing manner. In Figure 24 let A1 and A 9 refer to the 139 L and 322K conver-

sion peaks and let 1la, 1b and 2a, 2b refer to on-peak and off-peak momentum
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settings for A 1 and 32 respectively. It was shown in Chapter III that:

- N A

(0 11301, = 1L A2).
N(A2)

However, this result is only true if the line is not broadened by source thickness.

In the case of the 139-L peak, there was significant broadening and so the expres-

sion above becomes:

. _Nida)

1%3L T TR ()

The quantity f was evaluated by measuring the area of the composite
129L+ 129 M+ 139L profile, and deducing the peak height which would give the
same area if source broadening had been absent.

While in Curve C, Figure 24, the complete coincidence peak profile is
established, this is not necessary since all we need are the peak heights. It is
more economical of counting time to measure only the rates at points such as
la, 1b and 2a, 2b and 2b’ of the figure.

The Table below records the various measurements used in determining

K139
Table 1
£ =051
wi = 1.8%

N(4;) = 5048 ¢/m

(la-2a) = N(Ajdg+ PyA+hgf+5%) = 22.8% 0.4 ¢/m
(la-2b and 1a-2bl) = N(A1/8 + S) = 15.0% 0.2 ¢/m

(1b-2a) = N (pg £+ S) = 4.5% 0.3 ¢/m

1l

(1b-2b and 1b-2bl) 1.1% 0.3 ¢/m

whence (1 ) 9)
*The scattering rate.

N (8)

4.3 * 0.6 counts/min.

The value of K;397, deduced from this data is 8.6% 0.6%.
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(d) The Branching Ratio for Betas Feeding the 139 kev ILevel
If spectrometer #1 is focussed on the 139 L line, and speqtrometer #2 on
the beta continuum, we saw in Chapter III that:

(139L - /3 )area
() area

However, if the 139L - 322K coincidence experiment is done with the same source

§139 X139L fuw,

and under the same conditions as the 139L-~ ﬂ coincidence experiment, 8 139 can
be determined directly without evaluating either X or fesseparately.

Moreover, since the shape of the spectrum in coincidence with the 139L
transition is very well known and independent of source size and resolution to
within rather wide limits (see Figure 25), then the coincidence counting rate at
any point is sufficient to give the area under the coincidence continuum. Simi-
larly, the singles channel counting rate at a given point is sufficient to give the
area of the single channel continuum.

Thus one can show that:

130 = ( M/ )area X N (A2)
() area N (A Ag)
= Ro - N (1) N (8)
Hs N (A1A2) N (%)

where R, and Ry are factors relating the areas of the entire beta spectrum to the
counting rates at the points used.

These ratios have been determined for the point 2a of Figure 24. At
this point the quantities inside the square brackets are simply the ratios of peak

heights to continuum in the coincidence and singles spectrum. The results ob-

tained from three sources are presented in Table 2.
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Table 2

Source _11(211&)_ N@B)

# Re/Rg  N(21h2) N(Ag) Weights £

1 0.50 1. 00 6.7 1 7.5 ; 1.7 %
4 0.50 3.70 19.4 2 9.5%¥ 2.0 %
10 0.50 1.98 11.6 2 8517 %

Weighted Mean § =8.7%0.8%

(The weights were determined from the general reliability of the entire experi-
ment since the statistical errors were roughly equal.)

It should be stressed that the 8.7% value of X139 is independent of &, f,
or instrumental resolution. As we shall see, it provides a basis from which a
considerable amount of information can be obtained.
(e) The Intensity of the 322 kev Transition.

Once 8 139 is known the absolute intensity of the inner beta groups of the

139L -ﬂ spect rum can be obtained. These values are:

End-Points Absolute Intensities
1000 kev 8.7 T 0.89
675 kev 2.6 ¥ 0.49
490 kev 1.3% 0.4%

It should be noted that the intensity of the 675 kev group is the intensity of the
322 kev transition since the intensity of cascading transitions from the 460 to
the 139 kev level is negligible. This gives us an independent method of assess-

ing Nablo's intensities.
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(vi) Transitions to the 73 kev Level

(a) Introduction
The 73kev transition is masked by the intense conversion line spectrum

of 05191.

The situation is shown clearly in Figure 22, curve (b). Fortunately
none of the masking peaks are coincidence makers and so the possibility exists
of obtaining the clean profile of the 73 kevL and the 139 kev K lines in the coin-
cidence spectrum.

Since the specific activity of the 059 sources is low and a thin source is
required to avoid source broadening effects it was necessary to work with weak
sources and consequently very low coincidence rates. Since with such sources
the chance rate was negligible it was possible to begin counting without waiting
for the 14 hour 0s!9! isomer to decay.

(b) Profile of the 73L and 139K Conversion Peak

With spectrometer #2 set on the continuum in a region of high counting
rate, the coincidence spectrum in the 731-139K region was scanned with spectro-
meter #1.  Figure 26, (Curve B or C ) presents the coincidence data between
800 and 900 Bﬂ. The unresolved 73L and 139 K peaks appear on essentially zero
background but show the effects of source thickness. The profile of each of the
four lines in this peak can be determined by scanning the 129K peak profile from
the same source after the 0s'®° has died away. Figure 26 (Curve A ) shows
the shape of the 129K peak in a representation of percentage peak height plotted
against percentage of peak momentum. Since the positions of the four unresolved

peaks are known, one can use Curve A to obtain the fraction of each of the four

peak heights contributing at each momentum setting. In addition, for any given



129 K PROFILE

| 1 1 ] ]

1
o

o
=3 o
NIW / S3ON3aIONI0) ~——

800

900




55
M1+ E2 mixture, the Lj:1Lg:Lg ratios are known. Thus we essentially have a
system of three unknowns, namely the peak heights of the 139K and 73L con-
version electrons and the mixing ratio, and fourteen equations, corresponding to
the fourteen momentum positions chosen. These equations were solved for vari-
ous values of the mixing ratio. The results showed that no solution is possible
if the M1 component in the mixture is greater than 50%. The best fit is given by
pure E2.

This conclusion is in agreement with the E2 assignment for the character
of this radiation determined by de Waard from a lifetime (38) measurement. In
Figure 26, Curve B shows the analysis of the peak for pure E2 and Curve C the
best fit possible for pure M1.

The 139K peak height is a small fraction of the total for any mixing ratio
and is quite insensitive to that ratio. For pure E2 the 139K peak represents
15% 3% of the total coincidence peak. Since the 139K peak is so small, errors
in its value have negligible effect on the interpretation of the 73L coincidence data.
Since we know the shape of the 139 (:/3 coincidence spectrum (see Figure 25) and
the counting rate associated with 139K -/3 coincidences at one beta momentum, it
is a simple matter to compute the 139K contribution to the total (73L+139K) -
coincidence spectrum for any momentum value.

(c) 73L-/3 Coincidence Spectrum

To examine the 73 L= ﬂ coincidence spectrum, spectrometer #1 was
set at B@860 and the other spectrometer scanned over the beta spectrum. The
results obtained after subtraction of the 139K - ﬁcontribution are presented in

Figure 27. This shows two components with end-points 1040% 10 and 675% 30 kev
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with relative intensities 1.00 and 0.7 10,1 respectively. The end-points of these
two spectra show that they feed levels at 73 and 460 kev, as would be expected
from Nablo's decay scheme (Figure 22). The statistical accuracy of the data is
insufficient to decide whether or not there are beta rays feeding Nablo's levels at
362 and 559 kev.

(d) The Beta Branching Ratio to the 73 kev Level.
If we accept the pure E2 character of the 73 kev transition as indicated by
the strength of the Lg transition, we can use Rose's tables (8) to obtain the value

0. 684 for the total L conversion probability. We can then write:

§73 [(7?;(/3) if‘;:{‘l / (K731, @)

3.3 x 107¢ / 0.684 x 0.30 x 0.025

Il

Il

6.4 11.2%.

In this expression f is a factor expressing the percentage of the L's which contri-
bute to the counting rate with the spectrum set at B 860. It is difficult to esti-
mate errors but an uncertainty of 20% seems reasonable.

(e) The Intensity of the 388 kev Transition.

The intensity of the inner beta groupof Figure 27 is identified tentatively
with the 388 kev transition from the 460 kev level. (Directcoincidences have been
observed between the 388K and the 73L conversion electrons but this experiment
is not described in detail because it yielded no quantitative measurement.) Inthe
final decay scheme, Figure 33, the 485 kev transition is placed between the 559
and 73 kev levels, so that the intensity of this beta group should include both the

388 and the 485 kev transitions. Using the value of 873 and the relative intensity
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of this group one obtains directly

(B399 + 8,40 = 4.371.4%

(vii) Transitions from the 460 kev Level.

(a) Introduction,

The experiments on the 139L and 73L conversion electrons described so
far have shown that there are beta groups leading directly to levels at 73 kev,
139 kev, 460 kev.and from higher levels, 613 and/or 559 kev above the ground
state. Also, the position of the 322 kev transition was confirmed by direct co-
incidences between the 322K and 139L conversion electrons. The position of the
388 kev transition was similarly confirmed. It is also to be expected that the
460 kev transition gshould go to the ground state, and this is confirmed in the
following experiment.

(b) 460K+4 and 322K-ﬁ Coineidence.

The 460K-/3 and the 322K 73 coincidence spectra were determined by set-
ting Spectrometer #1 on the conversion line in each case and scanning the beta
continuum with Spectrometer #2. The Fermi plots obtained are shown in Fig-
ure 28. Both spectra appear to be simple with a common end-point at 675 kev
in good agreement with the value of 671 kev expected from Nablo's decay scheme.
Below 300 kev, it is very difficult to find points in the beta spectrum free of con-
version lines. The high points at W = 1.22 and 1.37 Mot2 probably include
some contribution from conversion electrons and from source thickness effects.
There is no real evidence for a low energy component in either spectrum from

the data of Figure 28.
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Using the known solid angle, the areas of the coincidence and total beta
spectra, the data leads directly to:

20 x 10~4

Il

8220 X $524

~ : g _4
8420 Kppop = 23x10

In the case of the 322 kev transition, we can use this result together with the

value of § 322 obtained in section (v) (e) to obtain:
Kby =  0.076

This leads directly to a value of:
o(K (322) = 0.084 %0, 02

(viii) The (281K + 277K) - Beta Coincidence Spectrum

The 281 K and 277K conversion lines form an unresolved doublet (39),
The coincident beta spectrum with this doublet was determined and the results
are presented in Figure 29. The spectrum shows two beta groups with end-points
of 848 and 548 kev and relative intensities 1.00 and 3. 03 respectively, which
correspond to the beta's feeding levelsat 281 and 559 in Nablo's decay scheme.
There is no evidence for a beta group with end-point at W = 2. 32’m.¢-2, which
mightbe expected as the result of the 180 kev transition in Nablo's decay scheme.
This, together with other evidence to be presented later suggests that this line is
incorrectly assigned.

The data of Figure 29 suggests strongly that the 277 and 281 kev transi-
tions are in coincidence. The situation is illustrated in Figure 30. In terms of

this figure and the areas of Figure 29, 8 13<Alz = 6,31 x 1074 (1)

823(1\2 i 821(/\12 = 1.90 x 1074 (2)
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and therefore

@W+@, (§1+82xN1z + Sk Ag = 25.3 x 1074
This expression is simply the total intensity of the conversion electron doublet

and agrees well with the value 28 x 10~4 given by Nablo.

b2

Figure 30

(ix) The 107 and 180 kev Transitions

(2) Introduction

The level at 247 kev was suggested by Nablo (39) to account for the 107kev
and 248 kev transitions, but there was no supporting evidence for this level either
from the Fermi analyses of the beta spectra or from previously performed coinci-
dence experiments. The 180 kev transition was placed by Nablo between the
460 kev and the 281 kev levels, but the 281K-ﬂ coincidence experiment show$
that this may not be so. Therefore coincidence experiments were performed with
both the 107L and the 180K radiaticns to determine their positions in the decay
scheme.

(b) The 107L 4 and 180K 70 Coincidence Experiments.

Both the 107L and 180K conversion peaks appear on the low energy side
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of the strong 129L line and are difficult to see in the singles spectrum (Curve B
of Figure 31). In contrast they show up well in the beta coincidence spectrum as
is shown in curve A of Figure 31. The latter curve was obtained by keeping one
spectrometer fixed on the continuum while the other scanned the region shown.
After the positions of the peaks were so discovered, #1 Spectrometer was set on
each peak in turn and the continuum was scanned by Spectrometer #2. Figure 32
presents Fermi plots of the 107 L-7£§9 and ISOK% coincidence spectra. These
are straight lines with end-points at 878 and 827 kev respectively. The end - point
of 878 kev indicates a beta group to the 247 kev level and the 107 kev transition
proceeds from this level to the 139 kev level. This agrees well with Nablo's
suggestion from an energy fit. The data shows however that the 180 kev line is
not associated with a beta transition to the 460 kev level, as required by Nablo
et al (39), but rather to one at 314 kev. This latter level was originally sugges-
ted by Nablo to account ior the weak 243, 314 and 299 kev transitions, but finds
confirmation in this unexpected manner.

From the coincidence and singles area the values of ﬁ 107 X 107L and

€ 180 X 180K Were found to be (15 £3) x 1074 and (18%4) x 1074 in good

agreement with Nablo's values of 21 and 19 x 1074, It should be noted that the
point at \V/ = 1. 63M¢¢ 2 falls on the curve for the 180K =3 spectrum but consid-
erably higher for the 107L 73 . While one hesitates to draw conclusions from
one point, this would seem to suggest that there are transitions from higher levels
to the 247 kev level but not of comparable intensity to the 315 kev state. This is

in direct contradiction to Nablo's decay scheme.
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(¢) The 107L-139L and 180K - 139L Coincidence Experiments
If the conclusions in section (b) concerning the positions of the 107 and
180 kev transitions are correct, then both these radiations should be in coinci-
dence with the 139 kev transition. Coincidences were recorded between the 107L
and 139L and the 180K and 139L conversion electrons. The low intensity of the
107L and 180K lines as well as the poor signal to noise ratio made these experi-

ments rather difficult. The results obtained are as follows:

y ON the 139L OFF the 139L  True Peak Ht.
107L 6.8t 1.3 2.5+ 0.9 4.3%1.5
180K 7.2% 1.4 4.5%1 2.7t 1.7

and show that both the 107 and 180 kev transitions are in coincidence with the
139 kev transition.

This new assignment for the 180 kev transition would indicate that the
quoted value of 180t 1 kev for its energy is not correct. This is not surprising
when one examines the Curve C of Figure 31. The peak shown in the coincidence
spectrum of Figure 31 seems to belong to a radiation of 177+ 2 kev. This value

will fit the new assignment quite satisfactorily.
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(x) Summary of Measurements

Table 3 presents a summary of the quantities that have been measured
in the experiments described. In this table, the nomenclature S/s (73) refers
to the beta transition to the 73 kev level, while %(388) refers to the 388 kev
gamma transition. The second and third columns compare the results for § X
obtained in these experiments with those measured by Nablo and Artna (Nablo
et al (39)) by a completely different method. Their method involved comparing
the area of the conversion peak with that of the total beta spectrum while the pre-
sent experiments involved a comparison of the area of the coincidence beta spec-
trum with that of the total spectrum to obtain § ¥, The very satisfactory agree-
ment between the two sets of data indicates the correctness of the solid angle de-
termination, and allows one to proceed with confidence to calculations of the 8 's.
The values of 8 139 and S\ 329 were obtained by Fermi analysis of the coincidence
spectra but are independent of ¢ or any other geometric factors. The value of
X 139L was obtained from a separate experiment and involved the determination
of & . The values of § X for the transitions to the 139 kev level are derived
from the measured values of 8 and K . The value of 8 73 and hence
( 83“ + 8455 ) Were obtained in a similar way to 8 139 but involved the spec-
trometer transmission and the E2 assignment of the 73 kev transition. This as-
signment wa;s made on the basis of the line shape which fitted a pure E2 but
allowed as much as 30% M1 admixture. The value of K 731, for pure E2 is 0.68,
for a 30% M1 mixture is 0.67 and for pure M1 is 0.51. Thus we see that the

value of X’ uis very insensitive to the mixing ratio. The otherc-/S coincidence



TABLE 3

Summary of Data

Experiment. § K  Values. x 104 g K
Habib Nablo % %
73 -2 £s (13) K. = 435 6.4t 1.2 68
§ ¥ (388) K7, 1050 i
Sy (485)K; = 292 4.37 1.4
o+
139-/3 84 (139) Ky, =75 - 10 8.77 0.8 8.6 0.2
| Sy(s22)K; =22F 3 101 2.6%0.4
Sy(?)Kp=10% 2 1.2%0.2
107 -8 (247) Ky, =157 3 21%5
177 -A3 (315) Ky =18t 4 1875
281 — /3 (281) K =25%2 257 2
322 -3 (460) Ke =20%3 20 % 2 7.6 1.5

460 -/3 (460) K =23t3 157 1
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spectra were simple except perhaps for the 107L 4 group. The suspicion that
another beta group is in coincidence with this transition finds support in.the dis-
crepancy between the values of § K measured here and the intensity reported by
Nablo. However no explanation has been found for the discrepancy between the
two values of $ K for the 460 kev transition. For the 322K 74, the value of $

was known from the 139L -4 experiments so that K 322K could be determined.

(xi) Transition Intensities and Multipole Assignments.

Two lists of gamma ray intensities measured in this laboratory are avail-
able to the author. The first of these, reported in Nablo's Ph.D. thesis, presents
the results of an investigation with a large Siegbahn double focussing spectro-
meter using external conversion. The intensity calibration curve used had

been established by Nablo for work in Ir194

and was known to be reliable above
BP = 2500. He extrapolated the curves into the low energy region in order to
interpret the results on osmium. The intensities presented in the paper by Nablo
Johns, Artna, and Goodman, are based on Nablo's results modified to fit Good-
man's scintillation counter intensity measurements on the stronger gamma rays.
In this paper there exists a serious discrépa.ncy between the gamma and beta ray
intensity scales. The present work seems to support Nablo 's thesis results and
casts serious doubts on the validity of the scintillation counter measurements.
Nablo's original measurements gave relative intensities which he normalized to
fit the beta intensities found from a Fermi analysis.

Since the results presented in the last section include absolute intensity

measurements for the 322 and 388 kev transitions, it is now possible to



Quanfum Intensities

Number of Conversion

Electrons Assignment
Normalized x 104 x104 S Ky X X o)
Nablo Habib. K 8 M % M1 E2 M1 E2
73 - 721 10.7 1,2 .- . 1.92 13.5 E2
107 e .15 0.25t0 1.2 4.7 0. 69 0. 68 2.4
139 i 75 33 12.5% 1 2.2 0, 42 0. 32 0.72 M1
170 13 0.3
177 17 18 5 .. 0.4 1. 00 0. 22 0.16 0,22 M1
196 13 0.2
243 17 0.25
248 19 7 1 e 0.2 0.41 . 097 0. 063 0.051 M1+ E2
251 36 0.4
278 40 0.5
25 6 0.29  0.073 0. 045 0.033 M1+ E2
281 160 1.8
288 48 0.5
299 110 4 : % 1.1 0.24 0,061 0. 038 0. 026 E2
314 53 0.6
322 230 230 20 5 i 2.6 0. 20 0,052 0.032 0.021 M1+ E2
362 158 3 1 1.6 0.14 0.038 0. 022 0.013 E2
388 330 320 7 4 3.8 0.12 0. 034 0.018 0.010 E2
460 1440 23 4 14.6 0.078  0.022 0.011 0. 008 E2
485 100 1.0
559 720 7.8

TABLE 4
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renormalize Nablo's data. This has been done in Table 4, column 2, using the
322 quantum intensity as a standard. Columns 4, 5, and 6 show conversion
electron intensities. Wherever possible the values from present experiments
have been used. The remainder came from the work of Nablo and Artna. The
transition probabilities, column 7, follow directly from the gamma ray and con-
version electron intensities for those cases where both of them are known. For
the cases where the conversion electrons were not observed, estimates of their
intensities have been made on the assumption that they are M1 + E2 mixtures.

In the 107 kev transition only the SJ{L is known, so the values quoted for G
represents the limits possible for pure M1 and E2. The values of the conversion
coefficients for M1 and E2 transitions for the K and L shells are listed in columns
8 - 11 and are taken from Rose's tables. Finally, multipole assignments for the

stronger transitions are made.

(xii) TheDecay Scheme

Figure 33 presents a decay scheme based on these measurements which
accounts for all the gamma rays gave the weak 251 and 288 kev transition. The
intensities and energies of all the transitions are shown on the figure. The
arrangement of levels is that given by Nablo et al except for the 613 kev level.
There is now no doubt about the existence of all the levels shown except the 362
and the 661 kev levels, so these two levels are placed on the right hand side of
the figure.

The presence of three weakly populated levels at 246, 281 and 317 kev

levels have been strongly established by these experiments. The partial beta
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spectra feeding each of these levels have been observed. In the case of the 246
and 281 kev levels, these spectra are complex indicating feeding from a higher
level in the 550 kev region. On the other hand the beta spectrum to the 317 kev
level is simple at least down to 300 kev, thus indicating no feeding from levels
below 800 kev. This fact makes it necessary to reject the Nablo assignment
of the 299 kev transition as between the 613 and 317 kev levels. This takes away
the main support for the existence of the 613 kev level. The suggestion of a level
at 362 kev is based on the presence of the fairly strong 362 kev transition and the
fact that a level near this value is known from Coulomb excitation work (40). Such
a level must have spin 7/2 and can therefore not be fed directly by beta decay.
In order to provide the necessary feeding, the 299 kev transition has been used
and this introduces a new level at 661 kev. This argument is very tenuous and
cannot be taken too seriously. It is unfortunate that the low intensities of the
internal conversion lines of the 299 or 362 kev transition prevented a direct test
of this assignment.

The intensities are based on coincidence measurements of the partial beta
spectra, which gave absolute values for the beta groups to the 73 and 139 kev
levels, and the absolute intensities of two other transitions. The beta intensities
to the other levels have been calculated from the decay scheme and the transition
probabilities discussed in section (xi) above. There is a large measure of dis-
agreement between the beta intensities and those published by Nablo et al (39)
but there is fair agreement with Nablo's thesis values. These values, based on

a Fermi analysis of the complete spectrum indicates beta transitions as follows:
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38% to the ground state; 26% to the 73, 9% to the 139, 9% to the 281, 11% to the
460 and 7% to the 538 kev levels. An analysis of a spectrum into so many groups
is very subjective, and it is possible without doing violence to his data, to remove
the intensity of the 281 group and add this to the 460 and 558 to give good agree-
ment with the present work. In a similar way, the relative intensities to the
three lower levels can be adjusted to agree with the present data.

An independent check on the correctness of these intensity measurements
can be obtained from the measurement of the photon intensity of the 139 kev tran-
sition described by Nablo et al (39). They obtain a value of 3.1% for this gamma
ray. From the présent work, using the total intensity of the 139 kev transition
as 10.7% and the multipole assignment as M1, a value of 3.3% is obtained for this
gamma ray. The log 1o ft ~ values for the beta transitions to various levels

are shown in the table below:

Level Log ft.

0 7.4

73 8.2
139 8.1
246 9.0
281 8.7
314 9.0
362 9.0
460 7 &
559 7.3

The transitions to the 460 and 559 kev levels seem to be favoured over the others
by a factor of about 10. However all the beta transitions fall in the first forbidden

region.

(xiii) Spins and Parities

From the Nilsson model (41) and the systematics of nuclei, it is clear
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that the spin of 0s193 jg 3/2 with negative parity. This model also predicts the
presence of low lying levels of spins, 3/2+, 1/2+, 11/2 - in Ir191, Ay 197,
These levels have been found in all of these nuclei (42). It is clear that the
ground state of Ir193 is a 3/2+ and that the 73 kev level is 1/2+. The 11/2-
level has been found at 80 kev by these authors. Since nearly all these levels
are populated by beta transitions, their spins must be 1/2, 3/2 or 5/2, with
presumably positive parity. Negative parity states would lead to a number of
E1 transitions, in contrast to the results of the internal conversion data. Un-
fortunately this makes it very difficult to assign unique spins to any but the
lowest lying levels. One would not expect any transitions to the 80 kev level
since those would be of a multipolarity M2 or higher.

The ground state spin of Ir193 has been measured to be 3/2 by Mach
(43) and the shell model predicts positive parity. Coulomb excitation measure-
ments (40) have identified rotational levels based on this state at 139 and 368
kev. Following this lead, spins of 5/2 and 7/2 have been assigned to the 139
and 362 kev levels. If one applies the appropriate rotational formula:
Ei“t = '215]3 I (I +1) to the first two levels one gets a value ofg_ = 27.5."10-“"
Using this to calculate the position of the 7/2 level leads to a value of 330 kev in
poor agreement with the expected value of 362 kev. However, unless the nucleus
is highly deformed the expression for the energy above should be modified by a
term proportional to 12 I+ 1)2 (45), and is characteristic of the rotation-vibration
interaction (45).

Another rotational sequence of levels may be the 73 (1/2+) 246 (3/2+)
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314 (5/2+)levels. For these we must use the formula,

E,t =142 E @+1) +a D A+1/2) 4, 1/2)] because it is based

2J

on a 1/2 state.

Here we find that‘l_i?_ = 36kev, and a = 0.61.-

The moment of inezx']tia is therefore different for the ground state and this is
to be expected for odd A nﬁclei. (44)

It is not possible to draw reasonable conclusions about the spins and
parities of the other levels. |
One might speculate as follows:

(i) The 460 kev and 559 kev levels are both vibrational states based on a ground
state (K = 3/2 I = 3/2). An intrinsic vibration of spin 2 coupled to this par-
ticle motion would lead to possible levels described by (3lz ,7/1.), (’/; ‘7&2 ( ) 8/1»2 Ca '/")
The 460 kev level must be (3/2, 5/2) or(3/2, 7/2) if the E2 character of the 388
kev line is to be believed. The 559 kev level could have any of the spin values
1/2, 3/2, 5/2. This description of the levels is attractive because both the 460
and 559 kev transitions have very similar decay patterns with the radiations of
E2 character characteristic of vibrational spectra. It is also attractive because
of the similarity of the ft values for beta decay to their states and the ground
state. This assignment has been chosen for the decay scheme.
(ii) The 559 kev level may be the second member of rotational band based on the
460 level. In this case the 460 level must be described as (3/2, 3/2) and the
559 as (3/2, 5/2). The moment of inertia obtained for this picture is quite close
to that for the ground state, but the decay pattern does not offer much support for

this view, (iii) No speculation concerning the 281 or 661 kev levels seems to be

profitable.
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CONCLUSIONS

The experiments described in this thesis have demonstrated the useful -
ness of the electron-electron coincidence spectrometer in studying complex beta
spectra. The performance of the instrument has come up well to expectations
and is slightly better than that of the prototype constructed by T. R. Gerholm.
Its usefulness can be greatly extended by replacing one lens by a gamma ray
spectrometer, and feeding the output of the spectrometer to a multichannel pulse
height analyser gated by pulses from the electron detector. This will reduce the
time required for an experiment by several orders of magnitude.

In addition,its potentialities for the measurements of short lifetimes have
not been exploited but it should be ideal for these determinations. The Os193
spectrum proved to be a very severe test of the instrument since the low speci-
fic activity of the irradiated osmium made it impossible to use strong sources,
and because the low energy spectrum was so seriously masked by the 0s191
spectrum. The results of the experiments led to essential confirmation of the
decay scheme already published. However the position of the levels at 246,

281 and 317 are much more securely established than they had been before and
the intensities of the bet# and gamma group much more securely known.

As a consequence of these experiments, Goodman is preparing to repeat
the scintillation counter measurement, to see if the discrepancy in intensities

can be removed,
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