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INTRODUCTION

Study of the laws of the B-interaction has been ine
tensive since Fermi's original theory formulated in
193u(1). Since 1956, heowever, the overthrow of parity
conservation 1n weak interactions has increased the
number of f-decay observables, and the interaction has
been established as being V - A, In particulapr, the cor-
relation between the direction of a B-particle and the
circular peolarisation of a ¥ »ray emitted after the B~
decay has provided valuable infermation about the laws of
B=-decay.

With the basic form of the pB-interaction established
as V —-A, it ie now ponaiblé to use the measurements on
p-decay to evaluate the nuclear matrix elements invelved.
The importance attached to work en p-decay has therefore
swung away somewhat from the study of the basic B~
interaction, towards the investigatien of nuclear structure,

The purpese of this thesis is to investigate the
measurement of the f-circularly pelarised correlation by
the transmission technique, in general, and, in particular,
to measure this correlation for the highest energy B group

emitted by Eulsz. The relevance of this measurement teo

152 nucleus 1is discuss=

the study of the structure of the Eu
ed in Chapter 3, while Chaptersl and 2 previde a brief
theoretical background and the gleossary of terms necessary

to approach Chapter 3.



SHAFTER 1
A _BRIEF SURVEY OF B-DECAY THEORY

1.1 T 7 S -

The phenomenon of pP-~deccay is a weak interaction be-
tween four fermions, and its three observable effects
-+
(g~ emission) and erbital electron capture) can be re-

presented by the general equatien
n+VvV e« D+e€ .

Although B radicactivity had been recognised at the |
close of the last century, the elucidation of the basic
processes above required Pauli's neutrine hypothesis (1931)
and the discovery of the neutron (1932)., From this quali-
tative description Fermi developed in 193h(1) the standard
theory of B=decay by analogy with guantum electredynamics,

The electrodynamic interaction can be represented by

a Hamiltonian energy density of the form

He.m. r jd-Aﬂ-

where A (%, %g) is the feur-vector potential of the |
electromagnetic field, and jaﬁ3, icp) is the four-vector
current density interacting with Aa' Fermi, regarding p-
decay as also stemming from the interaction of two polar
four-vector currents, replaced A, and ja with ju, the
lepton current, and Ju’ the nucleon current, in order to

obtain the p-interaction Hamiltonian density
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H, = 8,(Vp v, ¥)(Te= v, ¥,) + hec.

where g_  is the coupling constant for the p-interaction

v
(replacing the charge e in the electrodynamic case)3
the Vy's are the fermion wave functions
v o= gt Ty (vt being the complex conjugate
of ¥),
yh(-iﬁa, B) are the usual Dirac matrix operators
constructed from the Dirac matrices o and B.

The hermitean conjugate term "h.c." represents
positron emission,

Since Fermi's original papér, the theory of p-decay
has widened to include all possible couplings of the
fermion fields consistent with leading teo a relativistic-
ally invariant theory. The most general Hamiltonian ceuld
then be expressed as a linear combination of contributions
from the five possible couplings} scalar S, pelar vector
V, tensor T, axial vector A, and pseudoscalar P, each
with its own complex coupling constant. Derivative
couplings introduced by Konepinski in 1935(2’3) were soon
found to give results which disagreed with experiment, and
were discarded. The experimental work which followed was
mainly concerned with finding the magnitudes of the

coupling constants.
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1.2 dificat 's The

The suggestion of Lee and Yang in 1956(h) that parity
is not conserved in weak interactions complicated the
problem by allewing the intreduction of pseudescalar terms
inte the Hamiltonian, which became of the form

By » % Sy (¥p 03 ¥)(Tg 05 ¥,) + % 01 (¥p 05 ¥p)
.($e 01 "f5 ‘va) + he.C,

'hel‘e i = S, V, T' A.. P.

are the parity conserving coupling constants.

i
Ci' are the parity non-conserving coupling
constants.,
04 are operators which can be expressed in terms
of the y's.

75 - YlTET3Th.
There now arises the possibility ef interferences between
- the scalar and pseudoscalar terms in this Hamiltonian,
giving rise to new observables,

The stimulus of Lee and Yang's startling suggestion
led to great experimental activity which, as well as
verifying the non-conservation of parity in weak inter-
actions, whittled down the number of participating coup-
lings to V and A within two or three years.

The interaction, then, has been found te he express-
ible as the coupling of two four-vector currents, and the

essentials of Fermi's original formulation still hold. The
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'Hamiltonian density can be conveniently written

G
Hﬂ(x) = ‘-r'-;_[Ju(x) ju(x) + h.c.]

G, 1s a constant determining the strength of the coupling.

B
The experimental findings since Lee and Yang's
iparity non-conservation hypothesis have, however, led to
modifications in the assumptions underlying Fermi's
‘original theory. Key experiments, on the helicity of B
‘particles, the electron-neutrine angulﬁr correlation, and
' the helicity of the neutrineo, which had esteblished that
oenly V and A couplings need be considered, also showed
that the particles participate in the pB-interaction through
their left~handed components only, and the antiparticles
through their right-handed components. Any fermion state
¥ can be resolved into its left~handed and right-handed
components B and £ Dby means of the operators

(1 + 75) and %(1 - Y5) respectively.
Vo= B = By o+ K-y

The lepton four-current Ju then takes on the form
‘ye__ %(1 + 75)1'“ %(1 + 75)¢v

which becomes

?Fe_ T, B2+ )y,

when the properties of the ¥ matrices are taken into

account, This lepton current contains equally strong polar
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end axial vector parts, which can be considered to be a
consequence of the two-component theery of the neutrino,

' which poeiulates only two (rather than four) neutral lepten
states$- negative helicity (left-handed) neutrines and

' pesitive helicity (right-handqd) antineutrinos.

1.3 Hucleon Current

The nuecleon current is se much mnre.complicated in
form due teo the strong interactions experienced by these
particles that an explicit expression for Jﬁ has not yet
been obtained, It is convenient, however, to separate

Ju into its polar and axial vector partsi

= V) (a)
Ju Jﬁ + JF

The most general operators Oév) and OﬁA) which
 generate J&v) and Jﬁa), and which lead to the correct
Lorentz transformation properties of these currents, con-
- tain three terms in each, The three terms in Oﬁv) ares
the usual polar vector operater iyn, a "weak magnetism"
; term and an induced scalar term. O&A) consists of't the
usual axial vector operator 17“75, an induced pseudo-

- scalar term and an induced tensor interaction.

When the P-decay Hamiltonian is constructed from

these operators and the lepton current ju, noting that
for B-decay the momentum transfer is small (a few'-lil%E )s

it is found that all the operators except 1Yu and
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17u75 make very small contributions. Then separation of
the temporal and spatial components of the currents leads
to the following expression for the f -decay Hamiltonian

for a nucleus containing A nucleons:
a -
mge = 2 G a%lf[cv-c&%] 3,(x,) - i[cva. + €,o°]
, +
B H(Xa)} T a

where C and C are the relative strengths of the

v A
Ipolar and axial vector couplings, o is the spin operater
- 753, and Tr: is the isespin ladder operator, which
formally transforms the a-th nucleon from a neutren inte
a proton.

The hermitean conjugate of the above Hamiltonian

expresses the ﬁ+-decay interaction,

1.4 Bcdecay Matpix Blements

The B =decay probability of a nucleus is proportional

' to the square of the matrix element
Mgm = Kdps ¥ oo ]HB_,] ¥y >

where ¥, and ¢f are the initial and final nuclear
states. The leptonic part of M can be calculated with
Iconsiderable precision, whereas inadequate knowledge of
nuclear wave functions makes estimates of the nuclear part
very uncertain. For this reason, the nuclear [ moments
are usually evaluated experimentally.

The lepton current appearing in Mﬁ- is evaluated
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using, for the electron, selutions of the Direc equation
for a particle in a Coulemb field, and for the neutrino,
free particle solutions of the Dirac equation. This cur-
rent is usually expressed as a series expansion in pewers
of D.r, where p is the total lepton momentum, the co=-
efficients invelving the radial wave functions of the :
electron, which must be evaluated at the position of the
 transforming nucleon. Evaluating these wave functions at
the nuclear radius, to aveid the singularity at r = 0,
does not intreduce appreciable errors, except in the case
of heavy nuclei, Very accurate evaluations of the lepton
current take account of finite nuclear size effects, and
corrections to the simple Coulomb field of the nucleus due
to screening by atomic electronse

From the expansion of J, in powers of PeTy or &
where A 1is the lepton wave length, there arises a series
of matrix elements of Hg- between given initial and final
nuclear states., Fortunately, however, the character of
nuclei and leptons allows the termination of this series
after a few terms to be a Justifiable approximation. For
nuclear P-decay, energy releases are such that the lepton
wavelengths are considerably greater than the dimensions of
nuclei, in fact § is of order f%. Thus the terms in
the expansion of ju rapidly decrease in magnitude,

As regerds nuclear states, it is important to realise
that the operators 1, ¢, & and Y5 produce matrix
elements of order of megnitude 1, 1, /e and '/e¢ res-
pectively, where v is the nucleon speed and usually of



order f% .

The resulting matrix elements of HE are then con-
veniently classed according to their order of magnitude
and the selection rules for nuclear spin and parity which
must be obeyed if they are to be non-zero. This classi=-
fication leads naturally to lists of the matrix elements
which can contribute to the various decays - allowed,

first ferbidden etc,

The matrix elements of Hﬁ” of largest magnitude
arise from the operators of order unity, i.e. 1 and @}
coupled with the term (§)° in the expansion of Jp.

The two matrix elements which survive in this approxi=-

mation are:

Selection Rules.

u‘(,o) = cv<f]§ T[4 often

written fl AI = 05 A% = no
(0) jﬁ: = ,
o = ¢, {£|= T, 77| 1)often
a=1
written f’é AT =0, 21}
AX = no

(ne 0 -—=0) .

These, then, are the matrix elements which can make the

largest contribution to allowed B =decay.



1.6 8 Transitions

The matrix elements of Ha"" one order of magnitude

lower than those of allowed decay can be similarly col-

lected and tabulated.

Matrix Element AJ

c, yo.r 0

c, §1~r5 0

Oy ¥ 0, 21
Oy ( i3 (no 0->0)
C, fi‘c?s&-'

Cy fBi:] =C, f(d‘irjwdri-éé o.r) 0,."’.1,12
(no 0 =0, % =%,

1—-»0)

Ax = yes for all elements.

Order of Magnitude
oZ

Vn/c

aZ (where a is the
fine structure
Vns, constant ﬁr

(s

Order of magnitude estimates show that p-decay cal-

culations which retain only the lowest contributing power

of ¥/A in the lepton current expansion should be adequate

in most cases. This procedure is known as the normal

approximation.



1.8 The b Appr tion

For nuclei of large Z, the influence of the Coulomb
field on the electron wave functions becomes important,
and the magnitudes of the terms in the lepton current
expansion can become determined by the term containing
the largest power of the parameter £ = %% s Which is
a measure of the Coulomb energy of the electron as it
leaves the nucleus of radius R. For a medium-heavy
nucleus, & is of order 10, whereas the § end-point
energy W, is of the order of a few, and so the Coulemb
energy & 1is much greater than the final lepten kinetiec
energy. The £, or Coulemb, approximation amounts te
making the assumption £ D)7V o which can also be written
aZ D % » and thereafter discarding all but the hichest
power of & (52) which eppears in the lepton functions.
Weidenmﬂller(5) discusses the Coulomb approximation in
full, and illustrates his arguments by giving expressions
for the observables in the form of power series in £ .

In this approximation, first forbidden decays with

AJ = 0, i1 are expected to display energy and angular
characteristics identical with those of allowed decays.
For example, the B-spectrum shape, for most first for-
bidden decays is indeed Just the statistical shape of the
allowed decays. The matrix element J-Bid does not con=-
tribute to a first forbidden decay for which the Coulomb
approximation is valid; the other five matrix elements
appearing in the form of two independent linear combina=-

tions
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V = CA fi‘vs + ECA o.r y and

Y = -Cy 'fiE' - E cA.fiE§5 + ata,f§= .

Two measurements, for instance of ft value and
P = circularly polarised y angular correlation, give the
magnitudes of these two combinatiens., The individual
matrix elements cannot be measured in Coulomb approxima-
tion, To determine the matrix elements separately,
therefore, the decays which show deviations from this

approximation must be examined.,

Several first forbidden decays with AJ =0 or 1
deviate from the expectations of the Coulomb approximation
by exhibiting characteristics of the unique (A4J = 2)
first forbidden decays, Such decays have an abnormally
high ft value, an energy dependent spectrum shape factor,
and -y and Pe-circularly polarised y angular correla=-
tions which are § energy dependent.

The validity of the appreximation breaks down if the
linear combinations of matrix elements appearing in the.
g term in the lepton current expansien is small, or if
the B end-point energy Wy is so large that £ is neo
longer > wb. The combinations of matrix elements may be
small if either a) they almost cancel each other (the

"cancellation effect") or b) the matrix elements corres-

ponding to 4J =0 and 1 are very much smaller than
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the element S”Bid which is solely responsible for

unique decays. To explain this behaviour, a nuclear model
must be sought which intreduces a selection rule inhibiting
contributions from matrix elements other then f Byye This

is the so-called "selection rule effect".

1,10 ese 8 e o

When the many P-decay experiments are analysed accord-
ing to the theory as outlined here, then there emerges
strong evidence for the application of the following
principles to p-decay.

C e es

a) Lepton conservation.

Ne neutrinoless double

B-decay.
Zero
b) Iwe-compenent theory Simplest description neutrino
of the neutrino of neutrine behaviour L

¢) ZIime-reversal invarisnce Real coupling constants.

d) A V.- e
e) Ceonserved vector £
V)
(ove) nypothests, o7,
' e =0
ox
n
f) The inte i 5 1 ©No intermediate vector

boson exists,

The constants appearing in the theory have been

measured to be

6y = (L.4149 T 0.0022) x 10749 erg. cm.>



c +
E& = - 1.18 - 0.02 .
Vv

The CVC theory (so-called by analogy with electro-

magnetic theory where the conservation of charge leads to

the continuity equation B_(:’%%F'_)‘=L . e _

(T, icp) 1is the four-current density) postulates that
the vector coupling strength is conserved, even during
virtual trensitions of the P-transforming nucleons. In
other words, the CVC theory implies a weak pien-lepton
coupling, The fact that ’cAl £ , Cy ] , taken along with
the CVC hypothesis, means that enly the axial vector coup-
ling has to be renormalised to take account of the strong
nucleon-pion coupling,
An impeortant deduction from CVC theory is that there

is a relationship between the matrix elements f&ﬁ and

T , which reduces the number of such parameters invelved

in first forbidden £ transitions from 6 to 5, in general.



=CIRC LY POLARISED Y CORRELATION

2.1 Definition of Photon Cirecular Polarisation

In the literature of physics there are two common ways
of describing the circular polarisation of electromagnetic
radiation, the choice of method usually depending upon the
energy involved. At low energies, where the electromag-
netic field description is largely according to the
classical wave picture, and energy is measured by frequency
or wavelength, circular polarisation is usually described
as a rotation, about the direction of wave propagation, of
the vector representing the electric field associated with
the radiafion. On the other hand, at the high energy end
of the electromagnetic spectrum, it is more common and use=-
ful to use gquantum concépts. Here, the important charac-
teristics of electromagnetic radiation (or photon beam in
quantum terminology) are momentum and angular momentum,
That the circular polarisation of photons is associated
with their angular momentum has been beautifully demon-
strated experimentally in the optical region by Beth(s),
who measured directly the angular momentum carried by a
beam of circularly polarised light.

The circular polarisation of nuclear Y rays is usually
described by considering the projection of the spin of the
photon on to its direction of momentumy with right circular

polarisation corresponding to parallel spin and momentum,
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the projection p = +1, and left circular polarisation
corresponding to anti-parallel spin and momentum, the pro-
jeetion p = =1, The photon, although having a spin of
one, has only the two possibilities p = =1 3 the pro-
Jeetion p =0 1is ruled out by the transverse nature of
its electromagnetic field, If IR and IL are the in-
tensities of photons with right and left circular polari-

sation respectively, then the degree, P, of circular

polarisation of the Y ray beam is given by

2.2 r tion of Circular Polarised Photons

The production of a circularly polarised Y ray beam
requires a polarised source, and simple angular momentum
considerations show that, in general, ZF'c depends upon the
angle between the photon momentum and the polarisation axis
of the source,

As a consegquence of the non-conservation of parity in
weak interactions, the leptons emitted in p-decay are
1angitud1nally polarised, and, therefore, the recoiling
daughter nuclei can be partially polarised relative to the
direction of amission of the B particles, If thesce re=-
coiling polarised nuclei emit Y rays, fhen these Y rays may
be circularly polarised, with Pc depending, in general,
upon the characteristics of the B and ¥ transitions, and

upon the angle © between the pf and Y momenta,
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If, as in allowed Fermi B-transitions, the lepton
field carries off zero total angular momentum, then the
recoil nuclei cannot have their angular momenta polarised.,
Any subsequent Y-ray cannot, therefore, be circularly
polarised. In allowed Gamov~Teller transitions, however,
the leptons carry off one unit of angular momentum, and
' since the leptons are longitudinally polarised, so also
will be, in general, the daughter nuclei and any subsequent
Y=rays, These simple deductions from the Law of Conser=-
vation of Angular Momentum are very clearly developed by
Lipkin(75.

2.3 - C r Polarised Y Correlati

The B<~Y angular correlation observed with a ¥ detector
that responds only to Y radiation of circular polarisation

Ly can be written,
o8y 1) = >, 15 A (B)A(Y)P(cos 6)
' K

where the coefficients

Ak(B) depend upon the details of the B process,

Ak( Y) " " " " " L's " 5

the Pk(cos ) are Legendre polynomials,

the sunmmation over k extends from zero up to

(2¢+1) where ¢ is the order of forbiddenness of the
B=~decay.

The electromagnetic Y processes are well understood,
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and so the Ak(Y) are known, These coefficients depend
upon the spins of the nuclear levels involved in the ¥
transition, the multipolarities of the emitted Y radiation,
and the mixing ratio of the contributing multipoles, The
coefficients AK(B)' on the other hand, depend upon the
B ﬁarticle energy W, Dbilinear products of the nuclear
matrix elements contributing to the p-~decay, the radial
wave functions of the B particle, the spins of the par-
ticipating nuclear states, and the coupling constants of
the B interaction.

Contracting the notation, the correlation can be

written

w(@y py, W) = > ukAk(W)Pk( cos ©)
K

where the known Ak(Y) are incorporated in the coefficienté
Ak(w). For allowed P-decays the sum contains the two terms
corresponding to k=0 and k =1, whereas for first
forbidden decays the k summation contains the four terms
from zero to three, The terms involving polynomials of
odd degree are detected only when a Y detector which is
sensitive to circular polarisation is used.

The degree of polarisation of the Y-rays then becomes

Po(a’ W) b (0(91 +}1 w) ol QLG. ""'1' W!

w(e, +1, W) + w(e, =1, w)

f}gw)PI;GOB @) + AS(W)Piscoa e)
AO(W) + Az(w)PQ(cos e)
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Ao(w) is simply the B-spectrum correction factor C(W);
Az(w) is obtained fram the B-Y directional correlation;
Al(w) and AS(W) are then obtained from measurements of
Pc'

The coefficients Ak(W) are bilinear functions of the
nuclear matrix elements contributing to the p-=decay. In
particular, Az(w) can be expressed in terms of e, the
anisotropy coefficient of the p-=Y directional correlation,
and AB(W) is a function of the matrix element J—Bij.
However, first forbidden decays exhibiting the allowed
spectrum shape lead to little or no anisotropy e in
their direction correlation, and have a negligible contri-
bution from 5313' In these cases, therefore, the cor-
relation funetion w has an angular dependence which is
similar to that of allowed decays,

On the other hand, Py for a B decay which involves
the maximum change of angular momentum allowable in any
class of forbiddemness, e.g. A I = + 1 for allowed and
AI = = 2 for first forbidden decays, does not depend
upon the matrix elements, and can therefore be calculated
exactly. The reason for this is that only one matrix
element makes a significant contribution to such a decay
( f-}- in allowed, and .(B:!.;l in first forbidden), and
this matrix element cancels throughout the expression for

Pu'
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2.4 Perturbed Angular Correlations

Angular correlations can be perturbed if the inter-
mediate nuclear state (in the case of w (&, u, W) this
is the B-decay excited daughter nucleus) has a sufficient-
ly strong interaction with extra-nuclear fields through its
magnetic dipole moment or electric quadrupole moment, This
attenuation of the correlation is appreciable when the
lifetime, T, of the intermediate state is long, and when
'the interaction energy, AE, in this state is large., A
rough criterion for the threshold of importance of this

effect is given by
a .= > %,

although the critical value of AE.,T will depend upon

the sensitivity of the particular apparatus used,



CHAPTER 3
NUCLEAR MATRIX ELEMENTS IN FIRST FORBIDDEN B-DECAYS

3.1 General

Beta-~decay observables are analytically expressed by
homogeneous bilinear functions of the nuclear matrix
elements, As has been pointed out in Chapter 1, accurate
theoretical calculations of these matrix elements are
usually impossible because of the lack of precise knowledge
of the nuclear wave functions, These matrix elements are,
therefore, usually treated as parameters to be evalugted
experimentally.

Since only two matrix elements contribute significant-
ly to allowed PB-decays, their values for a particular
transition are obtained relatively easily by means of a
few (at least two) well chosen experiments, For a first
forbidden decay, however, up to six matrix elements can be
importent, in generaly and so their evaluation requires the
careful measurement of several (six or more) B~decay obser=
vables, Unigue transitions, however, depend upon only one

matrix element,

5.2 Non-unique First Forbidden Decays

Moest non-unique first forbidden B transitions exhibit
features similar to those of allowed transitions; including
a statistical spectrum shape and a small B=Y directional
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correlation coefficient, This behaviour has been theoret-
ically described by the Coulomb approximation. Since, in
this approximation, the matrix elements appear only in the

linear combinations

v = c, fi-rs » écAf_q-._z; for rank 0

and Y = =Cy ig = gcAfing*gcv f_;'_ for rank 1

( the matrix element S-Bi;] is rendered insignificant by
this approximation), it is impossible to measure them in=-
dividually.

Several non-unique first forbidden decays, however,
display spectra which deviate from the statistical shape,
and when these p transitions are followed by a Y ray,
the f =« Y directional correlation shows a large aniso=
tropy. These decays are also characterised by an abnor-
mally high log ft value which ran range from about 9
to 12, compared with the more usual log ft wvalues of
about 7 for non-unigue and about 8 to 10 for unique first
forbidden transitions.

Considerable research work has been devoted to measur-
ing nuclear matrix elements, in order to test proposed
nuclear models, and in the case of first forbidden B=-
decays attention has been focussed on the AI =1 tran=-
sitions which show the above behaviour, The reasons for
this concentration of effort are that in these decays only

four matrix elements (those of ranks 1 and 2) can contribute
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and also, because the Coulomb approximation appears to be
invalid for these transitions, the possibility arises of
evaluating individual matrix elements, The four obser-
vables usually used in the measurement of these four
matrix elements are the comparative half-lives of the
transitions, the energy dependence of the spectrum shape
factors, the energy dependence of the =Y directional
correlations and the energy or angular dependence of the
B=circularly polarised Y correlations,

The proposed explanation of the fact that these tran-
sitions have nearly a "unique" behaviour is that there is
either a relative predominance of the second rank matrix
element jﬂBij, due to some selection rule effect, or
else there takes place a cancellation of some linear com=
bination of the matrix elements of tensor rank 1,
Kotan1(7) has discussed these possibilities, and has drawn
attention to the fact that a measurement of the angular or
energy dependence of the pB-circularly polarised Y corre=-
lation is one of the most sensitive ways of distinguishing
between the occurrence of the selection rule and cancella-
tion effects, It was to help to eclarify this point that
the present experiment on circular polarisation was under-
taken,

33 The Nuclide §u152

The highest energy £ group in 12,4 year Eu152 was

chosen for this study because it is a first forbidden,
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non-unique, AI = 1, transition which is not satis~
 factorily described by the Coulomb approximation, although
'in this case §©& = @Z/2R 1s 1b,1. The decay saheme' ®)
'is shown in Fig. 3.1, It is a well studied transition, and
' from measurements, of the four usual observables, Lipnik

(10)

and Sunier(g) and Alexander and Steffen have calculat-

ed values for the matrix elements involved. It is found
that the values of all four are inhibited, with the tensor-
type element S-Bij much less inhibited than the other
three matrix elements,which are of vector-type.

Lipnik and Sunier find that the experimental evidence
collected for Eu152 is consistent with a theoretical des-
eription of this decay based on the so-called "Modified
Bij Approximation", in which only the parameters Y and

‘gBiJ are retained, In addition, the values of the
matrix elements extracted by Alexander and Steffen show
that, since all the vector-type elements are reduced more
than the tensor type element SrBij’ a "selection rule
effect"” must be operating to favour the emission of a
lepton field which carries away two units of angular
momentum, at the expense of emission of a fleld carrying
one unit of angular momentum,

152

The slowness of the decay of Eu can be explained

when one examines the level schemes of its daughters., The

152

level scheme of Gad is characteristic of vibrational

states of a spherical nucleus, and so the equilibrium shape

of the Gd152 nucleus is almost certainly sphericalj;
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whereas, on the other hand, the level scheme of Smlsa.

is typical of a deformed nucleus., So it appears that the
152 152 and Gd152

region where the nature of the levels is changing rapidly

nuclei Sm™", Eu are in a transition
from nuclide to nuclide, which will lead to a poor overlap
of the wave functions appearing in the nuclear matrix
elements. These matrix elements will therefore be small,
and the corresponding transitions slow; which is shown by
the fact that the log ft values for gll the transitions

from the ground state of Eul)>

are abnormally large.
This quantitative discussion gives a plausible ex-
planation of how it is that all the nuclear matrix ele-

ments for f transitions from Eu152

are reduced; it can=-
not supply reasons for the relative dominance of the

jhij matrix element. To explain this "selection rule
effect", a more detailed knowledge of the structure of the

ground state of Eu152 is necessary.



CHAPTER L
MEASUREMENT OF THE CIRCULAR PO ATION OF G RAYS

L.l ntr tion

Although the measurement of the circular polarisation
of ¥ rays provided important evidence for the non-
conservation of parity in B-decays, the technigue had been
developed for other purposes in the years immediately
preceeding the Lee and Yang hypothesis of 1956, Several
sources of polarised Y-rays were known, and several measures
ments were made,

O. Halpern(ll)

in 1951 suggested that the circular
polarisation of the Y-rays from polarised n - Y reactions
could be measured using Compton scattering., Clay and

Hereford(lz)

in 1952 used Compton scattering from ferro-
magnetic folls to study the polarisation of ennihilation
photons; and in 1955 Wheatley et al.(ls) measured the
circular polarisation of Y-rays emitted from a 0060 source
polarised at very low temperatures,

The measurement of the circular polarisation of Y-rays
is usually performed by scattering the Y~rays from polarised
electrons, This technique relies upon the existence in the
cross-section for Compton scattering of a term which depends
upon the relative orientation of the spins of the Y-ray and
the scattering electron. The total Compton cross-section

can be written

o = o, + 6, cos ¥

where



g l+ Kk 2 + 2k 1+ 2k
= > = = log -—--——2}
2rr ko 1+ 2kg Ko
. log(1l + 2kgl L 1+ 3kg_ ;
2k (1 + 21:0)

is the well known expression for unpolarised photons and

electrons,
2
o, _ 1+u1:9+5:g_ 2 (1+k°)1og(21+2k°)
21:1-3 k c'(1 + 21:0) 2k

is the part of the cross~section sensitive to Y-ray
circular polarisation and electron spinjg
¥ 1s the angle between the momentum of the incident

photon and the spin of the scattering_electron§

r. 1s the classical radius of the electron = —25 3

me

Kk is the energy of the incident photon in units of mc2.
o~ 2 . ,
Fig. 4.1 shows c /21'1'1'0 as a function of ko.

This polarisation-sensitive phenomenon has been
developed into a measuring technique in a few different
geometrical arrangements, One of the major difficulties of
aiplying this phenomenon to the measurement of circular
polariaation is obtaining a sufficiently dense assembly of
polarised electrons to act as an efficient scatterer.
Magnetised iron is a possible scatterer, although its
polarisation detecting efficiency is low because only two

of its twenty six electrons are polarised at saturation.,
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4.2 Forward Scattering Method

Forward scattering of Y-rays from magnetised
iron is a well established technique for measuring circular
polarisation, and the general features of a typical appa=-
ratus for investigating a f = ¥ circular polarisation
correlation are shown in Fig. 4.2, The asymmeiry in the
coincidence counting rate as the magnetisatiogras reversed
gives a measure of the circular polarisation of the Y-rays.,
The details of such a measurement will be given later when
the experimental set-up used in the present work is des-
eribed,

The first measurement of a f - ¥ circular polarisa=-

(14)

tion correlation was performed by Schopper using this
technique, The method has the advantage of providing a
large solid angle for the Y-rays, but has the disadvantage
that it is difficult to vary the angle between the - and

(15)). Schopper

Y-rays, (See, for instance, Saigntignon
has given full details of performing such an experiment,
and has included a discussion of the corrections necessary
to take account of finite geometry, photon absorption in

the iron, and plural scattering.

4,3 Transmission Method

The measurement of the circular polarisation of Y-rays
can also be carried out by transmitting them through mag-

netised iron, The first use of a transmission magnet was

(16)

by Gunst and Page s Who, in 1953, measured 6; for
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1
2,62 VeV Ye-rays. Lundby et al.( 7 were the first to

apply this method to the measurement of a g - ¥ circular
‘polarisation correlation, and their results were published,
only a few months after those of Schopper. Fig, 4.3 shows
a simplified lay-out of a correlation experiment using the
transmission method, As in the forward scattering tech-
nigque, the measurement of the polarisation of the Y-rays
consists of a determination of the asymmetry in the coin-
cidence counting rate as the magnetisation is reversed,

The advantages of the transmission method over the
forward scattering method are that the Y energy dise
crimination is superior (the Y lines are considerably
broadened by scattering), and that the angle between the
B= and Y-rays 1s more easily varied.

Since this was the technique chosen for the present

work, it will be described in some detail,

4,4 Theory of the Transmission Method

Consider a beam of photons, of energy ko’ propaga=-
ting along the x direction., If the beam consists of Nt
photons with spin parallel to momentum and N~ with spin
and momentum antiparallel, then the circular polarisation

Py of the beam is given by

+-
pczl‘;:._:_li‘.: '
N + N
Let the transmission iron contain n* electrons per unit

volume with their spins parallel to the x direction, and
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n- electrons per unit volume with their spins in the
opposite direction, Due to end effects, the magnetiaation
of the iron will not be uniform, and the behaviour of M
is indicated in Fig. 4.4. However, the spin of a'polaris-
ed electron is antiparallel to i, and so the angle ¥
between the photon momentum and the electron spin is
obviously a function of x.

If the Compton cross=-section is written as
g = 0. + 6; cos ¥

o]

the absorption of the photon beam can be expressed as

¥ (x + ax) = N'(x) - (n*+n")eN"ax - n* g cos ¥(x)N"ax
- n-[;coa &(x)] 6;N+dx ’

N (x+dx) = N (x) = (nf+nf)cgﬁ'dx - n-d; cos ¥(x)N  ax
- n+[;cos w(x)J ogﬂ'dx .

These equations can be contracted by introducing

N = Nt 4+ n” P = N =N

n = n +n p = n -n" .,
Therefore

%& = = on(x)N(x) - oy cos y(x)p(x) P(x)

&R
[}

- o.cos ¥(x)p(x) = on(x) P(x) .

The only properties of the photon beam of interest here are
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its intensity N and its circular polarisation P, = P/N,
and so the beam can be represented by the Stokes vector

(i), from which the linear polarisation components have

been omitted, With this notation

d (N N
L@ = -am D

where A(x) is the matrix d'on(x)( . °)+ o;cosﬂr(x)p(x)(i
0 -1

The equation for solution is now
4 (¥ Ny .

which can be solved by introducing the integrating factor
" fa(x)ax

Then
N8 [e §A(x)ax (N)] - 0 integrates to
ax P
N
" SA(x)ax (g) = constant =:(P°) s the original
0

bean,

Po

@ - o S (o)

with  {A(x)ax -_-(;‘ ‘;) (" o n(x) ax
(+]

(i ;) t_fo;, cos ¥(x) p(x) ax ,

where L 1is the length of the magnet. However n(x), the
number of electrons per unit volume of iron, may be assumed

to be independent of x 3 and so

L
jo;,n(x)dx = 6nL .
(s}
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Defining the magnetic length, Lm’ of the magnet by

L
o,pL, = (;(d;p(x) cos y(x) ax ,

where p 1is the value of p(x) where the iron is saturat=-

ed, leads to

(1;) = B-[o'onL(é' g) * OPly (g é)J (I;o)

The matrices can be removed from the exponents by

realising that since

1 =(1 0)‘ I & 17 = ete

0 1
-g- nLl -GBHL
then e 9 = Ie .
Similarly, if J = (g g) s then P s 3 = J, etec,,
and so
01 2 3
-opL_ (5 ) (o°pL_) (oL )
e ¢"'m ‘10 = J-ocpPLd + c m I - J ete,
s 2% 3
= [eosh(cEangll - [sinh(d;pLERJ J .
Introducing
% = 8, the electron polarisation at saturation

~ 8Ly,
il ol the effective electron polarisation,

simplifies the equation expressing the behaviour of the

photon beam to
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(N) _ e-aox( cosh a V'L - sinh a.c'\/L) (No)

P -sinh a_c\/‘_[, cosh o,c'\/l. P,

It is now very easy to calculate the asymmetry in
transmission through the magnetised iron when the magnetisa-
tion is reversed, With the magnetisation in such a direc=-

' tion that g ” k, ( / positive)
A -0 L - _
N = N = e © (N coshaL = P_ sinh ac'\/L) "

And with g antiparallel to k, (V negative)

-0 L

N N"’ = e ° (No coshn.c\/]’.. + Py sinh a.c‘\/L).

Therefore, the asymmetry

N/"-N"’
i - Bk . -Pctanha.o‘\/L.

N"‘-{-N""

In practice, u.e-\/L is of order 10-2, and so to

within about 0.1% one may write

It is worth pointing out here than many authors,
including Scho_pper( 18), quote the asymmetry as

E = -tanhPca.c'\/L .

Although this is wrong theoretically, due to an over-
simplified scattering model which neglects the change in
polarisation of the photon beam as it proceeds through the
magnet, in practice Pc tanh a.c'\/L is very close to
tanhg a.c"/L because o.c\/L is so small and 'Pcl is, of
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course, no greater than unity.

In fact, |P, tanhac-\/ng |tanhP01/a.c L| , the
equality occurring when L =0 or |P3| = 1, The in-
equality of the two expressions 1ls greatest for small P
but for any measurable value of P, the disparity is
less than 1% for values of uéV/L less than about 0.2,
which corresponds in an iron transmission magnet to a
length of less than gbout 4O em, As L .tenda to infinity,
the two expressions for the asymmetry E tend to different
asymptotic values; the expression derived here tends to
| =P o9 while that quoted by Schopper tends to + l, the sign
depending upon whether P, 1s positive or negative,

This estimate of the length of magnet which will pro-
duce a 1% difference between the two expressions for E
depends, of course, on the magnitude of &, which is a
function of the photon energy. It must also be pointed

fe s

out that the plot of ——E—g- versus ko quoted by Schopper(ls)
s o

o
is in error in two respects., Firstly, a;— should be
negative at small photon energies; and secondly, the mag-

nitude of —-—Jgi- is too large by a factor of two

zxro
So- G-
(schopper is possibly plotting 5 rather than ———s)
nr 2%y
o o
A correct plot of & is given by Gunst and Page(16), and

also in Fig, 4.1,
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4,5 The Polarisation-Detection Efficiency of a Trans-
mission Magnet

The properties of the transmission magnet relevant to
this experiment are contained in the factor acw/i. Howe=
ever, the calculation of this expreasidn for a particular
case gives rise to considerable difficulty, because of the
uncertainty in the distribution of magnetisation throughout

the magnet., Chesler(lg)

has discussed the polarisation
detection efficiency of transmission magnets, and in the
interpretation of his illustrative experiments he had to
introduce an empirical factor, C, into his magnetic length
to take account of end effects,

The geometry of Chesler's magnet is shown in Fig. 4.5,
and in the analysis he assumed that the end effects are
confined to the cheek plates of thickness t. He then put
the effective magnetic length of each end plate equal to
Ca,8t, where C is some factor < 1, end found that his
theory and experiments agreed if C = 0,17, Simple
geometrical considerations led him to expect C to be
about % 3 and perhaps it is not surprising that the ex-
perimental C was somewhat lower than this, when one con-
siders that the end effects were unlikely to be confined
solely to the end plates, His magnets had %} of the
order of a half, and so the importance of this factor C
in determining his final result was considerable,

It is one of the aims of this present work to attempt

to measure the polarisation-detection efficiency of the

transmission magnet used,
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4,6 Optimum Length of Magnet

Although the counting rate asymmetry E increases as
L increases, the Y counting rate decreases by absorption,
and so thereresults a greater statistical uncertainty,
AE, in E, An optimum value of L can therefore be
found which leads to a minimum fractional statistical un-
certainty, AE/}‘:‘., for a given counting time,

+
Assuming that the counting rates, N; , Obey Poisson

statistics:
a t
E N2 VN
T = —;_—---—-"-'-_'w (since N; is almost equal
N, =N
Y Y to N, ) »

and using the interaction matrix for the magnet

-O‘oL cosh a.c'\/L - sinh a,c\/L )
e
-sinh a,c'\/L cosh ae\/l.
-GOL i
]A'E-l _ N2e =2 [Ngrcoaho.g'\/L - Po sinh a.g\/LJ
B -0 L o

e © P sinh o VL
o e

Since Pc/No = Pc’ and Po sinh o,e\/L <Y No coshac/L,

|_é§| _ eaoL/Z
5 v2 N P_ sinh a VL
a,L/2
X (since a.c‘\/L K 1)
N2 \/No P, a.g/L
_ ea.ol/Z

N2 NN P 6 nsL
o ¢ ¢ m
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If the magnet geometry is as in Fig, 4,5, then assum-
ing that end effects (non-uniform M) are confined to the
two regions of length t, as L is varied,only ¢ changes.,
Then L = 4 + 2t, and Lm = ¢ + 21C, where C is
Chesler's constant, In addition, a fixed counting time

means a constant No.

Then
a t o
AE I - s ® ., a¥
E L
V2 WN Pco;na(& + 2tC)
A8 d_ (. AE
For minimum ’ = ! 3 e ( - ) = 0
£
o = a
oy constant [e o2 9 - 1 2}}, 0
2(¢ + 2tC) (¢ + 2tc)
giving (¢ + 2tC) = éL ‘= 2\, where A 1ig the ¥ mean
o free path,
In other words Lm = 2\ .
£ + 2%
R 7 rarT R
" 1+ %}
. . Optimum L = 2\ ’
1 2tC
* e
and using Chesler's valuesfor -%E and C, a praetical

condition on L is
L x> 3 3

If Lm = 2\, then the counting asymmetry, B

becomes
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= ® Pe To here ¥ | is the
En Tt v, ¥ c

polarisation dependent part of the Compton cross-section
per atom, and Tft- is the total absorption cross-section
per atom (including photoelecﬁfic effect and pair produc=
tion). The dependence of z‘tz/’tf on k_ is shown in
Fig. 4.1, where it can be seen that, for a completely
polarised Y-ray beam, the maximum asymmetry B, is of the
order of three percent.

Fig. 4.6 shows that the minimum value of

mlb’
1

occurring at Lm = 2A 1is not a sharp minimum, and so the
'accuracy of a measurement of E does not depend critically

'upon the length of the magnet, provided 0.5 <.Lm'< 5y Or so.
E3

be7 Scattering Corrections

The above analysis of transmission rate asymmetries
assumes that only the transmitted beam is detected, 1In
practice, to obtain reasonably high Y counting rates,
the discriminator in the Y channel must be set to accept
a finite range of Y counter pulse height, and so photons
scattered through small angles may also be counted,

(19) has investigated this problem, and has extended

Chesler
his calculations to include 5 scatterings. His calculations
show that the asymmetry produced by circularly polarised
photons scattered in the forward direction is, in general,
relatively large and may differ in sign from the asymmetry

produced by unscattered photons., The effect of scattered
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photons must, therefore, be taken into account when using
the transmission method., Chesler gives the multiple scatter-
ing corrections to be applied to the pure transmitted
asymmetry for various values of photon energy, magnet length,
magnet to ¥ counter separation and ¥ discriminator setting.
The corresponding correction to be applied to the
circular polarisation results of the forward scattering
technique has been experimentally investigated by Schoppegzp)
and found to be small (about a few percent), even although
the intensity of multiply scattered Y-rays may be greater
then 30% of the total Y intensity reaching the detector,

L,7b. Single sScattering Correction Calculation

Chesler's scattering corrections, computed by a Monte
Carlo type calculation, are quoted only for a few geo=-
metries and energy discrimination levels, and so the results
cannot be directly applied accurately to other geometries.
Because it is expected that, for a narrow window in the Y
analyset single scattering will make the largest contribu=-
tion to the scattering correction, it would be useful to
calculate an analytic exprescion for the single scattering
correction which can be applied to any particular apparatus,

Let the Y-ray bean be scattered through an angle o
having traversed a distance x in the magnet (see Fig.
L4L,7). The scattered beam is represented by a Stokes

Vectortzl)
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N e R T M
(P)soattered h‘" (ka) (e d) (p)inoident at x

ae <
where a = 1 + 00329 + (k'o - k)(1 = cos @)

P = -{1—0039-)(&0(30594-;).@_
e = -(1—0039)(500504-5_0).&

d = 2cos ®+ (k, = k)(1 = cone) cos e

dfl = ipg the element of sBolid angle into which the
beam is scattered.,

The beam has therefore travelled a distance x Dbefore
scattering, and a further (L - x)sec & before emerging
from the iron, Weglecting magnetic end effects, the spin-
dependent cross—-section for the scattered beam is @ ,c08 e,
since the angle between k and 8 is ©, The Stokes'
vector of the beam which is scattered at x to the detec-

tor is then

N
N Transmi tted,,Scattered,, Transmitted o
(P} < (fram x to L)( at x ¢ to x )(Po)

scattered at
x to detector

=a (k)(L~-x) neoe( cosh(a (k)V (L-x)secé) -sinh(same)
= e

~sinh ( same) cosh( same)
2 - (k)x e
2(& yannax (8 b) o' "o’/ cosha (k )V x ~-sinh (same)\ [N,
" h" (ko " ¢ &’ (-sinho( n:me) cosh ( same) )( Q)

To calculate the total beam scattered into the detector
through an angle &, the above expression mist be integrat-
ed over x from 0O to L, The following approximations
are made to facilitate the integration:

alk) = a(k)), afk) = a/fk) .
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These are justified by the fact that « and . vary

o

fairly slowly with energy, and in most experimental

k =k
situations —O_E_ is of the order of 10-20% only,

0

-0 I o L(l-sece) =-a x(l-sece)

coM) = e 9 60 e © tr %230 nax
P (s} kO

Jr_(coe'.h o.a/(L-x) - sinh (aame))(a b\ / cosh u.c\/x - sinh ac\/x)(No)

-ginh ( same) cosh (same)/\e¢ d/|=sinh °‘ch - cosh c.c\/x P

These matrices do not commte, and in order to
juxtapose the matrices with hyperbolic elements the follow=

ing relation is used:

coshX = sinh X a b a b cosh X = s8inh X\

-ginh X cosh X ¢ da b a -ginh X - cosh X
. (b=e)sinh X (a=d)sinh X
~(b=c)cosh X -( a=d) cosh X

For small X, this last matrix has much smaller
elements than the elements in the product matrix which is
the first term on the right hand side, This small matrix
is assocliated with photon spin-flipping, and will be

neglected, The matrix triple product now becomes

(a b) ( coaha,c\/(l.-x) - sinh( same))( cosha,cw/x - sinh u.aw/x)

b a/\~-sinh( same) cosh( same) sinhac-/x cosh a.c'\/x

(a b)( cosh u.c‘\/L = sinh a.c‘\/L)

b =a =ginh o,c‘\/L cosh a.e'\/L

which is independent of x,
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The integral over x 1s then simply

L o x(1-sec ©)
Sl ¢ " dx
0

-a.oI.(l - secd)
- A28
q,o(l - sece)

Collection of all IL-dependent factors gives the factor

-0 L(sec © = 1)
Le*aoL {1 X Pl
Q,OL(BBQ e - 1)

-0, L
= Le ° Ao L, sec e)
-0, L(sece - 1)
l1l-e ©

where g(a L, sece) = .
o? q.oL(Beco-l)

To obtain the total scattered beam, an integration over

solid angle, p) y must be performed., This integral is

N max a brcosho.cw/:a ~ainh o.dp/L ),m
=g inha c-v’ L aoho.cV L

L
Tl e o hagise) [,

-a L (E "'6)(::0311%1/1, ‘=ginh ac\/L)
nLe Ay
5 2 /\esinh u.c\/L cosh a.c‘\/L
a

N max o "
where (‘5) = éroz S- (fk;) Ala L, sece)a) (b)
o

These integrals can be easily calculated on a computer,

using the relations:



k
k = - H let w =
1+k°(1-cos e)

. » gec 9 - 1 = H =
1= °? ko 1 + kow
1 .
® = £ -
oo km:l.n ko

where Kk i is the mininmum photon energy accepted by the

photon detector,

The scattered beam can now be written

()
P scatt,

-a.oL aLn gLn) ( cosha.c'\/ L -sinhu.c'\/ L No)

e (ﬁ-n aLn -sinhac'v/L coahu.a/l. Po

The total beam arriving at the detector is then:
N N N
@ = o e O

total transmitted scattered
- L 1 + aLn)cosh a.ew/I. -  ©PLn sinh a.cw/I.J
o
= e .
[~(2481n)s1nn @ ML 4+ Bin cosh aV1]
Substituting BLn = sinh §'
V(1 + 3Ln)? - (BLn)?
1+ 8ln
and p > = cosh V'
(1 + aLn)® - (%Ln)
-a L _ _ cosh(avL=y') =sinh(a VL=¢')
(g) = ¢ © -\f(1+a:[,n)2-(b1,n)2 o *
total ~sinh(ayL=¢')  cosh(ayL-y")

Therefore the corrected transmission rate asymmetry

= (1 - cos @)



i)y

= - - ' =
Eyor, tanh(aéV,L y') for P, =+1

where tanh y' & §' = -—iﬂﬂk:-— is the single
(1 + aLn)
scattering

correction,

The justification for neglecting the spin-flipping
terms lies in the faet that the ratio of the magnitudes of
the elements in the matrix expressing spin-flipping to the
elements of the matrix representing single scattering is of
order w2 - being < 0.2, and often much smaller,
This approximation is therefore more valid the smaller
0 ox is, 1.,e, the higher the energy and the smaller the
window in the photon energy analyser,

The calculated single scattering corrections to be
applied to the pure transmission asymmetry are shown in
Fig. 4.8, and the transmission asymmetries corrected for
single scattering are shown in Fig. 4.9, where it is
immediately seen that this correction is a very important
one « amounting to about 10 to 20% for typical experi-
mental conditions. Under certain conditions -~ photon
energies around 600 keV, or high photon energy coupled with
a wide Y analyser window - thq correction can be much great=
er than 20%,

The curves shown in Fig., 4.8 and Fig., 4.9 were computed
on a PDP=-8 cqmﬁuter; the calculations using the Y=-ray
absorption coefficlients for iron tabulated by Davisaon(25),

and the following constants:
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density of iron = 7.86 g/cm3
]sl =  0.08
n = 2.2 x 102h electrona/am3
2wr02 = 0.499 x 10-2h xm?.
Pc g +1

The single scattering corrected curves in Fig. 4.9
show very similar characteristics to those of Chesler(lg).
even although chesler includes maltiple scattering up to
fifth order, This agreement Jjustifies an attempt to extend
these calculations to inelude multiple scattering, to
improve the calculation by removing the approximation
qo(k) = ao(ko), to include the photon spin-flipping
terms, and to take account of finite detector size (which
makes - a function of both x and photon energy dis-
erimination level)., Such calculations are at present being
carried out, and preliminary results including multiple
scattering (of all orders) are shown in Fig. L4.,8. So far,
the calculations have given corrections which are slightly
in excess of Chesler's values, but it is expected that
agreement will be improved when all the above refinements
have been incorporated,

The multiple scattering correction which has to be
applied to the polarisation-detection efficiency of a
transmission magnet can be calculated with greater accuracy
than can the corresponding correction to a forward scatter-
ing magnet, because of the rather complicated averaging

over geometry which is involved in the latter(la' 20).
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On the other hand, the forward scattering technique does
not run into the non-uniform magnetisation difficulties

which 1limit the accuracy of the transmission method,

4L.,8 Measurement of the lMagnetic th of the Magnet

The distribution of the magnetisation M within the
core of the transmission magnet is difficult to calculate,
especially near the ends of the core, and especially near
saturation where the relative permeability of the iron is
low, This leads to one of the major difficulties of the
measurement of Yeray circular polarisation using this
technique, namely the calculation of the magnetic length

of the core,

L
L, = p—l&: S' Gap(x) cos y(x) dx .
)

As already mentioned, even Chesler's thorough cal=-
culations of the asymmetries expected from his transmission
magnets assumed uniform ﬁ, and end effects were accounted
for by introducing the empirical constant C, which was
adjusted to bring about the best agreement between theory
and experiment, The corrections to the pure transmission
asymmetries to take account of end effects were large, and
could smount to about 20%,

This difficulty of calculating Lm suggests seeking a
method of measuring it, and it is one of the purposes of
the present work to investigate the possibility of devising

a technique for measuring magnetic lengths of transmission
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magnets. If such a measurement can be made, then the
measurement of Y-ray circular polarisation is independent

of assumptions concerning the behaviour of the magnetisation
within the core of the magnet,

Many workers make relative measurements by calibrating
their polarimeters with Y sources of known polarisation,
However, because the polarisation detection efficiency is,
in general, a function of photon energy, this calibration
mast be interpolated or extrapolated to the energy of the
Y-ray of unknown polarisation, This introduces a further
source of uncertainty, which could be eliminated if
absolute measurements of circular polarisation could be
made using transmission magnets with measured magnetic
lengths.

In fact, the first experiment using a ¥ transmission

magnet, by Gunst and Page(le)

y» measured its magnetic length,
This seems to have been overlooked by later users of such
magnets, and it seems very worthwhile examining its poési-
bilities,

If N denotes the number of Y-rays transmitted when

the magnetic field is off, then

-0 L
N = ¢ ¥ No
-
N - (Bt XN
and the a symmetry E" = 2
4\+NV
N+ (B
1 - cosh adv/L 5 G V1
1+cosho.c'\/L
A aaw/L 2

=
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It is, in theory, then possible to obtain a direct
measurement of the polarisation detection efficiency of
transmission magnets, and it remains to estimate the

feasibility of such measurements in practice.

L,9 |[Feasgibility of Measuri agnetic Length

Putting practical values into the expression for E"
gives the order of magnitude expected for this asymmetry.
For low photon energies, corresponding to positive d;+ ’

|£"| 18 of order 107 ; and for higher emergies, E"

oan attain a magnitude of about 10 Y,

This is obviously a very small effect, and the
feasibility of measuring it in the presence of statistical
uncertainty and competing asymmetries must be examined,

This examination will be carried out under the following

headings:
(1) Statistics.
(11) Thermal expansion effects,

(1i1) Magnetostriction,

(iv) Instrumental asymmetries due to stray magnetic fields

i) Statistics
Optimum Length of Mggnet for Measurement of adv/L

—

It has already been shown that

E" = - (QT) R

and for a given counting time (N, fixed) it is required to
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n
minimise %E%— sy Wwhere AE" 1is the statistical un-

certainty in E",

Because N, N/’\ and NJ/ are very similar in

magnitude

A" N6 VN
5 e N - (N¢+ 1012
a L/2

o V6 e ©
= e (%_‘/L)z , neglecting P, sinh o.c'\/L

compared with unity.

Ja)
Assuming, as in the calculation of the minimum —E-}E ’

that L = < + 2t and Lm = ¢ + 2tC, the analysis pro-

ceeds as before 3 giving the minimum fractional statisti-
mn

cal uncertainty —ﬁ%- when

Lm = h'h °

4
Fig, 4.6 shows that the minimum in EE is not at all

sharp; I‘m may lie between 1,5 and 8 mean free paths
without serious degradation of the accuracy of a measure-

ment of EY,

In practice, however, a.c'\/L is a very small quantity
of order 10—2, and so (c‘,c;‘/'.li.)2 is of order 10'1*. This
means that the asymmetry E" 1is very small, and its
measurement requires a very large number of counts if any
degree of accuracy is to be attained, Moreover, in an

absolute measurement of Y-ray circular polarisation, the

at least as high an accuracy as the polarisation expression,

Pcac'\/l., which is of order 2 x 10-3. It is, however,
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possible to mateh the accuracy of these two measurements
because, whe.z"eaa ch.c\/l. is determined from fairly low
coincidence counting rates, (a.c'\/L)z is measured using
relatively fast Y single counting, To measure the mag-
netic length to at least the same accuracy as the circular
polarisation expression requires

f;—l S 3 ;
¢ a,vV L

where N‘Y and Nc are Y and coincidence counting rates

respectively. In practice, this condition can be fulfilled,

(ii) Thermal Effects

About 200 watts are dissipated in the magnet windings,
and so as the magnetising current is switched off and on,
some thermal cycling of the magnet core is expected.

~0.pL
If N = Noe where a = total absorption
coefficient, cmz/gm

p = electron denaity/cmj'

then %‘ = "“PL[% + %]

- -a.pL[% & %] ;3 (since % = -%) <

I = coefficient of linear expansion/ %

g’- =z Q H -d—v = 3o

say
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In practice apL N a few, say 3 or L

o R 10-5/00 for soft iron,

and so

d_t{ i
ot A+ 107%%

This effect increases IE"‘ s, and since the magnet

becomes rather warm during operation, the temperature may

well cycle by a degree or two,
Table 4,1 compares the magnitude of Epn and E" for

a temperature change OTOG, assuming Ln = L.

(1ii) Magnetostriction

The dimensions of a bar of iron change as its state of
magnetisation alters, and as this occurs in the transmission
magnet, an asymmetry in the counting rate is expected.l
As in (11), if N =N_ e™®L  tnen

§ - a[d - F

v
S toner( 22)

gives the following magnetostrictive pro-
perties of polyerystalline iron

% & -1 x 1(‘)“5 at saturation

max %V_ %+1.6x10-7.

For optimum statistical accuracy, aplL will be of order 3

or so,

]
=

d
giving —N—-m A4+ 3 x 1070
P R O S L O T i T S IR ]



This effect, like the thermal effect, increases |E"| .
See Table (L.l) for a comparison of IE"’ and ’Eml .

{(iv) i n symmetrie e to st Magnetic Field

As the magnetisation of the core is cycled, so also is
its stray field; the photomultiplier tube in the Y counter
resides, therefore, in a cycling magnetic field, Since the
gain of a photomultiplier tube can depend upon the magnetic
field in which it is located, the gain of the Y counter may
eycle with the experimental cycle, An instrumental
asymmetry in the counting rates can then arise,

It is impossible to make an a priori estimate of the
sign and magnitude of this effect; all that can be done
is to take the precautions of removing the photomultiplier
tube as far as possible from the magnet by means of a light
pipe, and surrounding the tube with magnetic shields_and a
bucking coil whose current is bled from the magnet supply.

A more sophisticated approach would be to hold the
magnetic field at the photomultiplier tube constant using
a bucking coil whose current is the output of a servo
amplifier which has as input the signal from a mégnetic
field probe placed close to the tube, An attempt to pro=
duce such a servo is described in Chapter 5, A suitable
system, capable of stabilising the magnetic field to within
10-8 weber/sq., M., is described by Graham and Geiger(23).

Other workers (including Saigntignon(ls)

al.(17)

» Lundby et,

and Mann et al.(zu)) using magnetic shields,
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bucking coils and light pipes, have reported a residual Y |
counting rate asymmetry of order 10“1l due to stray magnetic

fields., It would appear that very elaborate precautions

are necessary to reduce this effect further,

Conclusion

When these different asymmetries are compafed, it is
seen that at low ¥ energies the asymmetry E" is com=
pletely masked by the much larger thermal and magneto=
gtrictive effects = not to mention an asymmetry due to
stray magnetic fields which is unknown in sign and likely
to have a magnitude of about ten times that of E" % And
even althouﬁﬁ 'E"l is proportional to L2, whereas
_1§§ and -152 are proportional to I, 4increasing L in
order to make ,E", comparable with the thermal and
magnetostrictive effects is likely to introduce statistical
accuracy problems due to the resulting low counting rates,
This is especially true for low energy Y's whose mean free
path is short; see Table (L.l).

Therefore, in view of the presence of these very large
instrumental asymmetries, it seems to be impossible to
measure the magnetic length of a transmission magnet, by
the above technigue, for low energy Y rays.

For high energy (greater than about 2 MeV) Y-rays,

however, provided elaborate precautions are taken to

minimise stray magnetic fields at the photomultiplier tube
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and temperature changes in the magnet core, the magnetic
length can be measured by this method, if the transmission
magnet is sufficiently long.

Although Gunst and Page(le)

give little quantitative
discussion of the féaaihility of their measurement of 63,
they must have performed such an analysis, This is obvious
from the detalls of their experiment: namely their choilce
of Y~ray energy, 2.62 MeV; their specially wound magnetis=-
ing coil, ensuring constant power dissipationj; and the

length of their magnet, 12 inches or 8 mean free paths,
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Figure 5.1 cshows a schematic diagram of the come
plete apparatus, which is, obviously, complicated by the
presence of so many electronic units. To help clarify
the system, the mechsnical and electronic details will
be described separately.

|
The geometry of the transmission magnet is shown in
Figure 5.2. The core of the magnet is made of soft
magnetic iron (trade name Super Hiperm) of purity in
excess of 99.8%/0. The saturation flux density is of
the order of 2.1 webers/sq.cm., the specific gravity is
7.866 and the coefficient of linear expansion is
10.2 x 107/°C. The outer oylindrical magnetic return
path is also made of this material. The end-plates,

however, are made of the soft iron-cobalt-vanadium mag-
netic alloy, Permendur, which has a very high saturation
flux density (2.36 webers/sqg.m.), and high permesbility, |
at flux densities of the order of 2.1 webers/aq. m..
These properties allow the end-plates to be thin without
serious increase in the magnetic reluctance of the come
plete circuit. It seems reasonable to assume that the
ratio 2t/t (see Fig. L4.5) will decrease with decreasing
end-plate thickness, provided that the material of these
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plates does not saturate in the vieinity of the core.
The magnetising windings. contain 7085 turns. and

carry a current of l.4 amps. Because the reluctance of
the magnetic circuit is low, this magnetomotive force is
more than sufficient to saturate the iron core. A 1luF
capacitor is comnected across the magnet windingas
partly to help to suppress the transient voltage spikes
which occur on switching off the magnet, and partly to

introduce some ringing of the winding current so that

the magnetisation of the core is cycled to zero when the
current is switched off. Fige. 5.3 shows a photograph of
an oscilloscope trace of the behaviour of the current in
the windings after switching off. It is seen that only

a very limited amount of ringing occurs, because the Q |
of the circuit consisting of the windings aﬁd the

parallel capacitor is low.

The D.C. supply for the magnetising coil is derived

from the departmental rectifier at 240 volts, 100 volts
of which is dropped across two lamps and a rheostat in |
series., These lamps fulfil two functionsg théy limit |
the surge current flowing into the shunting 1luF capacitor
at switch on, and they conveniently indicate whether the

magnet is on or not. The rheostat provides fine control
of the magnet current to allow for supply voltage fluc-

tuations. The total magnetomotive force in the magnetlc

eircuit is so high, however, that, although the current
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through the windings may vary by about 10°/o due to supply
variations and thermal variations in the resistance of the

coil, the core of the magnet remains saturated,

5.2 e te 8

The P and ¥ counters are both seintillation detec~
tors, and are similar except for the scintillatora._ The;
g counter has a dise of NE102A plastic scintillator 7 mm.
thick and 6 em, in dlameter, coated with magnesium oxide
reflector paint on all surfaces except that coupled to
the 1light pipe, while the Y counter uses a Nal crystal

a b§ 2", The entrance window on the B counter is 0,001"
aluminium foil which has a superficial density of about
7 mg./eq. cm., and the Yy entrance window consists of
0.025" thick aluminium,.

In each counter the light from the scintillator is
fed to the photomultiplier tube (E.M.I. type 9578A)
through a 12 inch long by 2% inch diameter perspex light
pipesy the interfaces being optically coupled by silicone
grease., Both counters are in the form of demountable
assemblies comprising scintillator, light pipe, photeo-
multiplier-tube with mumetal shield, and preamplifier, |

and were supplied by Nuclear Enterprises (G.B.) Ltd.
Around the photomultipliers further magnetic shield«!
ing and bucking coils were placed, The screening consiste
ed of three layers of thin Super Radiometal sheet, and th$
bucking coils were wound in such a way as to annul the i

divergent stray field of the magnet. The current for the
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bueking coils (about 100 mA) was bled from the magnet ‘
| current supply.

A spectrometer table was converted to serve as @
counter support, in such a way that as the table is
rotated, the angle between the longitudinal axis of the
B counter and the lehgitudinal axis of the apparatus (the!
mean direction of the counted y-ray beam) can be varied
and measured. The source was mounted on the axis of !
rotation of the table (for method, see paragraph 6.1) to |
ensure a constant solid angle for y-ray collection, The
magnet, Y counter, and § counter on turntable are sup-
ported on cradles which slide along two horizontal
parallel brass rails, and their alignment is made poss—

ible by adjusting screws (see Fig. 5.4).

5.3 Electronics
The electronics will be deseribed from the particle

detectors outwards.

i)

Two outputs are taken from the photomultiplier
tubes = a timing pulse from the anode and a pulse for
energy selection purposes from a dynode. Because the
timing-pulse forming circuit is directly coupled to the
anode of the photomultiplier tube, this end of the dynode
resistor chain has to be near earth potential, and the

photocathode, therefore, held at high negative potential.
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To aveoid the injection of spurious noise into the photo-
cathode - first dynode region by high electric fields
developed acress the glass envelope of the tube, the out-
side surface of the tube in this region was coated with
cold-setting solder (Eccobond 57C), end this condueting
coating is maintained at photocathede potential. The
solder 1s insulated from the rest of the counter assembly
by P.V.C. tape. This treatment ensures that there are no
high electric fields set up in the glass of the tube
envelope at the photocathode end.

The dynode resistor chain is shown in Fig. 5.5.

The output pulses from the photomultiplier tube
anode are fed to the input of the discriminator and
limiting amplifier shown in Fig. 5.6. The tunnel diode
1N3149 acts as a pulse shaperand as a current discrimi-
nator whose threshold is set by the 1K potentiometer.
This part of the eircuit is developed from a time~mékar
eircuit published by Larsen and Shera'26), The nalf velt
negetive pulses from this tunnel diode are amplified by
the 1imiting emplifier Tr 2 into fast rising (3n S rise
time) flat topped positive pulses, which are differentia-
ted by the 100 pF output capaciter. The resulting pulses
when examined at the far end of a terminated 1002 cable,

are 2,5 volts in size and of 50 nS duration.
To avoid degradation of the rise time and shape of
the photomultiplier pulses due to the effects of stray
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capacitance, these timing circuits are mounted as closely
as possible to the dynode resistor chains. The intercon=-
necting cables are less than three inches long. |
These e¢ircults are capable of operating at pulse
repetition rates slightly in excess of 1 MHz.

iii) t dence t

The pulses from the B limiting amplifier are fed to
one input of the fast coineidence unit, while the timing
pulses are fed ﬁo the other input to the coincidence unit|
via a delay routing circuit which will be described
Bhorfly. At each coincidence input the pulses are
standardised by a fast monostable circuit adapted from a
design by Righini{®7), This monosteble eircuit with
associated pulse amplifier and line driver is shown in
Fig. 5.7 The negative-going output pulses from this
pulse standardiser have a very fast rise time (less than
2nS) and a duration of about 40 nS. They are, therefore,
very auit&bla for shaping into pulses of about 10 nS
duration by means of a short-circuited clipping cable.

The line driver transistor, Tr 5, has a very low output

impedance, and to mateh its outpnﬁ:?he clipping stub |
and signal cable, a series resistor R is inserted as
shown in Fig. 5.8. The pulses from the signal cable are
of the form shown in Fig. 5.9, and the cleanest shape

| for coincidence adding corresponds to E/A = 1., The

value of this ratio was measured for a few combimations
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|
of R and Zyo and the results are given in Table 5.1.

Zable 5.1
Series resistor Impedance of stub %
R (ohms) (ohms )
47 100 0.5
100 . 100 0.6
100 75 07
100 50 0.75

Apparently, optimum clipping occurs when the pulses re-
flected back from the short-circuited end of the clippingé
stub meet no impedance discontinuity at the mixing point.
The output pulses, suitebly clipped, from the fast |
nonostable eircuits are then added at the simple diode
adding gate via inputs (1) and (2); see Fig. 5.10. If
these pulses overlap in time, the 2N501A transistor,
operating in the avalanche mode, will trigger. This pro-
duces a very fast rising (rise time less than 1 nS) 20

volt positive pulse at the transistor collector, which is
| them diffeventinted amd attemuated by the 0.5 nP espasitor
and the resistors in the output ecircuit. The trigger '
threshold of this avalanche transistor (and, therefore,
to some extent the coinecidence resolving time) can be

adjusted by varying the positive bias on its base by means
of the 100K potentiometer, If this bias is removed
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completely by opening the awitch Se then the avalanche
transistor will trigger on single input pulses, thus
providing a simple monitor of the single input rates.
The variation of coincidence resolving time with
discriminator level was invesligated by reeording the

random coincidence counting.rate,_NRc, at various

settings of the discriminator. The fast input rates, N7r
and N , were each measured, and the resolving time, 27T,
was cglculated from

" Y B

RC

The time correlation between the two input pulse trains
was destroyed by inserting a 100 nS delay csble into one
of the channels.

This calibration of the diseriminator, using 10nS
pulse-clipping stubs, is shown in Fig. 5.1l.

The avalanche transistor pulses are thenfed to a

circuit which produces both a prompt output and a delayed

output. This latter facility is necessary in a fast-slow
coincidence system to allow time for the reletively slow-é
acting pulse height analysers to operate. This output

circuitry is shown in block diagram form in Fig. 5.12.

It is standard practice to measure the random coin-

|
cidence rate in a coincidence system by inserting a time
delay, of duration much greater than the resolving time,

into one input channel, The time correlation between the
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two inputs is then lost. In the present case, it is

convenient to do this automatically by means of the
system control unit at every second phase of a full
counting cycle. The pulse routing circuit is shown in
Fig. 5.13, where @ and refer to points labelled
on the control circuit diagram, Fig. 5.1l4.

When the magnet current is switched on, the fast Yy
pulses are routed through the 2nS cable, and when the
magnet is off, the pulses pass through the 100 nS delay
cable. Thus the coincidence counting rate recorded when
the magnetic field is switched off is a measure of the
random coincidence counting rate. Errors due to slow
drifts in the coincidence resolving time are therefore
eliminated,

The fast B pulses are not sent through a randomising
delay switeh, but, for symmetry, are passed during all
phases of the counting cycle through a circuit identical
to that traversed by the fast y pulses when routed via

the 2nS cable.

v) The Slow Elect S

Most of the rest of the electronics was purchased
from Nuclear Enterprises (G.B.) Ltd. from their
Edinburgh Series range of units, The following units

are useds
Preamplifiers NE5281 Timer NE5053
Amplifiers NES5256 Print control

unit NEE6304

8ingle channel
analysers NE5153 E.H.T. Supplies NE5353
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b5
Slow Coincidence
Unit NE5704 L.T. Supply NE538l
Scalesrs NE5073

The Edinburgh Series scalers, timevand print control
unit are particularly suitablc for the present work,
because they can be stopped, started and reset by remote
control electrical pulses. This is an essential feature
for use in an experiment where fréquent'data sampling
necessitates an automatic system.

Because the B counting rates are very high in this
experiment, it was necessary to build a prescaler to
divide the scaler input by 16 in order to avoid overflowe
ing of the B scaler's store of 105. A prescaler, oper-
ating by binary division, was constructed around an
integrated circuit SN7493N.

The print-out is a record of the three scaler counts
and the elapsed counting time measured by the timer, and
is simultaneously presented in both tipewritten and
punched tape form by an ASR 33 page printer, which has
been modified to accept the output of the NE6304 print-

control unit.

vi)

The counting rate asymmetries to be measured in the
present work are very small ( klo'g), and therefore
instrumental asymmetries due to electronic driftes must be
kept to a minimum by sampling the data at time intervals
' which are short compared with the electronic drifting
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time. In practice, with the present apparatus, the
sampling time must be no longer than about 100 éeconds.
and for a total counting time of several weeks, several
tens of thousands of samples require to be recorded.
Under these circumstances, it is obvious that the system

must be automated.

e C £ 2

An automatic system control unit has been built
which provides the following cycle of operations, suite
able for a B-y circular polarisation correlation experi-
ments |

a) Switch magnetic field |

b) Reset scalers and timer

¢) Start scalers and timer

d) Stop scalers and timer

e) Print-out scalers and timer

f) Switch magnetic field, i.c2. back to phase a).

There are short delays of about 1 second incor-
porated botween steps (a) and (b), and betweea (b) and
(c)s The delay between steps (a) and (v) is to allow
any ringing in the magnet circuit to decay. If the
magnet used is a large energy store, then switching
surges may feed through to the scalers &s control
pulses, with the result that one or more scalers may
start prematurely at the instant of magnet switching,
introducing a spurious asymmetry into the counting rates,
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When this trouble was experienced, it was overcome by
reversing the order of functions (b) and (e¢); i.e. the
scalers and timer start then reset without stopping.

- The counting time therefore starts with the resettiﬁg of
the scalers and timer.

The duration.of each sample of the counting rates
(the time between (c) and (d)) is set either by a pre-
set time or by a pre-set number of counts in one scalocr) |
this latter procedure automatically normalises the
samples to a selected count.

Function (a) has two possible sequences. The mag=-
netic field can simply reverse when switched, or it can
follow the ecyelesd

field on in one direction - field off -~ field on in
the opposite direction - field off.
| The use of the zero field phase in the cycle is that the

single rates can provide a measurement of the analysing
efficioney of the magnet as deseribed in Chapter L.

The eration of the Circuit

The complete circuit is shown in Fig. 5.14, and a
block diasgram in Fig. 5.15. The five bistable eircuits
are similar, and so the component values are given only
once. For clarity in these circuits, the resistance
values are given in units of kilohms and the capacitors
in mierofarads. The two magnet switching relays each
have two mercury make contacts and an emergising coil

resistance of 2K.
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When the eircuit is operated to include a zero field
' count, then the magnet cycle has four steps. The eircuits
' B and D in series provide the necessary division by four,
and also pulse routing such that each bistable with relay
output receives two consecutive pulses. Correct phasing
- of these clircuits is established at the start of an ex-
'periment by resetting the bistables with a momentary
comnection of points A, B, C, D, E to the +15V line.

In the other mode, when the system is set to operateE
without a zero field count, the magnet cycle has only two|
steps. The control pulse from A is fed to D along with a
delayed pulse from C§ the prompt pulse switches the mage—
net off, and the delayed pulse switches it on with oppoai%e
polarity. Circuits C and D in series then provide the
necessary scale of two. The delay between the two pulses
passed by C avoids short-circuiting of the magnet power |
supply by ensuring that both relays are never on togethar;
In this mode of operation, thc delay E, which is longer é
' than the delay incorporated in C, suppresses the delayed ;
pulse from C, and feeds only one control pulse to F.

The pulse doubler, F, provides the two outputs for
resetting and starting the scalers, the start pulse being
delayed with respect to the reset. The output pulses |
from a scaler or timer and from the print-out control
unit are incorporated in the control pulse loop.

In order to ensure that the reset and start pulses,
which are negative-going 12 volt pulses, had sufficlently
fast leaéing edges to trigger the particular scalers used,
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they were speeded up using the tunnel diode pulse ghaper
and amplifier shown in Fig. 5.16. The output pulse from
this ecircuit has a rise time of 30 nanoseconds, and an

- amplitude of about 8 volts negative.

The power supplies required to run this control

system (ineluding the delay routing switeh) are!

- 60V at 250 mA none of these required to
+10V at a few pA be stabilised or specially
+ 15V at 25 mA well smoothed.,

Stabilisation System ;

In an attempt to eliminate the ¥y counting rate
asymmetry arising from the cycling stray magnetic field

' of the magnet, a magnetic field stabilisation system was

' designed and built. This was a feedback system using a

probe sensitive to magnetic fields placed near the ¥y
photomultiplier tube. This probe produces a signal which |

' is amplified to provide the D.C. current flowing in the

bucking coil surrounding the y counter. Fig. 5.17 is a
block diagram of the system.
The probe consists of a ferrite-cored inductor which |

 forms part of the tuned circuit of an oscillator running |

'at about 1 MHz. The oscillator frequency depends upon

the probe inductance, which, in turn, depends upon the
magnetic permeability of the ferrite core. This per-
meability depends quite strongly upon the state of
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magnetisation of the ferrite, and therefore upon the
impressed magnetic field. The frequency of the oscilla-
tor is then a measure of the magnetic field at thé photo-l
'multiplier. The opceration of the remainder of the servo
system is indicated in Fig. 5.17.

| Measurcments made with a tangent magnetometer re-
'placing the photomultiplier aseembly showed that the mag-;

‘netic field was held comstant to within about 10‘6

weben/s
isq. m. when the cycling stray field was switched on.

This compares very favourably with the magnitude of the
uncompensated stroy field fluctuations which were of the

' order of 10'“ weber/sq. me. at the position of th2 photo=-
maltiplier.

| Although this system gave the required degree of
magnetic field stabilisation, it was scon obvious that
drifting of the frequency of the probe oscillsaior, arisiné
from temperature fluctuations, completely outweighed the |
magnetic sensitivity of the probe. Various types of
'oscillator were tried, and it was unfortunately concluded
that the required degree of frequency stability was un-
attainable when using a ferrite=cored inductor in the

' tuned eireuit.

| As mentioned in paragraph 4.9, a sultable atﬁbiliaa-:
tion system, not suffering to such an extent from thermal

drifts, should be able to be developed, from the system
designed by Graham and Geiger(23).



5.4  Ihe Source

A 6 mCi source of 12,4 year half-life But2°

in the
chemical form Eu 013 was prepared at The Radiochemical
Centre of the U.K.A.E,A., at Amersham by neutron bom=—

bardment of a Eulot
of the Eu15h contamination in the final source is small

and of the order of 0.5°/o.

enriched target of Fuy0;. The extent

The 2 mm, diameter source was mounted on a hollow
perspex cylinder as shown in Fig. 5.18. The wall thick-
ness of the c¢ylinder was kept to a minimum to reduce
scattering. The holes in the curved wall of this
cylinder are to prevent source damage by relieving any
pressure differences which might be developed across the
source backing. The backing for the source was a
~ 0.0005" thick (1.7 mg./sq. em. ) sheet of the melamine-

based plastic, Melinex. The front of the source « the B
particle exit - was protected by a layer of the epoxy
lacquer Araldite PZ 820, thinned down to give a super-
ficial density of about 300ug/sq. em. With a specifie
activity of about 1C/gm., and a diameter of 2 mm,, the
Europium source has a superficial density of about 200
mg./s8q. cm.

The source mount is held in place by a grub screw
in the source holder shown in Fig. 5.19. This brass
holder was specially designed to allow unimpeded Y

emission towards the ¥y counter for all values of OBT
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from /2 to 3?/2, and is accurately located on the B
counter turntable by means of two tightly fitting locat-
ing pins.

It was not considered to be worthwhile evacuating
the P side of the apparatus, because the path lengﬁh'of
the B particle in air is about 5 cm. (corresponding to
about 6 mg./sq. cm. at N.T.P.), while the particle
kinetic energy is greater than 0.7 MeV.
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PTER 6
EXPERIMENTAL PROCE E

6,1 Centring the Source

The Eu152 source had to be positioned in the holder

such that it lay on the axis of rotation of the turntable,
This was accomplished by first of all making a rough adjuste-
ment of the location by visual inspection through a rigidly
mounted telescope, ensuring that the source centre did not
stray from the telescope's cross-wires as the turntable was
rotated. The exact position of the centre of the active
deposit is not known, however, and so the final alignment
.was carried out by adjusting the position of the gourge
mount in the holder until rotation of the tumtable pro-

duced a change in the Y counting rate of less than 0,2%.

6.2 Energy Calibration of Counters

Gamma Counter

The energy calibration of the Y counter was carried out
using the 510 keV photons from Na22 and the 662 keV Y rays
from 08137. The distance of each of these sources from the
Nal crystal was adjusted until the total counting rates
were approximately equal to the Y counting rate of the
actual experiment, This was done to reduce the effect of
counting rate on the gain of the ¥ channel, The resulting
calibration is shown in Fig. 6.1, where it is seen that

there appears to be no zero error in the energy calibration
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of the Y channel hes-—no—geno—enuoy; day-~to-day energy re-

calibrations of this chanmnel were carried out using the
N322 source only.

Eu152 spectra taken with and without transmission
through the magnet are shown inFig, 6.2 and Fig. 6.3,
where 1t can be seen that the energy resolution is, as

expected, severely degraded by the magnet,

Beta Counter

Since the present experiment involves measuring small
asymmetries in counting rates, it is necessary to have rates
as high as possible, in order to obtain reasonably small
statistical uncertainty in the results, It was soon obvious
that, in the present work, if sufficiently high counting
rates were to be achieved, the B counter had to be operated
as fast as possible, by using a large solid angle. At rateg
as high as these (total rate about 105 per second) there was
considerable trouble with pulse pile-up, and the gain of the
B channel was strongly dependent on counting rate, The
energy calibration of the B counter, therefore, had to be
carried out under an exact replica of the experimental
conditions,

In fact, the B channel was calibrated by counting the
B particles from the Eu152 source itself, under the final
experimental conditions, A B spectrum, corrected for the
presence of Y rays by means of a spectrum taken through a
B=absorbing 0,5 inch perspex sheet, was obtained, and from
this, Kurie plots were drawn using several assumed energy

calibrations of the B counter., The spectrum shape cor-
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,(28)

rection factor of Langer and Smit was used in pro-

ducing these plotsjy the values of the Ferml function were
those of Rose et'al.(zg). The corrected P spectrum is
gshown in Fig. 6.4, and the trial Kurie plots in Fig, 6.5.
These Kurie plots were examined for straightness and an
extrapolated intercept at w = 3.9 mcz, which is the end-
point energy of the B group being investigated, It is |
‘obvious that none of the plots 1is very satisfactory in
these respects; at the low energy end they curve upwards
due to the presence of competing B groups, whereas at the
high energy end they again curve upwards due to pulse
pile-up, It is possible, however, to select one plot which
'haa, over part of its length, a straight portion which does
produce an extrapolated intercept at sbout W = 3,9, This
particular Kurie plot, the one drawn with a B spectrum
calibration where 3,5 volts corresponds to 1.5 MeV, then,
has been drawn with the "correct" energy calibration; and
in this way, fhe energy calibration of the B channel can be
inferred. The accuracy of this calibration selection method
is rather low = possibly 4 0.3 volts in 3.5 volts, which
leads to a 10% uncertainty in the B energy selection,

The B counts were divided by 16 by a prescaler, in

order to avoid overflowing of the B scaler's store of 106.

6.3 gSetting the Bucking Coil Currents

The currents through the bucking coils were bled from

the magnet supply via rheostats, so that fine adjustment
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of the stray magnetic field cancellation could be made,
Bach photomultiplier was replaced in turn by a tangent
magnetometer, and the appropriate rheostat adjusted until
there was a minimum change of deflection of the magnetometer
as the magnet current was reversed., It was possible by
this means to obtain an asymmetry in the stray field of a
small fraction of the earth's magnetic field,

There remained, however, a considerable asymmetry in
the stray magnetic field produced in the two magnet current

OFF phases of the experimental cycle, due to remanence,

6.4 Setting the Fast Timing Pulse Generator Discriminator

The threshold levels of the timing pulse generators
were set by adjusting their discriminators until the

threshold levels were considerably below the thresholds of
the corresponding energy selecting single channel analysers,
This was checked by seeking a high efficiency of counting
coincidences between the fast timing pulses and the corres-

ponding single channel analyser output pulses,

6.5 Fast Pulge Delay Matching

The B and Y fast timing pulses are each delayed
behind the arrival of the corresponding B particles and
photons by different times which depend upon differences in
decay times of the Nal and NE102A scintillators, transit
time differences in the photomultiplier tubes, and diffewent

discriminator 1levels in the timing pulse generators. This
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difference in delays must be cancelled out before true
coincidences can be recorded with highest efficiency., A
#ery accurate method of measuring this relative delay was
devised, making use of the automatic cycling system and
the routing circuit.

A randomising delay of 30 nS was inserted into the ¥
channel of the pulse routing unit, and the apparatus set
eyeling with all settings set as for an actual circular
polarisation measurement, with the coincidence adding gate

discriminator at "0", The asymmetry

N(205) - N (30n5)
¥ (2n8) + N (30n5)

in the coincidence counts, N,» was measured as a function
of the delay inserted into the fast B channel, and Fig. 6.6
shows the result, The delay at which this asymmetry is
zero can be determined to within I 1 nS by this method.
This B delay, +5.5 nS, then matches the average of the two
Y delays, 2nS and 30 nS, which is 16 nS, This shows that
the fast B pulses are delayed by 1l0.5 nS more behind the
particle arrival than are the Y pulses., Since prompt coine-
cidences are measured through a 2 nS delay cable in the
fast Y pulse routing circuit, a delay cable of 8,5 nS was
3nserted in the fast Y channel to match the relative delays
in the fast channels,

As a check on this method of delay matching, the
apparatus was cycled automatically without the matching

8.5 nS cable, and with a randomising delay of 100 nS, which
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is much longer than the coincidence unit resolving time;

see Fig, 5.11. The asymmetry

N (2n8) - N (100ns)

Nc( 2ns) + Nc( 100n8)

was measured as a function of the delay inserted in the
fast B channel, The resulting plot in Fig, 6.7 shows that
the peak is centred about =-7.5nS, which is very close to
the expected =8.5n8, The full width at half maximum of
this peak is about 26nS, which agrees well with the coin=-
cidence resolving time measured with two random sources and

shown in Fig, 5.11.

6.6 Setting the Coincidence Unit Output Delay

The espparatus was once again set cyeling with all the
settings as for an actual experiment, and the true coin-
cidence counting rate was measured as a function of the
coincidence output delay. It can be seen in Fig, 6,8
that an output delay of 1.2u8 gives the highest coincidence
counting efficiency, although this setting is not highly
eritical, The resolving time (2% ) of the slow coin=-
cidence circuit (slow coincidence portion of NE5704) is
quoted by the makers as being 2uS, which agrees quite well

with the width of the coigeidence curve in Fig., 6.8,

6.7 -Y lar Correlation

As a check on the apparatus, a measurement of the

152

integral B-Y angular correlation for the Eu decay
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cascade 3 (1.48 Mev B) 27(0.3uk Mev v)0* was made without
detection of the Y circular polarisation. The integral pB=Y

directional correlation can be expressed

w(e,.) = 14+ ePz(cos 937)

BY

Iwhere e 1is the correlation coefficient. This early ex-
periment (April 1965) was carried out when the apparatus
had rather smaller detection solid angles than those of
the final versioni consequently, the counting rates were
rather small, and the accuracy of the correlation was

correspondingly low. The Y solid angle (ﬁ%) was 3,7 X 10'“,

'and the B solid angle was 1,03 x 10-3.

The Y single channel analyser window of width 60 keV
was set on the 34l keV photopeak, while the B discriminator
was set to accept all f particles of kinetic energy greater
than 0,95 MeV, The energy calibration of the Y counter was

established by means of the following Y's : 0.662 MeV from
137

Eu152. The B counter was calibrated using the two cone

207

ca ~", 0.51 MeV from.naga, 0.122 MeV and 0.245 MeV from

version electron lines : 0,974 MeV from Bi , and 0,624

MeV from 03137.

Counts were taken at each of the angles QBT B 500.
90°, 105°, 120°, 135°, 150°, 165°, ana 180°., At each
angle, a measure of the Y~Y 4+ random coincidences was obtaine
ed by retaking the counts after an aluminium g absorber had
been placed in front of the P counter. The coincidence

counts were normalised to the B and ¥ counts, and the
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difference between these normalised counts recorded with
and without the aluminium absorber provides a measure of
the true B=Y coincidence counts, In practice, the counts
were automatically normalised to the ¥ couﬁt by setting
the apparatus to print out EB’ NT and Nc’ and then
restart every time the Y scaler reached 106. The time for
this total to be reached was measured on several occasions
during the course of a run, and the average counting time
T’ calculated, . For each count, NG/NEN? was worked out,
and for each run, the average of this quantity was calcula=-

™,

ted. This average was converted into a dimensionless quantity by

N
miltiplication by T 1. The difference
%
¥, gl

N. N N. N
PY without A¢ B Y with A¢

is plotted against Pz(cos @) in rig, 6.9, and the actual

results are quoted in Table 6,1,

A least squares linear fit to these points gives
e = | (-0.31 % 0.10)

which is in agreement with the value

e = (=0.289 = 0,003)

obtained by Bhattacherjee and Mitra(so) for B energies
greater than 0,95 MeV, and with the value

e = (=0.32 = 0.03)

obtained by Scott(31) for PB's of energies 2 1 MeV,
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The poor accuracy of the present result, and the small
solid angles used, do not Justify the application of cor-
rections (amounting at most to a few per cent) for finite
s0lid angles, and a $ contribution fran the next highest
f group with end-point energy 1,05 MeV and intensity about
one sixth that of the highest B group.

The present value of e is, however, rather smaller
in magnitude than the values implied by the differential
results of most other workers, Since the magnitude of ¢
increases as the B energy increases, ’ € I as measured for
all B's of energy greater than 0.95 MeV must be larger
than the differential measurement of le I at a B energy

of 0.95 MeV, The papers of Dulaney et al_(32)

y Sunier et
al.(35), Sunier(sh), Fischbeck and Wilkinson(ss), and the
‘more recent results of Bhattacherjee and Mitra(36), quote
differential values of ¢ measured at a B energy of 0,95
MeV ranging from = 0,29 to = 0,40,

The discrepancy between the present integral value of
e and the differential results quoted above is no doubt
due to the rather oversimplified correction applied here to
take account of unwanted Y=Y and accidental coincidences,
The fact that a large negative correlation coefficient, not

inconsistent with all other measurements, was obtained gave

confidence in the apparatus and the content of the source,

6.8 Day=-to-Day Running of the Apparatus

Each collection of circular polarisation data from the

apparatus was limited to one day, because at the end of
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this time about 100 yards of punched paper tape had been

collected, and tapes much longer than this tend to give
rise to reading troubles at the computer input.

The B channel was set to accept all B's of energy) 0.7
VeV, and the Y channel was set with a Z 10% "window", (in
other words photons with energies between 310 keV and 378
keV were accepted.). The distance between the magnet core
and the Nal erystal was kept at 3 cm,

At the start of each day's run, the initial phase of
the counting cycle was set so that the magnetic field point~
ed towards the Y counter, The system was then set running
with each count (or phase of the cycle) occupying 100
seconds, After 24 hours or so, the apparatus was stopped
Iat the end of a complete cycle, and the data tape removed
for processing

If, at any time, it was noticed that the singles count-
ing rates had changed appreciably, the apparatus was stopped
at the end of a cycle, and the counters recalibrated; the |
Y counter by means of a.Na22 source, and the B counter by
the simple technique of altering the discriminator level
until the original counting rate was restored.

The current through the magnet windings was maintained
at 1,4 amps throughout the experiment - only very ocecasional

adjustment of the series rheostat was found necessary.
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CHAPTER
THE EXPERIMENTAL RESULTS

7.1 Counting Rates

The counting rates were made as high as possible in

order to obtain a statistically significant measurement of
the coincidence counting asymmetry. To this end, the B

o
u8°,

o]
making a root mean square angle of acceptance of b4 .7 g

1+

particle acceptance angle had to be increased to

The fractional solid angle (4%?) subtended at the source
by the B coun;er was then 0,17, whereas the Y solid angle
(%%E was 1,2 x 10-3. This meant that considerable pulse
pile-up in the B channel had to be endured, as has been des«
cribed in paragraph 6,2, The recorded counting rates were

then of the order of

48 x 10° per second

N

i 2
Ny 2.3 x 10” per second
Be 7 per second,

7.2 Data Processing

The counts recorded on punched tape by the ASR 33 were
processed daily by the KDF 9 computer of the Edinburgh
Regional Computing Centre., For convenience, let the various

counts be labelled as follows:



Field up t+ Ng = A, N =3B, N, =
Fleld off : NB = D, NY = K, Nc = P
Field down NB = G, NY = H, Nc = J
Field off $ .. NB = K, NT = L, Nc = M

In the present apparatus, "Field up" corresponds to
the magnetisation of the transmission magnet core pointing
towards the Y counter; and since magnetisation and elec~
tron spin are antiparallel this countipg phase corresponds
to v = 180°.

The computer sums these counts over all complete
cycles ( taking account of prescaling factors), and normalises

all coincidence counts, N to the simultaneously record-

c’
ed singles counts, NE and NT’ therby eliminating
instrumental asymmetries caused by gain drifts, stray mag-
netic fields, and misalignment of the source, The following
asymmetries are calculated for every complete counting

cycle (each day containing about 200 such eycles):

i) asymmetry in Y counts with field reversal

B + H }

ii) asymmetry in total coincidence counts with field

reversal
C 48
u
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because C and J are the coincidence counts recorded
when the angie ¥y is 180° ana 0° respectively, this
asymmetry is of opposite sign to the asymmetry E cal-
culated in paragraph L.k,

N, ( true)
No ( random)

iii) ratio of true to random coincidences,

e , L _E_ X
AB GH DE KL
E , M
DE KL ;

a'V/L)z

iv) The "magnetic length" of the magnet, - (10_..

E + L - B - H ’
E + L +« B + H
The average of these guantities over all complete
counting cyecles is then taken, and the standard deviation
of the means of (ii) and (iii) calculated from the distri-
butions of the individual results, The asymmetry of the
true coincidences is then calculated according to the

relation:

asymmetry in true coincidences
= (1 + N (random))(aeymmetry in total)
chfru65 : coincidences
from the calculated means of the two factors. The standard
deviation of this product is calculated from the standard
deviation of each factor.,

The computer, having summed the B, Y, and coincidence
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counts recorded during each of the four phases of the
counting cycles, then calculates the above four asymmetries
using these total counts, If the data sampling time has
been sufficiently short to eliminate the effects of insru-
mental drifts, then it is to be expected that the average
asymmetries should agree reasonably well with the total
count asymmetries, The agreement between these two daily
values of the asymmetries was normally very good (they
seldom differed by more than about 20%), and this was taken
as showing that the sampling time of 100 seconds was suf=-
ficiently short to eliminate the effects of drifting of the
electronics, Ocecasionally, there was a very large dif-
ference between the two values, and since these discrepan=-
cies usually arose when the laboratory temperature was
Iabnormally high, it was concluded that the reason was mal-
functioning of the electronics under such conditions,

When the counting at each angle had been completed,
the daily results were compounded into mean results, and in|
the case of the asymmetries (ii) and (iii), whieh have cal-
culated standard defiations, weighted means were calculated,
The weights attached to the individual results were the
inverse squares of the corresponding standard deviations,

following the formulae of Topping(37)_

Ted Instrumental Results

a) Gamma Singles Asymmetry

Considerable care was taken to shield the Y photo=-

multiplier from the cycling stray magnetic field of the
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magnet, in order to aid the measurement of the magnetic
length of the magnet. How successful this shielding was
is shown in Table 7.1, where it can be seen that the
asymmetry of the ¥ singles counts between the opposite
magnetic field directions has been reduced to a few parts
in .‘|.05.r At 180° ana lhoo, where the counting times were
longest, the residual asymmetry has been reduced to within
the statistically expected uncertainty in the asymmetry.
This statistical uncertainty is, since B 1s very nearly

equal to H, given by

S S 0.25::10"'h
vﬁ' + H'

where B' and H' are the total number of gammas recorded,
In Table 7.1, the quoted uncertainty is the standard
deviation of the set of daily values, and the agreement
with the statistically expected uncertainty is excellent.
For comparison, the following results were recorded

without the bucking coll on the ¥ counter:

Asymmetry in ¥

singles
Wwith one 7 days -
magnetic shield counting (3.5 0.9)x 10
wWith four 1l days
magnetic shields counting (-5 % 1) x 10'h

It appears, therefore, that increasing the number of
magnetic shields had no beneficial effect; whereas, adding
a bueking coil reduced the effect by at least an order of
magni tude.,
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'b) "Magnetic Length"

The conclusion reached in paragraph 4.9 that under the
experimental conditions used here (in particular, a Y-ray
‘energy of 344 keV), it is ihpqssible_to measure the magneti#
‘length of the transmission magnet using the Y singles counté,
lia confirmed by the large variation in the results of such
;measurements quoted in Table 7.1, Once again, the quoted
‘uncertainty is the root mean square deviation of the daily
values about their weighted mean, The expected statistical
uncertainty in the quantity labelled "Magnetic Length" 1is

Z0.2x 1o'u, for 20 days counting,

e¢) [Ihe Polarisation-Detection Efficiency of the Magnet

The demonstration, in the preceding paragraph and in
paragraph 4,9, of the failure to measure the polarisation-
detection efficiency of the magnet, forces one to calculatei
this quantity, if the coincidence asymmetries are to be i
converted into Y-ray circular polarisations,

The details of the transmission magnet geometry are
(see FPig. 5.2):

total length, L, = L4,1 em. (3.3 mean free paths for
3L)) keV photons)

core length, <, = 2.5 ocm,
thickness of each cheek plate, t, = 0.8 cm,

Using Chesler's experimentally determined constant

C = 0,17, then gives:
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magnetic length, IM, = 2,8 cm ;
2
and using (sa)jhh key = 03331 x 2=r

along with the constants listed in paragraph L4,7(b),

leads to: ;

“é\/i = 0,819 x 10‘2, uncorrected for |
scattering,

Referring to the expression

(1 + aLn)
for the single scattering correction quoted in paragraph
Le7(b)3 since the quantity b contains the factor
go.g s oOn integrating over the length of the magnet some

|average of this factor must be inserted to take account of

magnetic end effects, However, this is similar to the |
averaging of p(x) cos w(x) which occurs in the expression
for the magnetic length of the magnet, and so the length, |
L, appearing in the numerator of the expression for '
should be replaced by the magnetic length, IM, when end

effects are taken account of, When this substitution has

been made, then, of course, S must be set equal to

. K-
'ko S, Because the quantity a contains no spin-dependent
.factor, the length appearing in the denominator of '

‘remains the total length, L,
These considerations then lead to, for the transmission

magnet used here, and 10% energy discrimination:

ae\/L = 0,910 x 10“2 (corrected for single
scattering).



And when the calculations are extended to account for a

maltiple scattering correction:

aéV/L = 0.938 x 1072 ( corrected for multiple
scattering).

This latter efficiency will be taken as the calculated
polarisation-detection efficiency of the transmission

magnet when calculating the circular polarisation, P of

c’
the Y=rays., The uncertainty in this calculation of the
magnet efficliency is largely due to the uncertainty in
knowing the behaviour of the magnetisation, and hence the
magnetic length, wWith the difference between the expected |
value of 0.25 and the measured value of 0,17 for Chesler's
constant, C, as a rough mcasure of the uncertainty in
estimating the contribution of the magnet cheek plates to
the magnetic length, the uncertainty in the magnetic length

is then

(0.25 = 0.17)(0.8)(2) em, = 0,13 em,, or 5% .

A rough estimate of the uncertainty in the polarisation=-
detection efficiency of 10%, will then take account of the
unknown fringe field effects, and also the uncertainty, due
to the approximations, in the multiple scattering correction
calculation.

CL'\/LZ
The calculated value of = ( °2 ) is then

=-0.22 x 10-h’ which is considerably lower than the mean

of the experimental "magnetic lengths",
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7.4 The Circular Polarisation Results

Table 7.2 displays the coincidence asymmetry measure-
ments, and the Y circular polarisation, P,, obtained from
these results and the calculated polarisation—defection
efficiency of the magnet, Figures 7.1l and 7.2 show the
daily results of the measured true coincidence asymmetry
in chronological order for each angle QEY'

The two values quoted in Table 7.2 for the asymmeiry
'in the true coincidences are calculated from the data in
different ways. The upper number is the weighted mean of
the daily products of (1 + ;ga) and (asymmetry in total
coincidences), while the loweg number is the result of
multiplying the separately evaluated weighted means of each
of these two factors, If the spparatus is working satis-
factorily, then these two estimates are expected to agree,
In fact, these two differently calculated values agree very
well at all angles except 1uo°, where there is a very large
discrepancy between them, suggesting malfunctioning of the
apparatus, Indeed, when the daily results for 1140o were
examined, it was found that the random to true coincidence
rate ratio showed very large variations from day to day.

A range of ;ﬁi from 0.3 to 15 existed, which compared
very unfavourably with the spread of from 7.6 to 8.6 at
180°.

The reasons for this peculiar behaviour at 1&00 could

be gross drifting of the coincidence resolving time,






#5 = °
a_!t‘o_'z - e =160

2y
] ° ify
993’ =90
®
4 1
WEIGHTED
i WEIGHTED = ke MEAN
MEAN
EXP.

TIME (days)




9l

severe gain shifts in the Y channel causing drifting of the

Y window away from the 34lL keV peak, or else a combination

| of both, The occurrence of values for =GR of as low as

Nop

0.3 suggests the former suggestion, Certainly, during

o
- August, when the 140 counts were recorded, the laboratory

temperature of'ten rose abnormally high, Whatever the

o
reason, it was decided that, in the case of the 140 measure-

5 ments, the value of the asymmetry in the true coincidence

counts obtained from the product of the two weighted means,

' i.,e. the lower number, was more valid than the upper number,

because at 1h0° each of these two weighted means and their

product was typical of the corresponding wvalues obtained

. at other angles, whereas the upper quoted number is highly

untypical when compared with its counterparts, Complete

 justification of this choice must remain tentative until a

| thorough analysis of the 140° data has been carried out.

. is plotted as a function of QBT in Fig. 7.5,

where the angular error flags give the uncertainties in the
mean angles Bpx, which are estimated to be about + 3

degrees..

t (] -
When eﬁT was set ex

perimentally at 1800, the presence of the large 8 solid

- angle meant that the mean angle of acceptance was about 3003

;ao the result listed in Table 7.2 under o!'. = 180o has

BY
o
been plotied at OBY = 1507, The eedbed curve in Fig, 7.3

is a typlcal theoretical curve given by Alexander and

(10)

Steffen s and is drawn here for comparison, to give the

expected magnitude of P,.
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Table 7.2 also contains the result of an experimental
estimate of the contribution to the coincidence counts from
Y=Y coincidences. A %" thick perspex sheet placed
immediately in front of the B counter filtered off all the
B particles., The significance of this measurement is that
from the large ratio of random to true coincidences it can

be inferred that Y-Y coincidences contribute, at most,

about 20% of the total coincidences.

7.5 Discussion of the Resultg

The very large spread and the uncertainty in the
measured values of P, as shown in Fig, 7.3, unfortunate-
ly prevent a meaningful evaluation of the correlation co-
efficients Al(w) and Aj(w) being carried out. This
failure to be able to extract nuclear information from
eircular polarisation measurements on this p-Y cascade is
not without precedent, Collin, Daniel and Schmitt(BB)
obtained rather a poor result for this measurement, and
gave no satisfactory reason or any discussion., On the

(10)

other hand, Alexander and Steffen measured p-Y
directional and B=-cirecularly polarised Y correlations for
this cascade, and from their results and the 1log ft value
(corrected for the non-statistical spectrum shape) they
were able to extract values for the matrix elements., These
successful measurements of Py carried an uncertainty of
about 20 to 30%., An earlier result obtained by Berthier

et al.(jg), who also used the forward scattering method,
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was also sufficiently accurate to enable values of the
nuclear matrix elements to be extracted.

By far the largest sources of uncertainty in the
results of this experiment have been due to poor counting
statistics and instrumental drifts - the problem of knowing
gccurately the magnetic length of the magnet has proved to
be relatively insignificant., From the observed coincidence
counts, the uncertainty expected statistically in the
asymmetry in the total coincidence rates is about
0.3 x 10-3 for 20 days counting, The standard deviations
measured at 180O and 1uo° (where the counting time was
about 20 days) are about twice this expected magnitude,
showing that instrumental effects are contributing signi-
ficantly to the uncertainties in the results.

Examination of the chronological plotting of the daily
results in Fig, 7.1 and Fig. 7.2 suggests that there may
well be some long term trends in the data. hen more
counts have been collected at angles other than 1800, the
daily results will be scrutinised for such trends, which
will then be removed using the techniques described by
Cruse and Hamiltonﬂuo).

When this project was being planned, it was not fully
appreciated that the superabundance of Y rays of energy

greater than 344 keV emitted from a Eul52

source would make
such a large scattered contribution to the Y count at 344
keV, Fig. 6.2 and Fig., 6.3 give an indication of the mag-
nitude of this éffect. Also, since the B group being

investigated has only a 6% feed, it has been necessary to
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use a strong Eu152 source, thus increasing this troublesome
Y background. Another reason why a strong source of 6 mC
was necessary is that, in the transmission method of
circular polarisation measurement, severe attenuation of
the ¥ ray beam occurs on passage through the iron, In the
forward scattering method this problem does not arise to
such an extent, and the collected Y intensity can therefore
be much higher, In addition, the polarisation-detection
efficiency of a forward scattering magnet can be as high
as 8%518), compared with about 3% for a transmission
magnet; (1% in the present case).

The strong source, which had to be employed, intro-
duced electronic problems arising from the resulting high
B counting rates, The pulse pile-up problem has already
been referred to in paragraph 6,2, and the large number of
random coincidence counts (obvious from the measured values
of ;QE quoted in Table 7.2) gave rise to a very large
"noisgg contribution to the available information, If it
had been possible to reduce the coincidence resolving time,
say to 27T = 10 nS, then a considerable improvement in the
'“signal to noise ratio" could have been made, This was not
possible, however, because the photomultiplier tubes, which
were chosen to be of the "venetian blind" type of construc=
tion to minimise the effects of stray magnetic fields,
unfortunately exhibited a large time spread.,

The limitation of the coincidence counting rate due to
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photon absorption in the transmission magnet is a feature

of this method of measuring photon circular polarisation

;which makes 1t rather less suitable than the forward

' scattering method for measuring B-Y correlations in

parity admixtures

many cases, However, the transmission method has been
extensively used in experiments which investigate the
circular polarisation of bremsstirahlung and of ¥ rays

emitted in transitions between nuclear levels containing
(41,42)



ACKNOWLEDGEMENTS

I am grateful to Professor N. Feather, F.R.S5., for
making available the facilities of the Department of
Natural Philosophy.

I am most indebted to Dr. J. Byrne, M.Sc., Ph.D., who
suggested this topic for research, for his encouragement
and for valuable discussions on many aspects of the work.
I also wish to thank Mr, J. Kyles, O«BeEe, MeAey FeReSeE.,
for supervising this work from October 1966 onwards.

My thanks go to the ex~head of the workshop, Mr. A.
Headridge, and his staff, for their help in constructing
the mechanical parts of the apparatusy and to Dr. G.
Bradford and Mr, C. McAnna, of the electronics workshop,
for designing and constructing the prescaler to my

specifications.



2e
3
L
5e
6.
7.

7o
8.
9
0.

[

2
3
L.
5
6
7
8.
9.

[T = I R = R =

N

1

3.
Lo

0.

=100~

REFERENCES

Ee Fermi, Ze T P.hySik _§-§, 161, 193’-‘-.

E.J. Konopinski and G.E. Uhlenbeck, Phys. Rev. 48, 7, 1935.

E.J. Konopinski and G.E. Uhlenbeck, Phys. Rev. 48, 107,
T.D. Lee and C.N. Yang, Phys. Rev. 104, 254, 1956.

H.A. Weidenm#ller, Rev. Mod. Phys. 33, 57L, 1961.

R.A. Beth, Phys. Rev. 50, 115, 1936. |

Hed e Ligkin, Beta Decay for Pedestrians, North Holland,
1962.

T. Kotani, Phys. Rev. 114, 795, 1959.
Nuclear Data Sheets 5-6-31 and 5-6-32, April 1964.
P, Lipnik and J.W. Sunier, Nuc. Phys. 53, 305, 196L.

P. Alexander and R.M. Steffen, Phys. Rev. 128, 1783, 1962.

O. Halpern, Nature 168, 782, 1951.

F.P. Clay and F.L. Hereford, Phys. Rev. 85, 675, 1952.
J.C. Wheatley et al., Physica 21, 841, 1955. i

H: ?ch0pper, Phil, Mag. 2, 710, 1957.

P. BSaintignon, Ph.D. Thesis, University of Grenoble, 19¢
S«B. Gunst and L.A. Page, Phys. Rev. é, 970, 1953.
A. Iundby et al., Nuovo Cimento 6, 745, 1957.

H. Schopper, Nuc. Inst. and Meth. 3, 158, 1958.
R;B. Chesler, Nuc. Inst. and Meth. 37, 185, 1965.
H. Schopper, Nuc. Inst. and Meth. 21, 338, 1963.
W.H. McMaster, Rev. Mod. Phys. 33, 8, 1961.

E.C. Stoner, Magnetism and Matter, Methuen, 193L.
R.L. Graham and J.S. Geiger, Can. J. Phys. 39, 1357, 196
L.G. Mann et al., Phys. Rev. 137, Bl, 1965. '

1935.

Ly

b1 ¢




25,
26,

27«
28,

30

B1.
32,
33
Blis
55 .

36.

57«

L2,

29 -'_..

-101-

REFERENCES (Contd.)

C.M. Davisson, in Beta- and Gamma-Ray Spectroscopy,
North Holland, 1955. Edited by K. Siegbahn.

R.N. Larsen and E.B. Shera, Nuc. Inst. and Meth. 32,
168, 1965.

B. Righini, Nuc. Inst. and Meth. 29, 89, 196L.
L.M. Langer and D.R. Smith, Phys. Rev. 119, 1308, 1960,

M.E. Rose et al. in ay By ¥ Ray Specfroscopy, North
Holland, 1965. Edited by K. Siegbahn.

S.K. Bhattacherjee and S.K. Mitra,_Nﬁovo Cimento ;é,

R.D. Scott, Ph.D. Thesis, University of Edinburgh, 1967
H. Dulaney et al., Phys. Rev. 117, 1092, 1960.
J.W. Sunier et a1.,'Nué. Phys. 19, 62, 1960.

J.W. Sunier, Helv. Pﬁys. Acta, 36, h29! 1963.

Hedo Figchbeck and R.G. Wilkinson, Phys. Rev. 120, 176i
1960.

S.K. Bhattacherjee and S.K. Mitra, Phys. Rev. 126, 1154

1962.

J. Topping, Errors of Observation and their Treatment,
The Institute of Physics, 1960.

We Collin, H. Daniel and H. Schmitt, Z. f. Physik, 179,
528, 196l . |

J. Berthier et al., Compt. rend. 252, 257, 1961.

D.W. Cruse and W.D., Hamilton, Nuc. Inst. and Meth. 57,
29, 1967.

F. Boehm and E. Kankeleit, Phys. Rev. Lett. 14, 312, 19
V.M. Lobashov et ﬂlc’ JeE.TsePs Lette. 2, Ll-?, 1966-

65.




