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Chapter I.

Introduction:

Recent Changes and Developments in Beta-Decay Theory.

1. Parity.

Prior to 1956 it was generally accepted that parity
'was conserved in both weak and strong interactions;
yhowever in that year Lee & Yang(l) reviewed the experi-
mental data then available, in particular that concerning
| the decay of the © - and T -mesons, and questioned the
iValidity of this assumption.
! The © - and 77 -mesons have almost identical masses
:and half-lives but decay differently, the & decay being
a two body decay, (69:-——? 'JTI Sl ), and the 1 decay
' being a three body one, (“T’i' 57" +27). Since pi-

mesons are pseudoscalar particles of odd parity the & -

and | -mesons must have different parities and therefore,

' on the grounds of strict parity conservation, cannot be

the same particle. If, however, parity is not con-

| served, then all atomic and nuclear states must be mix-
tures containing mainly the states they are normally
| assigned, together with a small percentage of states of

opposite parity. Under this condition the & - and 7T -

' mesons can be considered as the same particle in oppo-

site parity states.

If 211 states are mixtures then their wave functions

| can be written in the form W = u)regular +'§Lyirregu1ar’
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where 3 denotes the mixing ratio of the two parity
states, and Lee & Yang's hypothesis of mixed states can
be tested by determining the magnitude of'a s O 3 2, in
suitable interactions. This can be done either by
looking for interactions which are absolutely forbidden |

by parity selection rules and which can therefore occur

| only through the irregular part of the wave function, or

- |
by studying interactions which are allowed to both parts

of the wave function and observing some phenomenon which

| indicates interference between the two components.

(i) Strong Interactions.

Experiments of the first type have been carried out
by Wilkinson(2) and by Tannér(s) who studied the |
Heh(d X)Li6 and Flg(p =O016 reactions respectively.

The second excited state of Li6 is an 0" state at @

3.56 MeV which, by parity conservation, is rigorously

| forbidden to bresak up into an alpha particle and a

!deuteron. If such a decay did occur, since the alpha

particle has zero spin and even parity and the deuteron
has spin 1, in order to cqnsir;glgé;;ﬁtum the deuteron
would have to possess a;::;;ular momentum and hence
would have odd parity. Such a decay would therefore
violate parity conservation and could only occur through|
the irregular part of the wave function, having a

probability of % £ relative to the corresponding allowed
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Y -transition. By looking for this forbidden transition
Wilkinson found an upper limit toA 2 of 1 x 1077,

The Flg(pct)016 reaction proceeds through a J = 1,

20

even parity state of Ne which normally decays by an o 4

group to a 6,14 MeV level in 016. However a parity

impurity in the wave function of either the Ne20

16 or Heh ground states would allow a

' resonant o¢ group to the ground state of 01®, Tanner

excited |

| state or of the O

' looked for evidence of this resonant dto transition and
| _
from his results obtained an upper limit to ”32 of

éh X 10_8.

| An experiment of a similar nature was performed by
Segel et al.(h) who bombarded Be7 with neutrons and

| looked for the ]E':e-?(n.eu:)He}'L reaction which is forbidden
éon the grounds of parity conservation. This experiment
'also led to a value of A2 21 xa0tl

| Wilkinson has alsc studied allowed transitions in
Ean attempt to find some phenomenon which shows inter-
%ference between the two components of the wave function,
iand also effects which depend only on the irregular part.
!In the first case(ﬁ) he looked for circular polarization
:of gamma-rays following the bombardment of unpolarized

| target nuclei by unpolarized particles. He studied the
‘Bll(pp)Bll and Flg(pcx)ole reactions and obtained values
_7 of 32 0f <21 %107 and 3 x 108 respectively. In |
' the second case(B) he studied the LiT(pp)Li7 reaction « |
| f
l
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and observed the angular distribution of the gamma-rays
of the lithium de-excitation relative to the direction

of the bombarding proton beam. If parity is conserved

' this distribution cannot contain odd powers of cos &,

| whereas if parity is not conserved an angular distribu-

tion of the form l+xcos & , where oL is proportional to

'"]2, may be expected. This experiment led to an upper

| 2imit 503 of 1 x 107F.

An earlier experiment by Chamberlain et al.(7) in

1954 on the scattering of a beam of polarized protons by

| mucled alse’ Tedl s to a value of 32 of £ 1074,

The above mentioned experiments all measured the
degree of parity mixing in strong interactions.

A much more sensitive test of parity mixing is

| given by an experiment which was reported by Purcell &

Ramsay(s) in 1950 in which an accurate determination was

' made of the electric dipole moment of the neutron. A

violation of parity conservation leads to an electric
dipole moment of all systems of order of magnitude

e X '] x the dimensions of the system. In this experi-i
ment the value of the electric dipole moment of the

neutron was found to be e x 5 x 10'20

which gives an
2 -13
upper limit to 3 “ of 3 x 10 .
All these experiments show that, to a high degree

of accuracy, parity is conserved in strong interactions.
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' (ii) Weak Interactions,

In weak interactions, however, since the coupling
strengths are reduced by a factor of the order of 10-12
'a violation of parity conservation would introduce a
value of F32 .:.'10”'2,4 which cannot be readily detected

in interactions in which other factors of order one are

also present. Therefore, to test for parity conserva-

' tion in weak interactions, experiments must be devised
;which can determine whether or not these interactions
| are invariant with respect to space inversion, i.e.

whether they can differentiate between a right-handed

'and a left-handed set of axes.

| Lee &.Y&ng(l) suggested experiments of this nature
 for both meson and beta decay. For meson decay they
:proposed an experiment on the decay of Ad -mesons,
!(v4°-> P+ 7" ), since if parity is conserved the fre-

-

quency of production of the T -mesons will be symmetric

|
|
!with respect to the plane of production of the lamda-
!mesons which are themselves produced by the reaction
i

| T 2P = AT Ok, For the case of B -decay they
l

|suggested the observation of the angular distribution of
| the electrons from oriented nuclei. An asymmetry, with
respect to the polarization of the parent body, in the
distribution of the T -mesons from the decay of polar-
ized A’ -mesons and of the p -radiation from the decay

|
' of oriented nuclei would show that these interactions are
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not invariant with respect to space inversion and hence
that they do not conserve parity.

Since P.-decay can be described in terms of
operators which, acting on a neutron wave function, 1ead:
to a proton wave function, and, similarly, lead to the
absorption of an antineutrino and the emission of an
electron, the interaction Hamiltonian can be written as
the sum of terms of the type f( Lll; OLV,J(L,V: O
+ complex conjugate;]. Since, however, each of these
brackets can take a scalar (S), vector (V), tensor (T),
axial vector (A), or pseudoscalar (P) form depending on |

the Dirac operator used, the total Hamiltonian is given |

by H2q[£ (W0 ) (Weo,wy) + ec)

| parity is not conserved in B ~decay then each of these

where i = S8, V, T, A, P and the constants Ci measure the|

relative strengths of the five forms of coupling. If
i

coupling constants must have two parts, the normal,
parity conserving part, Gi, and a parity non-conserving é
part ci‘. To detect parity non-conservation, inter-
ference terms of the form CC' must be observed. The
angular distribution of g -radiation from oriented
nuclei is proportional to (1 + o« cos & ) sin £ 486,
where oL depends on terms of the type CC', hence any
observation of an electron distribution of this nature
with et A; 0 would give positive proof of a violation of%

parity conservation in p.-decay.



'was that of Wu et al.(g) using Co

Te
The first experiment of this type to be performed
60 nuclei oriented at
low temperatures. In this experiment the asymmetry in

the electron distribution as between & and 180° -8,

' where © defines the direction of orientation of the

parent nuclei, was measured by reversing the polarizing
field. The degree of polarization of the nuclei was
measured by observing the anisotropy in the ¥-ray dis-

tribution. In this experiment a large asymmetry in the

| electron distribution was found showing that parity was

not conserved in the decay.

The first reported case of the detection of parity

| non-conservation in meson decay is that of Garwin et al.

(10)

who studied the '1T*-—§/4+—~> e’ decay. This
experiment was based on the fact that non-conservation
of parity implies that the mesons emitted from stopped
pions will be polarized along their direction of motion.
Since the angular distribution of the electrons result-
ing from the decay of the mu-mesons can be used to
analyse this polarization Garwin's group studied this
angular distribution when a beam of Tf+-mesons were
stopped in carbon. An asymmetry in this distribution

was found showing that the mu-mesons were polarized and

| therefore that parity is not conserved in meson decay.
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2. The Two Component Neutrino Theory and the PCT
ITheorem.

In view of this evidence of parity non-conservation

(11) put forward a two-component theory of the |

12) |

Lee & Yang
| neutrino. (A similar suggestion was made by Landauﬂ
and by Salan&lB) at approximately the same time.)

In the old, four component neutrino theory, in
iwhich two components are used to describe the neutrino

| and the other two the antineutrino, the two parts of the

neutrino wave function are given by W, = z(1 - ¥5)l¥\, ’
.“’2 =31 + \g5)wv, where ., = W, + Y ,, and Y. is
| invariant under the transformation v, —> I ¥g W~

| The two component neutrino theory is a special

 case of the four component theory in which the mass of
or o&('}‘ U
the neutrino is zero, only Lvlkappears in the inter-

!actions and the coupling constants are related by

i
interaction involved.

‘Oi =+ 0C,' or Gi = - Ci‘ depending on the type of
|

| In this theory the neutrino and the anti-neutrino
cannot be the same particle since the neutrino (defined
as a particle in a positive energy state) has its spin |
always parallel (or always antiparallel) to its momen-
tum, whilst the antineutrino (defined as a hole in a
negative energy state) has its spin always antiparallel

(or always parallel) to its momentum, corresponding to

- - t = 'o
C; = -0y (or C; =+ Cy )

This theory does not conserve parity since under
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space inversion (P) the momentum of the neutrino is _
inverted but its spin remains unchanged, and since, for
| the neutrino, the two must be always parallel (or anti-
| parallel), the operator P applied to a neutrino state
i leads to a non-existent state. Similarly the theory ié
non-invariant under charge conjugation (C) since appli- |
cation of C to a neutrino state changes a particle into |
. an antiparticle without changing its spin or momentum.
It may, however, be invariant under CP since this
operation changes a particle into an antiparticle and
simultaneously reverses the momentum but leaves the spiﬁ
direction unchanged. By the Luders-Pauli (PCT)
theorem, where T is the time-reversal operator, this
means that the theory may be invariant under time-
reversal. At the time that Lee & Yang put forward the |
two-component neutrino theory, however, although non-
conservation of parity had been demonstrated in the

experiment with oriented 0060 and in the 0 tq,,uf4>e

+
decay, and a violation of charge conjugation shown from
the magnitude of the asymmetries obtained, no test of
time-reversal invariance had been carried out.

By the PCT theorem, which states that inter- |
actions are invariant under the combination of these
three operations, the existence of an asymmetry in the

above experiments implies non-invariance of the inter-

actions under at least one of the operations of charge |
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'conjugation and time-reversal.
| The validity of the PCT theorem can be demonstrated
' by applying these operations in turn to the wave function
| describing a particle with, say, negative helicity. |
fThe operator P reverses the momentum and thus leads to
a particle with positive helicity, C changes this par-
:ticle into an antiparticle without changing the spin or
fmomentum and T reverses the momentum and the spin thus
I1eading to an antiparticle with positive helicity.
These operations, as well as being applied to the par-

| ticle itself, must also be applied to the surroundings

in which the particle may be observed. Thus the com-
ibined operation of P, C and T leads from a particle of
' negative helicity in the normal world to an antiparticle
!of positive helicity in the antiworld, which appears i
| exactly the same to that world as the original particle

idoes to thise.

3. Consequences of the Non-Conservation of Parity and
the Two Component Neutrino Theory.

'ﬁ(i) Theory. I

' Since the first discovery of parity non-conservation,

papers have been published by many authors on its effects

‘in beta and meson decay. These include Jackson et al.,i
(L) who pointed out that electrons from the decay of |
Eunoriented, as well as oriented nuclei would be longi- |
;tudinally polarized. For recoil experiments they gave
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the expected distribution functions for electron: and
neutrino directions and electron energy, and for elec-
tron energy, angle and polarization for allowed transi-
tions from oriented nuclei, as well as the distribution
function for electron and neutrino directions, electron
energy and polarization for allowed transitions from
unoriented nuclei. In these distribution functions

the Coulomb distortion effects and the relativistie

| corrections for the nucleons were omitted.

In an allowed transition the directions of the B & |
particle and the antineutrino are correlated, the
correlation being of the form 1 + /*(%) cos @, where
the value of A depends on the type of interaction

present, being + 1 for a vector interaction, + % for a

. tensor interaction, - 1 for a scalar interaction and - %

for an axial vector interaction. (The pseudoscalar
interaction is not included as it is generally accepted
that this type of interaction plays very little part in
B -decay.) Since angular momentum must be conserved
and the spin change of the nucleus is 0, or * 1, and
since, by the two component neutrino theory, the anti-
neutrino spin can only have one direction the electron
spin direction must also be fixed: for a AJ = O trans-
ition the electron spin direction must be opposite to
that of the antineutrino and for a A J = 1 transition it
must lie in the same direction as that of the
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antineutrino. Averaged over the possible electron

directions this leads to a resultant polarization of

| the electron beam in the direction of the momentum.

Curtis & Lewis(l5) considered the case of'ﬁ e

particles followed by X -radiation from unpolarized

'nuclei. They derived formulae for the longitudinal

polarization of electrons in p —decay and for the

| correlation of the transverse electron polarization with:

| the direction of a X -ray.

' of ¥ -rays with respect to the electron direction de=-

As the electrons produced in p ~-decay are expected |

to be longitudinally polarized the daughter nucleus willl
also be partially polarized and any subsequent X -
radiation or bremsstrahlung is therefore expected to be

circularly polarized. Since the angular distribution

pends on this circular polarization, the p - X polariza-|

tion correlations, as well as the electron distribution

and electron polarization functions, from oriented and |

(16)

unoriented nuclei, were given by Alder et al. who

considered both allowed and first forbidden decays.
This circular polarization of the X -rays has also been

considered by Morita(l7)

s Who calculated the angular
correlation between the electrons and circularly polar-
ized X -rays in triple cascades, and by Morita &.Morita,i
(18) who have given this correlation for double and T

triple cascades from unoriented nuclei, and who have
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also calculated the g -ray angular distribution from
oriented nuclei.

Bouchiat(l9) considered recoil effects in B -decay
and K-capture for forbidden transitions in oriented
nuclei. In the case of B -decay, he gave formulae for

| the angular distribution of recoil nueclei, for the
recoil X-ray angular correlation and for the polariza-
! tion of the recoil nucleus. For K-capture he con-
sidered the recoil asymmetry for polarized nuclei, the
polarization of recoil nuclei and the recoil- g-ray
polarization correlation.

The angular distributions and polarization of
 electrons emitted by polarized and aligned nuclei in
;transitions of any order of forbiddenness has been given
;by Dolginov(2o).

Similar formulae to those mentioned above have beén.

(21)

given in papers by Jackson et al. s Ebel & Feldman,

(22) Berestetsky et al.(25) and Bincer(zu), who include
the effects of Coulomb corrections.

| Kinoshita & Sirlin(25), and Uberall(26), have dis- |

.cussed the electron polarization in muon decay while

Jackson et al.(27) proposed an experiment to determine
the direction of polarization of mu-mesons in pion

| decay. Uberall also pointed out that the polarized

;electrons from muon decay passing through matter will

| emit bremsstrahlung which will be circularly polarized.
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| (41) Experiment.

On the experimental side numerous attempts have

| been made to observe the polarizationsand asymmetries

ipredicted.

Grace et al.(za), using 0060 polarized in a mag-
netic field at low temperatures, have confirmed Wu's

results on parity failure in P— decay whilst Ambler et |

jal.(zg), and Postma et al.(BO), making similar asymmetrj

: asymmebry
| measurements on 0058 and Mn52 found positron h

W of opposite sign to that of the electrons in the
0060 experiments.
The violation of parity conservation in the decay

of unoriented nuclei has been detected by observation

- of a longitudinal polarization of the electrons pro-

duced, of the circular polarization of subsequent ¥ -

rays and bremsstrahlung, and of the correlation

:functions.

Longitudinal electron polarization can be detected
by first converting it into a transverse polarization,
then scattering the transversely polarized electron beam
from a thin foil of high Z value (Mott scattering) and
finally observing the resultant asymmetry in the dis-
tribution of the scattered electrons. |

Three experimental methods have been used to con- }
vert the longitudinal electron polarization into a |

transverse one. Frauenfelder et al.(31) working with |



' Co

| Tm 70 as sources, achieved this by deflecting the ini-

15,

(32) 60 532

60 using Co 7,

1

and De Waard & Poppema and

' tial electron beam through 90° in a cylindrical electro-

| static field, which also served as an energy selector

| since only a small section of the beam of deflected

electrons was focused onto the scattering foil. The
electrons were then single scattered over large angles
in this foil, which was perpendicular to the incident
beam, and the left-right asymmetry in the resultant
electron distribution observed. Conversion from a

longitudinal eleectron polarization to a transverse one

can also be obtained by passing the electron beam through

crossed electric and magnetic fields. This method was i

used by Cavanagh et al.(33) when looking for the polari-|

|
zation of electrons from the decay of 0060. The third |

method, which was used by de-Shalit et al.(ju) employs |
scattering in the Coulomb field of a nucleus. In this |
experimenf the electron beam from a P32 source was |
first scattered by a cylindrical aluminium foil to ‘
change the longitudinal polarization into a transverse i
one, which was then observed by means of Mott scattering%
The longitudinal electron polarization has also

been detected by means of Mgller scattering. In this
method the longitudinally polarized electrons are

scattered from the polarized electrons in a magnetised

foil made from a material of high magnetic permeability.
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| The scattered and recoil electrons are observed first
when the foil is magnetised parallel, and then when it
is magnetised antiparallel to the direction of motion of
the incident beam since the cross-section for Mgller
scattering depends on the relative orientation of the

spins of the incident and target electrons. The recoili

electrons are observed in order to eliminate multiple

and Rutherford scattering effects. This method was

|
used by Frauenfelder et al.(35) and Geiger et al.(56) to

P32

study the electrons produced in the decay of and

Prlhh. Geiger's group also studied the decay of Y90

Many p.-X'correlation experiments have also been
'carried out to show parity violation in weak inter- .

'actionsi these include experiments on the decays of !

|
100%0, co?8, au*?®, ng?03, Na??, ma?, VM8, Wn%2, 295, |

‘Sblzu set* and Scu6 (37) - (45) whilst further experi-|

‘ments by Goldhaber et al.(u6) and Schopper & Galster(u7)i

|
|using Sr90 + Y9 sources, have detected the predicted
|

;circular polarization of bremsstrahlung.

i Most of the experiments to detect electron polari- |
ization and the predicted correlation functions gave re- !
sults which were consistent with the two component |
neutrino theory and a maximum violation of parity. |
There were however some discrepancies, in particular thel

|
results obtained by Fraunfelder et al.(ua), Boehm & |
' i
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(38) & (39)

Wapstra , and De Waard & Poppema(Bz) gave

| polarizations considerably less than the maximum value

. and seemed to indicate that parity was conserved in

Fermi interactions. As a check on this point Boehm et
al.(hg) studied the positron polarization in the decay
of N13 by observing the circular polarization of the
high energy quanta from annihilation in flight. They
chose Nl3 because it has a mirror transition in which

the Fermi matrix element is larger than the Gamow-Teller

matrix element so that the positron polarization is
mainly determined by the Fermi part of the interaction.

Knowing the ratio of the squares of the matrix elements

2 2
;(i.e.PW@4 'P14 ) from an analysis of £t values they

obtained results which were consistent with full polari-l
zation. If only the Gamow-Teller part of the inter-
action violates parity the expected result would have
been approximately one third of that obtained. In this
way it wes shown that both Fermi and Gamow-Teller inter-|
actions violate parity conservation and that they con-
tribute to the electron polarization in the same sense.
This similariiy between the Fermi and Gamow-Teller
interactions has also been shown by Deutsch et al.(50)

in their studies of the decay of Ga66

and 013h.
The electron polarization resulting from muon decay|
in the M—24 - @ sequence, where the electron polariza-|

tion is measured in the rest system of the pion, has
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been observed for both natural and artificially produced
(51) - (56)

pi-mesons

From the above mentioned experiments it has been

| confirmed that parity is not conserved in the B -decay

of oriented or unoriented nucleijboth in allowed and

forbidden transitions, and in meson decay.

L. Coupling Types present in Weak Interactions.

Since the degree of polarization of the electrons
produced in P -decay, of the mu-mesons produced in the

decay of stopped pions, and the various correlation

functions in P -decay depend on the coupling constants

' involved in the. interactions, it is important to

establish the relative magn%tude of these constants, to
Gamow Teller

| determine whether the I interactions are of a

tensor (T) or axial vector (A) nature and also whether
the L interactions are of a scalar (S) or
vector (V) nature. The absence of Fierz interference
terms, as shown by the linearity of the Kurie plots for
allowed [ -decays,shows that in the interactions T i
couplings cannot be present with A nor S with V. In ?
mixed Fermi and Gamow-Teller transitions, it is also I
important to know the ratio of the Fermi to Gamow-Teller |
contributions.

Before the discovery of non-conservation of parity

most of the evidence seemed to indicate that the Fermi |
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SL&L“(
interaction was predominantly of a IR nature and

that the Gamow-Teller interaction was predominantly

fenso ™
_.(57)— (62) As a result of this Alder et al.(l6)-

| and Berestetsky(ZB) in their derivations of the distri-

bution and correlation functions in P -decay assumed an
STP interaction. On the other hand Allen et al.(63)

in 1949 studying the p - v angular correlation in the
decay of He6 obtained results which were consistent with
an axial vector type of Gamow-Teller interaction. The
expected F - Y angular correlation for allowed decays,

assuming conservation of P, C and T, had been calculated

. for the different types of interactions (S, T, V, A and |

P) by Hami;ton(Gu) in 1947.

Morita & Morita(la) in their discussion of the dis-
tribution and correlation functions in P -decay con-
sidered the STP, VA and STPVA types of interactions
separately, with the assumption of no interference
between the STP and VA interactions, and concluded that
P -interactions were either STP with Ci = - Ci‘, or VA
with Gj = + Cj' or a linear combination of these two
possibilities. Morita(65) in three further papers de-
rived correlation functions in F -decay and discussed a
large number of possible experimental situations which
could be used to determine the types of coupling actually
involved in the interactions.

Bouchiat(lg) also considered the cases of ST and VA
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interactions separately in his discussion of the dis-

tributions and correlations-in recoil experiments in B -

é decay and K-capture, and noted the different asymmetries

. expected from the different types of interactions.

Thels-z’correlatien function of oriented nuclei
(66)

was discussed by Curtis and Lewis who considered in
particular the case of a 1"'(73 YaF A ¥ )0" transition,

assuming that both the Fermi and Gamow-Teller inter-

' actions were present, and showed that by measuring the

' ? -intensity, the Y -ray anisotropy, the F -asymme try

. and the ? - ¥ coincidence asymmetry, the coupling con-

| stants present in the P ~interaction could, in principle,

| coupling types, whilst Frauenfelder et a

be determined. They also discussed(67) the study of
F - &:angular correlation with resocnance fluorescence of
the K.-ray as a means of obtaining information about the
l.(68) consid-
ered the possibility of distinguishing between T and A,
and between S and V interactions in K-capture and‘ﬁ -
emission experiments using unpolarized parent nuclei.
Barly experiments taking into account parity non-
conservation by Good & Lauer(69) and Alford & Hamilton |
(70) on Ne19 and by Frauenfelder et al.(jl) on 0060
also seemed to agree with the assumption of an ST inter-
action in P -decay. However Herrmannsfeldt et al.(71):
measured the F.+- Y angular correlation in the decay of

A35, which occurs mainly through the Fermi matrix
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element, and also the energy spectrum of the recoils

without selection of the direction of the positron

emission. They obtained a 13+-'V‘angular correlation

|
coefficient A of + 0.9 + 0.3, They then compared the |

energy spectrum with that expected for different values |

of M and found that it agreed with a value of A egual |

to + 0.7 * 0,17. The result A > 4, found in both

experiments,implies the existence of a vector inter-
action independently of any assumptions made about the
nuclear matrix elements, since,for any combination

SA, ST, AV or TV, A depends only on the ratio of the

| Fermi to Gamow-Teller trans;tion probabi;ities which .

. can be deduced from the known ft values of the ot=ot

149 .26

:transitiéns in 05 ;- Al and (3].3}4 and from the ft value |

| of A%, since the Fermi matrix element for the 0'-0*

| transition is (to within about 10%) twice that of the

' mirror transition A%2-c13,

| showed that they were in fact consistent with either :

From a comparison of the experimental results with ;
the theoretical ones for the different types of inter-
actions Herrmannsfeldt was able to show that at least
one third of the Fermi interaction was of a vector
nature. ~He then reconsidered the results of the

19

experiments on Ne on the same basis as above and

ST or VA interactions.

There still remained, however,a discrepancy between
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thege results and the results of the H36 experiments.
In view of this Herrmannsfeldt et al.(72) measured the
B -V angular correlation coefficient in the decay of
Hes. From theoretical considerations, since He6 obeys

only Gamow-Teller selection rules, this coefficient‘k

should be + % for tensor interactions and - % for axial

. vector interactions. The result obtained in this ex-

| periment was A = - 0.39 * 0.02 showing that the Gamow-

Teller interaction is predominantly of an axial vector
nature.
A similar result was obtained by Appel et al.(uS)

60 22

for the Gamow-Teller transitions in Co~~ and Na™" by

studying the - X circular polarization correlation.
Lauritsen et al.(73) studying the decay of L:i.8
showed that this decay was 90% Gamow-Teller in nature
whilst Barnes et al.(7h) were able to show that at least
90% of this Gamow-Teller interaction was of an axial

vector nature. Lauterjung et al.(75) have confirmed

' this result.

For the case of muon decay Culligan et al.(76), by |

' measuring the helicity of the positrons from the decay

| of unpolarized mu-mesons, and Bardon et al.(77), by

observing the electron anisotropy from the decay of
polarized mu-mesons, have shown that the interactions
responsible for mu-meson decay are also of a VA nature.

The results of these experiments are consistent
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' with the two component theory of the neutrino with

4 1] — 1 1 =
Gv = Cv and CA = CA . A further test of the two com
ponent theory may however be obtained from a determina-
tion of the helicity of the neutrino and also of the

muon in the'Tr:/A decay.

.5. HeliCitEo
Kidoshita & Siviin@olikave shown: thatiths Hre-

dicted muon spectra from the two- and four-component

neutrino theories are much the same if the radiative

. corrections are not considered; if, however, they are

| taken into account the two-component theory gives a

spectrum which is completely defined for the decay of
unpolarized muons and depends only on one parameter
when the muons are polarized. They have also consid-
ered(79) the correlation between the electron spectrum
and the mu-meson spectrum in the two theories and have
shown that the two component theory predicts unambigu-
ously the correlation between the spin and momentum of
the mu-meson if lepton conservation is assumed in the
T-um - e sequence.

Bouchiat(lg), in his paper on recoil effects in f -
decay and K-capture for the case of first forbidden
transitions, has given expressions for the recoil asym-
metry, the polarization of the recoil nucleus and the

recoil X-ray polarization correlation, each of which
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can be used to determine the neutrino helicity.

Allowed electron capture by an unpolarized nucleus,

leading via a Gamow-Teller transition to an excited

state of non-zero angular momentum, was considered by

Page(so), who proposed an experiment to find the neutr-

ino helicity by detecting the sign of the helicity of

the resultant ¥ -ray.

(81) |

Treiman also considered recoil effects in

| capture experiments and F -decay, with a view to deter-

mining the neutrino helicity. In particular, he dis-

cussed the capture reaction /A- - cl2-a B12 + V. The |

12

B™T nucleus in this reaction should have an appreciable

| longitudinal polarization the sign of which is deter-

&

Emined by the neutrino helicity. As B g decays rapidly

by P ~ emission the asymmetry of the electrons about the

direction of recoil motion can be used as an analyser of
this polarization.

In an experiment to determine the neutrino helic- |
ity, Goldhaber et al.(82) observed the circular pofl.ar'izaa.-i
tion and resonant scattering of Y -rays following orbital
electron capture in Eul®? nuclei. They found that the
neutrino was "left-handed", that is, that its polariza-
tion was antiparallel to its momentum. Their results
also confirmed that the Gamow-Teller interaction is
axial vector.

In experiments on polarized neutrons, in which the
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correlations between the neutrino direction and the

| neutron spin and between the electron momentum and the

neutron spin were measured, Burgy et al.(83) also ob-
tained results which showed that the neutrino spin was
negative and that the interaction was V-A, (V-A sig-
nifies that CA/Cv = - x where |xl is the ratio in which
the Gamow-Teller and Fermi couplings are present in the
interaction. ) To obtain these results they compared
the correlation coefficients determined experimentally |
with those predicted for left- and right-handed anti-
neutrinos for each of the possible combinations of
interactions, S+T, S-T, V+A and V-A, on the assumptions
that the interaction must be either S anle or V and A,
that the antineutrino emitted in the reaction is com-
pletely polarized, and that the reaction is invariant
under time-reversal. They noted that the accuracy of F
their results was not sufficient to exclude small devia-
tions from the first two of these assumptions or even
fairly large deviations from the third.

The helieity of the electrons and positrons pro-
duced in muon decay has been determined by Macqg et al.
(84) by measuring the sense of the circular polarization

of their bremsstrahlung when they are stopped in magne-

| tised iron. It was found that the positrons were

"right-handed" and the electrons "left-handed".

From the experiments measuring the asymmetry of
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:the electron distribution in muon decay, it is known
that thoée states are favoured in which the P -particle
momentum is antiparallel to the muon momentum in the

 pion rest frame,hence, since in the reaction

!/u,*-—a e+ v ¥ the neutrino (V) and the anti-

jneutrino (%) have spins in opposite directions and are

Iemitted together in the direction opposite to the

;electron, if the electron is right-handed then the mu-
meson must be left-handed and vice-versa., Macq's

| results are therefore consistent with the two component

neutrino theory of left-handed neutrinos, VA interactionsg
|

complete polarization of both positrons and electrons

and conservation of leptons.

6. The Universal Fermi Interaction.

i In view of the similarity of beta and mu-meson

decay processes, Feynman & Gell-Mann(85) postulated the

existence of a Universal Fermi Interaction. They

pointed out that, in the representation of Fermi par-

ticles by two-component Pauli spinors satisfying second

order differential equations, these spinors act without
gradient couplings in P -decay and that this leads to
an essentiallyug“e four fermion coupling, which is
equivalent to equal amounts of V and A couplings with
two component neutrinos, conservation of leptons and

non-conservation of parity. Owing to the similarity
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mentioned above, they assumed this coupling to be
*universal" to all weak interactions. Through analogy
with electrodynamics they assumed that the total inter-
action occurred through the self-interaction of a
BN current J,, where J} is a sum of bilinear co-
veriants [.Qa, XA —-,';_(l-tk‘)wbj over certain pairs of
fermions a, b, where (a,b) must be a singly charged

pair. J, may be split into two parts J,,v and J>A,

| where Jy = %(J,\v + J>A), J).V = W, X}L{/b, and

at - il

If the vector current is divergenceless, i.e. if
DJ>VE O,this theory leads to a universal Fermi
coupling constant, for both beta and mu-meson inter-
actions, of G = G' = (1.41 % 0.01) x 10742 epgs/om.>
1 vy
. . Z,
where the interaction forms are (8)2G(W, K,\'li(l* X;) L(P

5@, Yy k() Pe ) and (870" (T ), L(xke)er)

x( \.-V_'f' K,’%C‘*«\’r) We), respectively.

Sudarshan & Marshak( 86) have developed an equi-

valent theory on the basis of Chirality Invariance, i.e.

e —a

on the assumption that a Dirac spinor is invariant under;

1 |
the transformation W —>¥ - , where K,; =+ 1, whilst

Salmrai(87) obtained the same end results by consideringl

all weak interactions to be invariant only under Mass
Reversal.
Feynmann & Gell-Mann pointed out that the decay of

strange particles can also be covered qualitatively by
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i this theory if the universality is extended to include
:a coupling constent involving the A or £ fermion.

' This leads to non-conservation of parity even in decays
' such as K—» 27 and K = 37Tin which neutrinos do not
}participate.

| It is possible to calculate the life-time of the
'./»—meson on the basis of this universal theory, and the
result obtained agrees with the determined value to

| within the experimental errors of about 2%. The com-
parable rates of the Ki and K::,decay modes, as found |

(88)

by Pias & Treiman s, are also in agreement with this

theory.

The W —->( M or e) + ¥ and the Koy and K. ydecay
(89) = (93)

modes have been discussed by several authors

| tie FranioporicioRSthialt heoryand S Tasyor. 00

i
showed I

R _V
that if 3T> = 0 as well as 9o 3, = O then the

T >e+ v decay mode is forbidden. Later Anderson
et al..(gu'), in an attempt to find the T - e « ¥ |
decay mode, obtained a branching ratio
(7> e+~ )/(Topa~) = (1.03 £ 0.20) x 107

At this stage, it was not known if it was possible
to construct a divergenceless axial vector current, but
Taylor, in view of the similarity of the Fermi and
Gamow-Teller interactions shown by the polarization ex-
periments, and of the near equality of the Fermi and

Gamow-Teller coupling constants (ICA/CVI = 1,14), pointed
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out that, if these coupling constants should in fact
| turn out to be identical, then the condition o '_'\')g =0
| would hold.

The problem of conserved axial vector currents has |
been discussed by Goldberger & Treiman(95) who showed i
gthat a scheme of conserved strangeness violating currenté
:is ruled out, and by Polkinghorne(96) who pointed out |
that a conserved axial vector current can be COnstructedE
'if the medium-strong K-meson interactions are neglected,
i At first, the identity of the Fermi coupling con-
}stant for B and M-meson processes seemed strange, in

nucleows

' view of the fact that (NN 2lso take part in strong
|

| interactions but M -mesons do not. However, Gell-Mann

‘(97) has shown that the universal coupling constant is
;not appreciably altered by renormalization. He has -
ialso shown that the vector interaction gives fise to a
"weak magnetism", analogous to the magnetic effects that;
induce the emission of M1 photons, which should be |
observable experimentally. Bernstein & Lewis(ga) have
extended this work by Gell-Mann to show the effects of
this weak magnetism on spectral sheapes, F —-&’and F-—OL

| directional correlations.

| Some discrepancies between the effects observed in
muon decay and those predicted by the Universal Fermi
Interaction theory have been found., Lee & Yang(99J,

discussing the difference between the observed Michel
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| parameter and the theoretical one have suggested that

this may be due to non-local effects. (The original

| theory assumed that all interactions were purely local.)

(100)

Sirlin , considering this discrepancy, and also that

| between the expected ratio of the transition probabili-

ties for the T—> e+~ and - s +v decays, and the
actual value found experimentally, also postulated the
existence of non-local effects. If these effects have |
to be taken into account, then the original theory be-
comes a first order approximation to the complete theory.
As the similarity of the electron-nucleon and the
electron-muon weak interactions had already been ob-
served, Argo et al.(lol) studied the absorption of
negative cosmic ray muons stopped in 012 in order to
investigate the third leg of the triangle, the muon-
nucleon interaction. They compared the probability per

second of the absorption resulting in the formation of

B12 in the ground state to the known rate ofiB -decay of
12

Bl2 to the ground state of C . Since, in the allowed

approximation, the nuclear matrix elements for the two
processes are the same, they were able to calculate the
ratio of these rates in terms of the ratio of the
coupling constants without assuming a nuclear model.

To within the uncertainty imposed by this approximation,
it was found that the electron-nucleon and muon-nucleon

axial vector coupling constants are the same.



31.

7. Time Reversal.

As violation of parity and charge conjugation
invariance have been shown in both beta and muon-decay,
:the guestion now arises as to whether or not inter-
iactions afe invariant under time-reversal.

(1) Strong Interactions.

The question of time-reversal invariance in nuclear

interactions has been discussed by Henley & Jacobsohn,

(102) with particular reference to an experiment by

?Schrader,(103) in which the angular correlation of the

| X -rays in the 2(E2+M1)2(E2)O cascade of Hg108 was

;measured, and to the detailed balance experiments

3 5] b4

p+H3;,_An+He;p+He and

6
p+Li7.‘_-—_’~d+Li .

= ¢+ He

In angular correlations in which one of the radia-
;tions in the cascade consists of the superposition of
; two angular momenta, time-reversal invariance leads to
;an interference term with the phase 0° or 1809,
'Schrader's experimeht indicated that the value of this
Iphase was greater than 159°. Non-invariance of nuclear

interactions under time-reversal leads to the non-

‘reality of certain matrix elements, which would show up
!in the detailed balance experiments mentioned above.
é From the results of these experiments, Henley & Jacobschn

' concluded thet the forces which were odd with respect to

time-reversal in strong interactions were present to not
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more than (10 - 20)% of the total forces in the inter-
actions.

Later data on the time-reversal invariance of

:strong interactions, obtained from detailed balance ex-

(104)-(105)

periments, and from experiments on the

scattering of both polarized and unpolarized protons in

(106) 1604 to

hydrogen, lithium, beryllium and aluminium,
a value of about 2 - 3% of odd forces in these inter-
actions.

(ii) Weak Interactions.

At the time that the present experiment to test
time-reversal invariance in weak interactions was
started, although papers had been published on the
effects of nonrinvariance with respect to time-reversal |
in beta and muon decay processes, no experiment had been:
reported which had been spéecifically designed to test i
these effects. ;

It has already been noted that, if parity is not |
conserved, then, by the PCT theorem, at least one of
C and T must also be violated, and that violation of
charge conjugation has been demonstrated by the magni-
tude of the asymmetries observed in the original I
"parity" experiments. This does not, however, rule out

y |
the possibility of non-invariance with respect to time-

reversal in weak interaction.

Lee & Yang, in their original paper on parity
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' conservation in weak interaction,(l) pointed out that,

' if the interactions are invariant under time-reversal,

then all the coupling constants Gi and Ci‘ must be real,

except perhaps for a common phase factor, which can be

| normalised to unity, whereas, if the interactions are

' not invariant under time-reversal, then each of these

constants will have both real and imaginary parts. This|

(107)

point was also discussed by Lee, Oehme & Yang , Who

' considered the behaviour of the interaction Hamiltonian |

| under the operations of the parity, (P), charge con-

jugation (C), and time-reversal (T), operators and de-
rived the restrictions placed on the coupling constants |
by the conservation and non-conservation of interactions|
under P, C and T and all possible combinations of them. |
Pursey(loa) has considered the effect of the
assumption of zero neutrino mass on the conditions for
invariance of the weak interaction Hamiltonian under the
operations of P, C and T, and shown that, although the |
conditions: all Ci' = 0; all C; real and Ci' imaginary;
and all Ci and Ci' real, are sufficient conditiéns for
P, C and T invariance respectively, they are not necess-—

ary conditions. He has, therefore, derived the suffic-|

ient and necessary conditions for P, C and T invariance

which are: cicj'* + ci'c; = 0 for all i and j;
¥ 1 1# s
I:m(cicj +C5'Cy ) = 0 and

Il

¥ T
Im(C4C."" + Cy4 Cj )

j O/ fopr all i -and J;



| discussed by Jackson et

3.

+ g ¥ y= ) *
and Im(cic:j + C4'Cy ) = 0 and Re(CiCj

respectively.

™) =0;

'
+ Ci Cj

He also quoted the equivalent conditions imposed on |
|
the coupling constants involved in muon decay by invar-

iance under these operations.

Three experimental situations, which could serve as
!
a test of time-reversal invariance in P -decay, have been

al. (14)

These are experiments

| in which the nuclei are oriented and either the electron|

and neutrino momenta, or the electron momentum and
polarization are observed, and experiments in which the

nuclei are not oriented but the recoil momentum and the

electron momentum and polarization are measured.

In the absence of Coulomb terms, in order to test

|
time-reversal invariance, terms which include either the |

:nuclear orientation or the electron polarization must be |

detected. In the first type of experiment mentioned,
the guantities observed are the nuclear polarization {J),
the electron momentum p, and the neutrino momentum p..

In the distribution function for an allowed beta trans-

ition these quantities appear in a term proportional to

’(<§>/J012e x,pvJ/EeEﬂ.which is invariant under space

rotation, but not under time-reversal. This term can
be distinguished from other terms in the distribution
function, of the form <§?.pe and {J).p,,» which violate

parity but not time-reversal, by experiments in which
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ithe nuclei are polarized along the + z axis and the
;coincidence rates are observed between the recoil nuclei
!travelling in the + x direction and the electrons

| travelling along the + y and - y directions. A differ-|
' ence between these coincidence rates shows the presence |
!of the required term in the distribution function and
Ihence a violation of time-reversal invariance in the
| decay process.

i In experiments in which the nuclear polarization, |
|Q7, the electron polarization, n , and the electron
!momentum_pe are observed, in order to detect a violation
of time-reversal invariance in the decay process, a term
of the form (n .{JY x p, must be observed. Jackson has
‘shown that this combination of vectors appears in the
distribution function in electron ehergy, angle and
polarization for allowed beta decay from oriented nuclei

in a term proportional to RR.(LIY/J) x (p/E.), where

'R depends on the imaginary parts of the cross-products

' %
y

.
cxc and C; CY » and on the nuclear matrix elements.

Since the transverse polarization of the electrons
produced in the decay also depends on R, the observation

fof such a polarization would show a non-zero value of R,

| and hence that time-reversal invariance is violated in

'the interaction.

For the analysis of experiments with unpolarized

parent nuclei Jackson has given the distribution function
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in electron and neutrino directions, electron energy and
;polarization for allowed transitions. This includes

terms of the form (}L,pe), (n.p,), and (EL;Be)(Qeﬂp(),
which violate parity conservation but not time-reversal |
| inveriance, and also a term of the form (m.p, x p )

|
‘which changes sign under time-reversal. As the coeff-

Iicien'h of this term involves the same combination of

coupling constants and matrix elements as does the ex- |

pression for the transverse polarization of the electronl
| |

produced in the decay, the detection of such a polariza- |

tion will give evidence of non-invariance with respect
to time-reversal in the decay of unpolarized nuclel.
Morita & Morita(lo9) have considered the term in

the electron distribution function in allowed beta decayf

which violates time-reversal invariance and which de-

' pends on o Z/p, that is, on the Coulomb distortion of
| the electron wave function. This term is of the form
|
X Z

(Qe.Pv)(—ﬁ—). They assumed that C; and C;' have equal
absolute magnitudes and only a very small phase differ-
ence, and defined CA/CT = g exp(id) where g and @ are

real. Under these conditions, the electron-neutrino

angular correlation function reduces to
W (@) =1+ (/3W)e(g) cos &,
_ 2J 2
where f£(g) = [1 T 2e8(=<2z2/p) - gJ/(1 + g%),
and the negative and positive signs refer to electron

and positron decay respectively. From this it can be |
|
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'seen that the invariance properties of the decay under

| time-reversal can be determined by observing the Z or p

dependence of the function f(g). Morita & Morita,

however, suggested that a more convenient method would

| be to measure and compare the values of f£(g) for elec-

tron. and positron decay in the same energy range, since;

equals (2ge¢.Z/p)(Z1 + 22)/(1 + gg), where the subscripts

| this would lead to a value for fl(g) - fz(g) which

1l and 2 refer to positron and electron decay respective-

ly. An observed value of fl(g) - fg(g) different from |

| zero would indicate non-invariance of the B -decay pro- |

| cess under time-reversal.

In a later paper, Morita & Morita(llo)

pointed out

| that distribution and correlation functions wﬁich have

terms of the form (PVVU)Im(C%’CA( ))(where (1) denotes

primed or unprimed) as a main asymmetry term also have

1
terms of the form (e Z/W )Re(cT" GT( *)) as a Coulomb

correction, whilst thosé with a main asymmetry'term of

- 1
the form (B/W )Im(CTCS(”)) have terms of the form

» 1 '
(u.Z/HV)Re(CACS(“)) as a Coulomb correction, and that

| these correction terms mask the effects due to non-

invariance under time-reversal. They suggested an

| experiment to detect the invariance properties of beta-

| decay processes in which the B - & angular correlation

in the decay of oriented nuclei, which has'an asymmetry

of the form{I)p x k)(p . k)%, is observed.

Here{J
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| defines the orientation axis of the nucleus, p and k

the directions of the emitted electron and X -ray res-

pectively, and X = 1 and 3. Assuming the Coulomnb

corrections to be small, this asymmetry, which is pro-

L 1
s = Cy Oy’ - Cy"Cy)y

will only arise if time-reversal invariance is violated. |

i
portional to (P,/W)Im(cT CS' + CT'*C

If{J)and K are perpendicular this asymmetry will

vanish, but an asymmetry, which is related to the cir-
cular polarization P of the ¥ -rays, will still exist in
| the P - X angular correlation if time-reversal invar-

iance does not hold. This asymmetry term is of the

|
%
as the asymmetry mentioned above, but changes sign with |

‘form P<§ZLQ x k), and is of the same order of magnitude
|

opposite senses of the circular polarization P.
Curtis &-Lewis(es) have also considered the

| measurement of the B - correlation in the decay of
oriented nuclei as a means of testing time-reversal
| invariance. They discussed, in particular, the case ofi
a 1"("3 )1*( X)0" transition, the correlation function of
which contains a term of the form E{Rp x k )(J. k)
f(where E depends on cross-products of the coupling
constants) which may be observed by measuring the B -&‘

coincidence asymmetry. However, as the coefficient of

the asymmetry term depends also on factors other than E,

a measurement of the magnitude of this asymmetry will

‘only lead to definite information on time-reversal
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invariance if all other factors are known. |
In their paper on electron polarization in the de- |

'cay of unoriented nuclei, Curtis & Lewis(15) considered |
transverse as well as longitudinal polarization and gave
Ithe correlation function between the transverse electron

polarization and the electron and'T'-ray directions in

a simple cascade. Since no such correlation exists for

allowed transitions they considered the case of a first

 forbidden transition. This correlation function, in

the absence of Coulomb corrections, is of the form |
W(p,sk,n) =1 + A[B(ne-l.s)2 ~ 1] + B(p,-X)(n.k) |
+ C(g._t_:e x g)(ge.g), where p  is a unit vector in the
direction of the electron momentum, n is a unit vector
in the direction of the electron spin (orthogonal to 23)4
'and k is a unit vector in the direction of the { -ray.
The first two terms give the ordinary F-— ¥ directional ‘
!correlation; the third term, which violates parity, |
appears in the correlation function only if the trans-

| verse polarization is in the plane of p, and k; the |
final term, which violates time-reversal invariance, is '
| present only if the electron polarization is perpendicu-_
lar to the plane contéining Do and ke Observation of
such a polarization would therefore give conclusive

| proof that beta-decay processes are not invariant under
time-reversal.

Since the parameter C depends on the electron



| difficult to explain on this assumption.

Lo,
energy, the Fermi and Gamow-Teller matrix elements and
the coupling constants in combinations of the form
cicj* + Gi'cj'*, this transverse polarization will arise
only in mixed Fermi and Gamow-Teller transitions.

Most of the experiments to test parity conservation:
in beta~decay and to measure the degree of longitudinal
electron polarization were not sensitive to time-reversal
inveriance and the results obtained were consistent with
the assumption of real coupling constants. However the
experimental results of Burgy et al.clll) on the elec-

tron asymmetry from the decay of polarized neutrons, and

also those of Ambler et al.(zg(ii)) on the eleetron
58

asymmetry from the decay of polarized Co nuclei, are

|
In view of the lack of data on the behaviour of

weak forces under time-reversal, the present experiment -

an attempt to detect the transverse polarization pre-

dicted by Curtis & Lewis - was undertaken.
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Chapter II.

Introduction to Experiment.

1. General.
The transverse polarization of an electron beam may
be observed by measuring the asymmetry in the electron

distribution after the beam has been scattered in a thin

foil of high Z value. !
When a transversely polarized electron approaches |
a nucleus, it experiences a force due to the interaction
between the Coulomb field of the nucleus and the elec-
tron spin. If an electron approaches a nucleus, as

shown in fig. 1, with its momentum vector directed ﬁlong

the + z axis and its spin vector pointing along the + y |
axis, the nucleus lying in the x - z plane, then it willi
| experience a force which will deflect it along the — x |
idirection. Whereas, if the electron spin is reversed,
all other factors remaining the same, the force will
deflect it along the + x axis. Thus Mott scattering of
| a transversely polarized electron beam leads to an
asymmetry ih the resultant distribution of the scattered
. electrons.

In the present experiment, electrons from the

| source were scattered from a gold foil, and the scatter-
ed electrons were observed in coincidence with their

cascade ¥ -rays. That an asymmetry in this coincidence



 In each diagram an electron with momentum P
'along the + z direction approaches a nucleus lying
in the x-z plane and experiences two forces, Fl due

to the Coulomb attraction and F, due to the spin-orbit
coupling.

In figure 1(a) the spin vector, n, points along
the + ;r direction and in figure 1(b) it is directed
7 » ) The broken linea show the
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counting rate indicates the presence of a transverse
electron polarization and hence a violation of time-
reversal invariance in the decay process can be seen by
considering the "normal' and the "time-reversed" situa-
tions.

The normal, experimental, situation is shown in
fig. z(a). D, pointing along the + z axis, defines the
direction of the momentum of the electron beam, n,
pointing along the + y axis, defines the direction of
the polarization of the beam, and k. shows the direection
of the detected X'-ray. Since the required correlation
term is of the form (n.p x k )(p.k ), those Y -rays are
detected which are emitted at an angle of 3 7 from the
direction of p. p and kK therefore define the x - z
plane. If a scattering foil is placed at L45° both to
the direction of incident electrons and to the x axis,
then, by the argument given above, more electrons will
be scattered along the - x axis than along the + x axis.
Therefore, if the electrons which are scattered along
the - x direction are observed in coincidence with the
X -rays, more coincidences will be recorded with the
X —counter in position 1 than with the Y-counter in
position 2, obtained by rotating the counter through
180° in the x-y plane.

The time reversed situation is shown in fig. 2(b)

| and is obtained by reversing the directions of the




Figure 2. The detection of Y-rays in coincidence
with transversely polarized electrons.

{a} shows the "normal" experimental situation,

b) and (c) the hypothetical "time-reversed"
si$nation3 )
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| electron and Y -ray momenta and of the polarization

vector. This is exactly equivalent to the situation

shown in fig. 2(c) in which p is directed along the

' + z axis as before, k 1is also directed as in fig. 2(a)

' but n is now directed along the - y axis. In this

case if a scattering foil is placed at 45° to the

direction of the incident electrons a preponderance of

scattered electrons occurs in the + x direction. It

coincidences were recorded, in this situation, between

the electrons scattered along the - x direction and the
Y ~rays given off in the two directions already con-

sidered, the counting rate obtained with the X —counter5

| in position 2 would exceed thet with the Y -counter in

position 1.

Since the '"normal" and "time-reversed" situations

are distinguishable when the electron beam has a polar-

ization orthogonal to the plane containing the F - and
X -rays, the process in which such electrons and X=

rays are produced must be non-invariant under time-

| reversal. Hence the detection of an asymmetry in the

coincidence counting rates in the normal situation for
the two Y -counter positions would give conclusive

proof, not only of the existence of a transverse elec-
tron polarization, but also of non-invariance of the F -

decay process with respect to time-reversal.
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2. Apparatus. |

The apparatus is shown in figs. 3 - 9. Figs. 3(a),
' (b) and (c) show the main vacuum chamber and the posi-
tions of the F andx counters. The main body of the
 vacuum chanber is 12% in. in length and 5% in. in
' internal diameter, and, during the experiment, was main-
tained at a pressure of ~~ 10> mm. Hg by means of a
rotary pump. Limbs X and Y, of internal diameter 4 in.;
contain rails along which the foil holder (see fig. 4)
can move so that an aluminium or a gold foil may be
placed in the path of the electrons from the source, at
L5° to the directions of both the incident and detected
beams. Limb Z contains the P -counter.

The foil holder is 10% in. long and 35 in. wide,
and has three recessed holes into which rings of 2% in,
internal diameter and made of % x %4 in. aluminium may
be placed. During the experiment, the rings in posi-

. tions A and C held gold and aluminium foils respectively,
| whilst the centre position was left empty. The exter-

' nal pointer lies against a scale with three marks to

| indicate whether the centre of hole A, B or C is at the
centre of the chamber, thus showing which foil is in the
' path of the electron beam.

The source holder, shown in fig. 5, is made of

1 in. aluminium. The source itself is evaporated on to

a 1 mgm./sg. cm. aluminium foil which is then placed on
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Figure 3(a). The main vacuum chamber showing the
tP-c:::m.nter' and the ¥ -counter in
he EAST position.



-Figure 3(b). The main vacuum
§-counter in the WEST position.

chamber with the
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Figure 4. The foil holder.

a) shows the holder with external pointer.
b) shows the dimensions of the recessed holes.

gl Vg

Figure 5. The source holder.
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an aluminium ring which fits into the recess shown.

The lower part of the holder forms a hemisphere with

| the source at the centre. The source ring has grooves

running along its under surface and up the outer edges

' so that, when the chamber is being evacuated, air may

pass from the space below the source without damaging

. the supporting foil.

The base plate of the chamber and the lead, which
shields the crystal in the P -counter from direct radia-
tion, are shown in fig. 6(a). The lead block is 5% in.
in diameter and has a 1 in. hole through 1its centre.

The groove shown allows the passage of the foil holder.
A can of § in. I)M‘tuﬁmshcw'n.fl in fig. 6(b), fits into
the hole in the lead. In the base of this can there

is & # in. diameter hole which restricts the beam of

| electrons from the source, so that all the electrons

. which reach the scattering foil are incident on it at

. approximately L5°.

Fig. 7 shows the B -crystal, with an aluminium
shield to prevent electrons scattered from parts of the

apparatus other than the foil reaching it. The

| crystal itself is 1 in. in diameter and 1 in. thick, and

| is a plastic phosphor type N.E.102 made by Nuclear

Enterprises Ltd. The front face of the crystal is

covered with a thin aluminium foil to reflect into the

crystal any light scattered back out of it instead of



Figure 6(a). The base-plate of the vacuum chamber
and the duralumin can.

| I | J
.c-t—> -

Figure 6(b). To show the dimensions of the
duralamian can.
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Figure 7. The crystal for detecting the
scattered electrons, showing the .
aluminium shield and also the
light guide passing through the
wall of the vacuum chamber.
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| into the light guide. Optical contact is made between
| the crystal and light guide, and between the light
guide and photomultiplier tube, by means of a thin layer
of white petroleum jelly well compressed between the
; surfaces.  The photomultiplier used in this counter was

| an eleven-stage tube type 5311.

! An anthracene crystal was used as the Y -ray

:detector. This crystal is 1 in. in diameter and 1 in.

Ihigh.' In this counter the crystal is in direct contact
with the photomultiplier which is an eleven-stage tube
type 6097B, optical contact again being made by means of |
a thin layer of petroleum jelly.

. The paths of the electrons and X -rays to be detec-i
| ted are shown schematically in fig. 8. X, and Xo are:
the two positions of the K’—counter, the first position |
being directly under the }3 counter and the second being
obtained by rotating the X -counter through 180° in the

horizontal plane.
| A block diagram of the electronics used with the
above apparatus is given in fig. 9. The coincidence

set, which consists of a discriminator unit type 1153A,

' a coincidence mixer unit type 1153A, power units, and

head amplifiers, was used in conjunction with the de-

| tectors already described and scaling units type 1009A

and 200A.

Single channel counts of the scattered electrons



Figure 8. The paths of the electrons and
x-rays before detection.
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and direct X-q@ys were recorded, as well as coincidences
oécurring due to electrons and ) -rays being counted
within, approximately, 1050 seconds snd 10°° seconds of
| each other.
This "fast-slow" coincidence unit has already been

(112)

described by F.H. Wells who originally designed it,

so no further coment will be made here.

3. Choice of Source.

As the transverse electron polarization- gﬁray

' correlation was given by Curtis & Lewis for first for-
bidden transitions a source suitable for this experiment
would be an isotope in which a high percentage of the
decay occurs through a first forbidden p'-transition

' followed by a direct inransition to the ground state
of the daughter nucleus. The original choice of source

198

was the isotope Au , Which decays 98.6% through B -

emission from its 2~ ground state to a 0.412 MeV 2% state

in Hgl98, which, in turn,'decays by the emission of an

E2 X-ray to the of ground state of Hg198 (see fig. 10).
A few preliminary measurements were made with this

type of source, but, owing to its short half-life of

2,7 days, and to the slow coincidence counting rates

'obtained, it was considered advisable to look for another

| isotope which decays under the required correlation con-'

ditions.
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Figure 10. Decay scheme of the Au198 isotope.
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Figure 1l. Decay scheme of the 7199 isotope.
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53% of the decay of gp2° occurs through B -emission|
to a 756 keV, % level in Nb95, which in turn decays to

' the ground state by emission of El x'-radiation. Since |

+
| the ground state of Zr95 is a g state, this decay pro-

cess satisfies the conditions stipulated by Curtis &

Lewis. A further 34% of the zZp?° decay occurs through |
+ |

‘an allowed § -transition to a 723 keV, £ level in Nb%2,

fwhich then decays to the ground state by emission of

(B2 + M1) K -radiation (see fig.1ll). Since Pursey(lls)

has shown that, for an allowed P ~transition which is

| followed by mixed K -radiation, there is a correlation

similar to that given by Curtis & Lewis for first for-

| bidden transitions followed by direct Y -radiation, both|

;these decay processes, amounting to 87% of the total

decay, will contribute to the required asymmetry effect,

if the decay interaction is not invariant under time-

reversal, ' |
As Zr°° has a 65 day half-life, it was considered i

198

to be a more suitable isotope than Au™-”", and all

results quoted were obtained using this isotope.
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Chapter III.

Preliminary Measurements.

1. Adjustment of Voltages on the Photomultiplier Tubes.

In order to pick out the required P -particles from
the Zr95 decay, and at the same time to exclude most of
;those from the 11% transition of end point 250 keV, the .
'voltage on the P -channel photomultiplier tube, which wae
' supplied by a 2 KV 0.1% stable power unit, was adjusted |
by means of a potentiometer until the counter just |

ceased to detect the 167 keV electrons from 835.
| The voltage on the second photomultiplier was !
| adjusted so that only ¥ -rays of ~ 700 keV would be

recorded in this channel.

2. Resolving Times of the Coincidence Channels.
As the experiment involves the recording of coinci-
dence counts, it is important to know the resolving
times of the coincidence channels accurately, so that

the chance coincidence counting rates may be subtracted |
i
from the recorded counting rates to obtain the genuine

‘coincidence counting rates.

These resolving times were found in the following

waye The two detectors were moved as far from each

' other as was possible and 0060 sources were placed be-

side them. They were then well screened with lead, so |
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that no counts were recorded in either due to the source

| lying near to the other, and the number of counts re-

' corded in the single channels and in the two coincidence

| channels in a known period of time were noted.

The chance coincidence rate is related to the
single channel counting rates and to the resolving time

of the coincidence channel by the equation

Ny = 2N1N2T12, where le is the number of chance coin-

' cidences per second, Nl and N2 are the number of counts

| recorded in the two single channels per second, and T12

| is the resolving time, in seconds, of the coincidence

channel concerned.

By applying this formula to each of the coincidence
channels in turn, their resolving times were accurately |
determined. These resolving times were checked regular-

ly throughout the experiment.

3. Source Preparation.

25 were obtained from the

1 millicurie sources of Zr
U.K.A.E.A, Radiochemical Centre at Amersham, These
were in solution in oxalic acid,'nO'other impurity being
present to more than 1%. The sources used in the ex-
periment were prepared by evaporating this solution onto

1 mgm./sq. cm. aluminium foil, great care being taken to

ensure that the final source should cover an area of

| diameter not greater than ~~ 4 mm. The aluminium foil
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' was then fixed to the source-holding ring so that the
isource was centrally placed. The strengths of the
| sources thus obtained were between 0.2 mC and O.4 mC

(certainly not greater than 0.5 mC).

L. Choice of Scattering Foils.

With the Zr95 source in position, the Y -counter

| directly below the F -counter, and the chamber evacuated,
' the number of electrons scattered from a 1 mgm./sq. cm,
:gold foil in a given time, and the number of coinciden-
' ces occurring between the scattered electrons and direct
¥ -rays in that time, were recorded. It was found that,
' with this foil, both the B -counting rate and the coin-
cidence counting rate were far too small for convenience.
Several gold foils, of various thicknesses, were there- |
| fore tested in a like manner and a foil of ~~ 5 mgm./sq.

Icm. was eventually chosen for use in the experiment.

IEﬂﬁren with this foil, the greatest p -counting rate obtain-
ed was only 350 per minute greatér than the background,
and the greatest coincidence rate recorded due to these
scattered electrons was 36 per hour. -

|

To correct for any instrumental asymmetry, since

the expected Mott scattering asymmetry depends on the Z |

value of the scattering foil, a comparison experiment
' was performed using an aluminium foil, with which the

| asymmetry produced should be so much reduced as to be
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negligible. Several aluminium foils of thickness from

~ 3 mgm./sq. cm. to ~~ 30 mgm./sq. cm. were tested in
the same manmner as were the gold foils. It was found
that above a certain thickness no appreciable increase

in the @ -counting rate occurred with further increase

| of the foil thickness. In the actual experiment, two

aluminium foils were used, one of A»10 mgm./sq. em. and
the other of ~~ 15 mgm./sq. cm., the coincidence count-
ing rates per detected Y -ray per scattered'p -particle,
after the background counting rates had been subtracted
from each, being consistent to within the statistical

errors for both of these foils.

5. Instrumental Asymmetries.

Although the use of an aluminium scattering foil in

| & comparison experiment should eliminate instrumental

asymmetries, several additional tests for such asymmet-
ries were carried out. |
In the construction of the apparatus it was ensured
that the centre of the scattering foil, and of the holes
in the lead block and duralium can all lay on the axis
of the main vacuum chamber. Great care was also taken |
to make sure that the source holder and Y -counter posi-
tions were also symmetric with respect to this axis.

To ensure that the source itself was centrally

. placed, the counting rate in the Y -channel was noted
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ifor various positions of the X -counter, which could be

' rotated through 360° in the plane perpendicular to the

‘initial direction of the detected electrons. In par-

' ticular, the counting rate was noted with the X -counter

‘directly under the @ -counter and with the X -counter |

i turned through 180° from this position. These two Y - |

!counter positions are those used in the main experiment ‘

iand will hereafter be referred to as the East and West

Ipositions respectively.

| To ensure that no radiation was scattered from the

'material of the P -counter into the X -counter when in

i1‘.1*16 East position, having ensured that the X -counting

irate was the same in both the experimental positions, a

i replica [3 -counter was supported above the Y -counter

%when in the West position, and the counting rate again

‘recorded. No change was observed.

i To check for scattered radiation entering the P -

' detector, the counting rate in this channel was noted for

| various positions of the X -counter, again, most par-

ticular attention being focused on the two experimental

positions. - No variation in the P -counting rate was

' obtained due to changing the position of the J)-counter.
Since the only other asymmetry arising from the

change in the relative positions of the parts of the

apparatus during the experiment occurs due to the move-

‘ment of the foil holder, the B -counting rate was observed
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with gold foils on each of the rings and with the foil

holder in each of its possible positions. Similar

' observations were made with no foil in the holder. It

was found that the position of the foil holder did not
affect the counting rate.

From these tests it was assured that no asymmetry
in the counting rates arose due to the construction of

the apparatus.
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Chapter IV.
Experimental Procedure and Treatment of Results.

l. Normalization and Correction Factors.

‘ With the main chamber of the apparatus evacuated

i

| and the source in position the counting rates in the
single channels and in the two coincidence channels were |

recorded, observations being taken in sets of six, one

hour counts corresponding to the six possible'configura-;
' tions of the apparatus, i.e. with the ) -counter directlﬁ

| below the B -counter (East position) and the foil holder
|

in each of its three positions, corresponding to a gold
scattering foil, an aluminium scattering foil and no
scattering foil in the path of the electron beam, and

with the ¥ -counter in the West position and the foil

' holder again in each of its possible positions. Before |
jand after each one hour count the single channel count- |
| ing rates were noted over short periods to ensure the
stability of the electronics.

From each set of six counis, a value of the asym-
metry in the.coincidehce counting rates produced by the
presence of the gold and aluminium foils was calculated. |

Since the total time covered by the six sets of

observations, between six and seven hours, is short

95

| compared to the 65 day half-life of the Zr”~ isotope,
the correction required to allow for source decay during

this period is negligible.
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As the X -counting rate was high and the noise
level comparatively very low in this channel, the correc-+
tion required to eliminate the counts recorded due to |
noise pulses in the photomultiplier was also negligible.l
In order to obtain the counting rate in the P —channel

due to electrons scattered from either the gold or

[ @luminium foil, however, a correction had to be made.

This counting rate was found by subtracting the counting
rate recorded when no foil was in the path of the elec-
trons from the source from that obtained when each of
the foils was present, thus eliminating background
counts due either to direct radiation falling on the
detecting crystal or to electrons scattered from parts
of the apparatus other than the foil concerned,

The genuine coincidence rates in each channel for
the different experimental situations were found by
subtracting the chance coincidence rates, obtained from |
the single channel counting rates and the resolving
times of the channels, as described above, from the
actual counting rates recorded in the channels. As the!
number of coincidences recorded per hour in each channel
was small, a further correction was applied to find the
most probable, as opposed to the recorded, coﬁnting

rate. This correction factor has been described by

DL Behrans(lls) of Harwell and was used here because |

on a few occasions the nunber of genuine coincidences
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| per hour obtained with no scattering foil was equal to, |

or greater than, the number obtained with a scattering
foil present.

This correction factor assumes that both the
genuine background counting rate, obtained with no foil.
present, and the genuine coincidence counting rate with |
a foil in position have Poisson distributions. The ex—i
pected number of genuine counts, above the background
level, can then be expressed in terms of the actual
number of genuine counts recorded and the measured back—i
ground. If the genuine background coincidence count is!
denoted B, and the genuine coincidence counting rate
obtained with a foil present is denoted N, then the

expectation value of N above the background is given by |

A where
i
— fa(B-ra)N Q-C 5
H — azo
i N _(R+a)
> (B-ta) e
a0

which can be rewritten as
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|which, by replacing B + a by x, may be simplified to

é (ﬂu) - BE 5
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I
b4

" B-1 g-1
| (N-H)! - £ :Lne-x —B[N.' -Z 5" e'x]
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I H! = Z Df." e-
x:z:0

| Using this formula each genuine coincidence rate
' measured was corrected with its expectation value.

Using the corrected values of the coincidence and

P -channel counting rates, the number of coincidences

occurring per detected ¥ -ray was found. In order to

evaluate the Eadast-West asymmetry produced by the scatter-
ing foiis, each of these coincidence per X ratios was
;further normalised to the same ? -counting rate so that

| the background could be eliminated from each value by
|direct subtraction of this normalised ratio calculated
for the caselwhen no scattering foil was.present from
that calculated from the observations made when a foil
was present. Thus the number of coincidences occurring'
per detected X -ray per scattered F -particle was found
for the two positions of the X -counter for each of the

scattering foils and since these values had been
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| normalised to the same P -counting rate a direct com-

| parison could be made between the calculated asymmetry

' due to the presence of the gold foil and that due to
! , ¢
i the presence of the aluminium foil.

. Thus, for the gold scattering foil, the values of
| G —
1 (N/X)/( B = F’Bl)’ where N is the expectation value of

| the coincidence counting rate (= A + B), X is the X -

: i
= ¥ et |
! counting rate, and (?Au ?Bl) is the rate at which |

| electrons are scattered from the gold foil, were cal-

| culated from the counting rates obtained with the ¥ -

| detector in the East and in the West positions.

i Similar values were calculated from the measurements

|
| .

| taken when no foil was in the path of the electrons.

i
|

' To obtain the corresponding results from the i
measurements taken when the aluminium foil was present !

the factor (?Au - ?Bl) was replaced by (FA.‘L = FBl)’

which is the rate at which the electrons were scattered

from this foil. In order to eliminate the background

in this case the value (Ts‘!/x)no foil[::'—" (B/y )no foil:l |
must also be divided by (P A = PBJ.) to normalise this |

value to the same P -counting rate.

In order that a direct comparison between the

% The subscripts Au, Al, and Bl refer to measurements
taken when the gold, aluminium and no scattering foil

are present, respectively.
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|asyxmnetries produced by the gold and aluminium foils
could be made, the gold asymmetry value was found by

taking w g, where W is defined by

W= ([t | | () (B
A

- Pst -Pes al

\where the values of N, X and the F-counting rates were

}all obtained with the x-counter in the West position,
land E is defined in exactly the same way but involves .
 the measurements taken with the X -counter in the East

!

'position. The aluminium asymmetry value was found by

taking H, where W' is defined Dby

iW' = (N/X )Al - (E/X)Bl,- all measurements being made

'with the X -counter in the West position, and E' is

:defined in exactly the same way, using observations made

iwith the { -counter in the East position. |
The value N per detected ¥ -ray was taken for each |

individual count, so that no correction would be required

for source decay, when the results obtained on success-

| ive days were compared. It also corrects for any slight

variations in the gains of the photomultiplier tubes due |

'I'.o var:.ations of the mains voltage. The use of the

factor (? Al FBl)/( ?Au - FBl) applied to each value |

of /Y in the calculation of the asymmetry produced by |

' the gold folil also eliminates the necessity of a
|

| correction for source decaye.
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| Since no asymmetry should be produced by the alu-
;minium foil, any such asymmetry found must be due to an
_instrumental effect not previously foreseen, and the
' true astmetry produced by the gold foil will be given
by the difference between that calculated from the re-
sults obtained with the gold foil and that calculated
' from the results obtained with the aluminium scatterer.
The two coincidence channels wefe used throughout,
to ensure that all the genuine éoincidences Were recor=-
!ded since the genuine coincidgnce counting rate in each
;channel should be the same. |
| In order to clarify the method of calculation of

the asymmetry values an example is given in tables I and

11T
| |
; Table I. [
: Results obtained with the 3’—counter
| .
i in the WEST position.
' (a) ¥ s 5 vt ' . 7 :
~counts in -particles s per - F )
|[Foil a given time recorded in ginute perBl |
(£)(wy) t(N,) minut e
Au 84,8671 20040 334.0 212,8
Bl 849301 7271 121.2 -
Al 856819 13107 21845 97.3
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Coincidence measurements.

Coincidences ! e
Foil recorded Chance N A N
Au 12 0.9 i1 \'ae | az
Bl 2 0.3 2
Al 6 0.6 5 L 6
= Coincid / -P '
olnc ences
Foil detected Par “Pm (F/x) x LAL _FBI
Y-ray (N/X) FAu Br1 }’5Au Fr1
au | 1.4140 x 1072 0.4572 0.6465 x 10™°
(t 0.1886 x 1079)
Bl | 0.2002 x 107° 0.0915 x 1072
(t 0.0641 x 107°)
(a)
Foil (M/X)
Al 0.700% x 10™2 (% 0.2917 x 10™°)
B1 0.2002 x 10~ (% 0.1401 x 107°)

Thus, with the & -counter in the West position, the

electron scattered from the gold foil, normalised to the

rate at which electrons are scattered from the aluminium

| number of coincidences recorded per detected X—-ray per

foil, is 00,5550 x 10-5, and the number of coincidences
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recorded per detected X'-ray, when the electrons are

| scattered from the gold foil is 0.5001 x 1072.

Results obtained with the 3’—counter

Table II.

in the EAST position.

| (&) e
| . ; - L SEBL
Foil Nl in time t N2 in time t ber  winutcl per udntte
Au 919698 21050 305.8 | 202,14
Bl - 85439 728l 121,14
Al 855796 12608 210.1 88.7
(b) Coincidence measurements.
Counting | Chance | Genuines| _ N
Foil rate rate (N) A in time t
Au 18 fre 17 11 18
Bl il 0.5 T/
Al 11 0.6 10 i ks |
r PP P Far
Foil ”I\T/X AL B} (§/ Y) x Al 51
| Ban ~Pa1 Fau ~ Pp1
A 1.9572 x 10™2|  0.4382 0.8576 x 107
(£ 0.2001 x 10°)
B1 0.7842 x 1077 0.3436 x 1072

(t 0.1276 x 107°)
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; (a)

Foil T/Y)
Al 1.3321 x 10~ (% 0.3398 x 107°)
Bl 0.7842 x 107 (£ 0.399 x 10"5)

In this case, the results lead to a normalised

value of the number of coincidences recorded per detec-

' ted'dx -ray per scattered? -particle due to the presence

| of the gold foil of 0.5140 x 102, and a similar value

due to the presence of the aluminium foil of 0.5479
x 107°.
From these results, the asymmetry in the coinci-

dence counting rate due to the presence of the gold

| foil, defined by (W - E)/(W + E) is 0.0384, whilst that

due to the presence of the aluminium foil is - 0,0L56.

The errors on these calculated asymmetry values

| occur mainly through the statistical errors in the

coincidence counts, and, since these counts are small,
the resultant errors on the asymmetry values are large.
In fact, considering this source of error alone leads,
in the above example, to an asymmetry, in the case of
the gold foil of (4 ¥ 30)%, and in the case of the
aluminium foil of (- 5 %t 62)%.

In order to reduce these errors, a large number of |

observations was taken, and the asymmetries in the

coincidence rates produced by the gold and aluminium
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foils were calculated from each set, using the method
shown. The final error in the average values of these
asymmetries was then calculated from the statistical
spread in each case.
From the calculation shown, it can be seen that,
when the genuine coincidence rate N is well above the

background Ngg (or B), the application of the correc-

tion term to find the expectation value N only increases

. the original value by unity. Since the error in N is

| greater than this, the difference between the values of

| the asymmetry calculated using the measured value (N)

| and the expectation value (ﬁ) is well within the error

in either result.

In the few cases in which the genuine coincidence

| counting rate in the presence of a scattering foil

| appears to be equal to or less than the genuine back-

ground, the use of the expectation value of the coinci-

dence counting rate reduces the calculated asymmetry
value from 100% or greater to a more reasonable value,
although, in fact, the difference between these calcula-
ted asymmetries lies within the errors in the values,
and the difference between N and the background, and
between N and the background, agrees to within the
errors in the individual counts.

This can be seen from the following example. On

| one occasion, with the 3’—counter in the East position,
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seventeen coincidences were recorded in an hour in the
10~ channel, both when a gold foil and when no £oil was |
in the path of the electron beam. Since the number of
chance coincidences occurring in this time for the "gold'
case was l.l4 and for the "blank" case was only 0.5, this
leads to a negative value of the factor
(ﬁ/x)xu ~|(B/Y) x F“: Fo ,
Baw = Pri|au Bauw = Pri| B1|East
and hence in the calculation of the asymmetry W - E |
becomes very large and W + E comparatively small leading

to a value of the asymmetry of 7 100%. It must, how=-

ever, be noted that the error in this value is greater

than the value obtained. On the other hand, when the

expectation value of N is used, this value of E once

more becomes positive and, in fact, the resultant value

of the asymmetry calculated using N instead of N is 7+8%,

although the difference between N and B is only 3 and

the errors in each of the observed coincidence counting

rates is ¥ L.

2. Results.
The individual asymmetry values obtained are shown
in tables III and IV. Owing to the fact that the
| errors in these values are greater when aluminium was

used as the scattering foil rather than gold, a larger

number of results were taken in this case.




Asymmetry values obtained using a gold scattering foil.
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Table III.

Expressed in the form (W - E)/(W + E).
+ 0.2685|+ 0.6239|- 0.0332| - 0.0034] - 0.2416|+ 0.2842
+ 0.1518| = 0.2310|+ 0.4683|+ 0.3142| - 0.5998|+ 0.55L2
- 0.3953| = 0.0481|- 0.0427|+ 0.4272|+ 0.0403| - 0.2737
+ 0,1012| + 0.0593|- 0.0631|+ 0.4405|+ 0.6065|- 0.1063
+ 0.0389| + 0.1612|- 0.0935|+ 0.2160| - 0.3130|+ 0,8149
+ 0.3269| + 0.2644|= 0.0507| - 0.4366| - 0.1931| - 0,2078
- 0.0029| + 0.3409|- 0.2886|+ 0.1627|+ 0.1535| + 0.2711
+ 0,1076| = 0.1725|~- 0.4544} - 0.0558| + 0,0225[ - 0.2102
- 0.0259| + 0.4271|- 0.0907|+ 0.3171|+ 0.0768| - 0.0909
+ 0.0384] - 0.4883|- 0.1245| - 0.1067| + 0.5556| - 0.2707
+ 0.2006| + 0.0628|- 0.1044| ~ 0.3937| - 0.1198| - 0.L402,
- 0.0085[ - 0.2657|- 0.1017|+ 0.2282| + 0.3380[ - 0.0961
- 0.0088| - 0.0346|~ 0.0449| - 0.0943| = 0.3135| + 0.0502
+ 0.0025| + 0.1235|- 0,2187| + 0.5099| = 0.1749| = 0.1473
- 0.0043| - 0.2959|+ 0.3716|+ 0.043l4| - 0.6008| + 0.2667
- 0.1864] + 0.2563|+ 0.3181| - 0.6142 - 0.1251| + 0.0105
- 0.2971| + 0.4233|- 0.3168| - 0.0731| - 0.0078| - 0.1786
+ 0,0776| + 0.0040|+ 0.0812] - 0.4956| - 0.3638] + 0.L967
+ 0.0036| - 0.6265|+ 0.0537| - 0.6731

0.2619'

0. 6779I




Table IV.

Asymmetry values obtained using an aluminium scattering
foil. Expressed in the form (W - E)/(W + E)

- 0.4585|+ 0.0674 |- 0.3070 |+ 0.3554|~- 0.5163|+ 0.2890
- 0.7080 |+ 0.2336 |+ 0.5L56 |- 0.5895|+ 0.1927|- 0.3155
- 0.1148|~ 0.0828|- 0.4011+ 0.1582|~- 0.2838(~ 0.3143
- 0.2769 |- 0.8249|~- 0,5437 [+ 0.2967|=- 0.1398|+ 0.568L
+ 0.1490|- 0.2765|~ 0.0972|+ 0.5058|+ 0.0543|~- 0.1885
- 0.4583|+ 0.,0677|- 0.2241 |- 0.0456]+ 0.1483|~- 0.5683
- 0.3300|= 0.3433|= 0.3063|- 0.0647|~- 0.2803|+ 0.2146
- 0.4671|- 0.4189|+ 0.6341|+ 0.4806| = 0.2471|=- 0.0405
+ 0.3047|- 0.7318|~- 0.5222|+ 0.2524f - 0.4586|~ 0.1192
- 0.0334|+ 0.5812|+ 0.8970|+ 0.2563|+ 0.0042|~ O,04L42
+ 0.2810|- 0.6716|+ 0.2950(+ 0.5994| - 0.7237|~- 0.59U6
+ 0.1547|- 0.1263|~- 0.0034 |- 0.5198|+ 0.2615|- 0.1552
- 0.3006|= 0.2099|= 0.1153|+ 0.1560|+ 0.5969|- 0.3515
+ 0.5561|- 0.1507|~ 0.1763|+ 0.2746| - 0.0925|~- 0.48lL
+ 0.3908|- 0.7916|- 0.6622|+ 0.4l65| - 0.3452| - 0,3188
- 0.1766|- 0.0316|+ 0.2328|~= 0.4397| = 0.0470|+ 0.3975
+ 0.2251|+ 0.3554|- 0.4816|+ 0.1185| - 0.3081

+ 0.3227|+ 0.0709|- 0.4476|+ 0.1055( - 0,0426

+ 0,5098|- 0.4846|- 0.1942|+ 0.6761| - 0.5503

- 0.4313|~ 0.1680|+ 0.3352|- 0.0790| 0.1809

- 0,0910|- 0.2674|- 0.3670|+ 0.1973| - 0.0179

+ 0.2783|- 0.1057|=- 0.5571|+ 0.1053| - 0.1733

+ 0,6333|- 0.7873|- 0.,0931|+ 0.4501| + 0.0346

- 0.3163|- 0.1437|- 0.4592|- 0.7156| - 0.4335
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These resulis lead to a value of the asymmetry in

the presence of the gold foil of (+ 0.011 L 0.028), and

to an asymmetry in the presence of the aluminium foil of|

| (- 0,082 * 0,032). Since this last asymmetry should be

. of the g -spectrum of Zr95 for p -energies greater than

due purely to instrumental effects, the actual asymmetry
caused by the presence of the gold scattering foil is

(+ 0.093 * 0.043).

In order to calculate the degree of electron

polarization from this asymmetry value, Sherwin's(ll7)

' tables of the asymmetries produced when fully polarized |

|
electron beams of different energies are scattered from i
targets of various Z values were used. Since the elec-|
trons used in this experiment were not monoenergetic,
but had, in fact, an energy range from 167 keV to LOL

keV, this factor was also taken into accowt. A graph

167 keV was plotted against the electron momentum, with |

the aid of the appropriate Fermi functions !
table V and fig. 12. This graph was then divided up
into equal momentum intervals, and the area under each }
section of the curve, corresponding to the number of
electrons in each momentum interval, was found. Using ;
Sherwin's tables, a graph was plotted of the asymmetries
expected when a 100% polarized electron beam is scatﬁeraJ

from a target of Z value 80, the scattering angle being ‘

| 909, against the electron momentum. See fig. 13.



y = [W/F = 1(6, -€) B, = Lok keV £ = 1.791 &= E/me®

Fermi functions and B -spectra.

11

Table V.

moxﬁantum £

iz;fu;its iz;fué;iés €o-€ N/F F N
0.85 1.312 0.479 | 0.2294 | 2.283 | 0.5237
0. 90 1.345 O 446 | 0.,1989 | 2.483 | 0.4939
0.95 1.379 O0.412 | 0.1697 | 2.692 | 0.4568
1.00 1.414 0.377 | 0.1421 | 2.910 0.4135
1.05 1449 | o.3u2 | o.1170 | z.m2 | 0.3676
1.10 1,487 0.302 | 0.0924 | 3.373 | 0.3117
1.15 1.524 0.267 | 0.0713 | 3.624 | 0.258Y4
1.20 1.562 0.229 | 0.0524 | 3.874 | 0.2030
1.25 1.601 0.190 | 0.0361 | L.1hl | 0.1496
1,30 1.640 0.151 | 0.0228 | L.4l4 | 0.1006
1.35 1,680 0.111 | 0.0123 | L4.703 | 0.0578
1.40 1.720 0.071 | 0.0050 | 4.991 | 0.0250
1.45 1,761 0.030 | 0.0009 | 5.299 0.00&7
1.486 1.791 0 0
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Figure 13. Graph of Sherwin's values for the
expected asymmetry produced by Mott
scattering, through 90°, of a
100% polarized electron beam V.
the electron momentum,for a scattering
material of Z value 80.
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Using these two graphs, a weighted average value

' of the asymmetry, which would have occurred had the

!experimental electron beam been fully polarized, was

;calculated.

See table VI.

source was found.

degree of polarization of the electrons from the Zr

By comparing this cal-

95

i Iable VI.

éP in units

i of mec S A - -SA

' 0.895 0.2695 19.74L 503199
0.945 0.2665 18.25 1448636

0.995 0.2640 16.66 L.3982

| 1.o45 0.2613 14.80 3.8672

| 1.095 0.2580 1271 342792
1.145 0.2548 10.51 2.6779
1.195 0.2515 8.27 2.0799
1.245 0.24480 6.12 1.5178
1.295 042445 .19 1.0245
1.345 02410 2,49 0. 6001
1.395 0.2370 1.12 042654
1.445 0.2338 0.25 0.0584

0 0
| A = 115.11 SA = - 29.9521

.. Asymmetry produced by a 100% polarized beam = 0.2602.

culated asymmetry with that experimentally obtained, the
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Chapter V.
Discussion of Possible Sources of
Instrumental Asymmetries and Further Results.

1. Instrumental Asymmetries.
If it is assumed that there is no instrumental
asymmetry then the value (+ 0.011 f 0.028) of the asym-
fmetry produced by the presence of the gold foil leads to

transverse

'a value of (4 * 11)% for the degree of}polarization of

95 source. However, if the

5the electrons from the Zr
:apparent instrumental asymmetry (- 0.082 f 0.032),

found from the observations taken when aluminium was
used as the scattering materia;, is faken into account,

| the degree of polarization of the electrons becomes

(36 % 17)% which indicates that the P ~interaction is
'not invariant under time-reversal. As this positive
iresult depends entirely on the instfumental asymmetry it
iwas thought advisable to look for the source of such an

| asymmetry.

The tests to ensure that the source was centrally
iplaced with respect to the Y -counter positions were re-
‘peated as were those to ensure that no counts were being
' recorded due to radiation scattered from the material
!of the apparatus. No asymmetries due to these causes
;were found.

Observations were made to see if any Compton
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electrons, caused by Y -rays from the source striking
the foil, were being recorded in the ? -channel since,
if this were the case, the difference between the B -
'counting rates with a scattering foil and with no scatterm
Iing foil in the path: of the electron beam would be due
:not only to scattered electrons but also to these
Compton electrons. If these Compton electrons are
present, then the values of the ratios of the coincidence
per recorded x -ray to scattered ?-particle, used in
' the above calculations, would be incorrect and the actual
number of Compton electrons recorded, and any coinci- |
dences due to their presence, would have to be taken inté
account. It must be noted that the counting rates due ‘
to these Compton electrons would not be the same for thei
two scattering foils.

In order to discover whether any such Compton elec- |
| trons were present the single and coincidence channel |
icounting rates were measured with no source in the source
'holder and the foil holder in each of its three positions
iThese give the noise levels in the photomultipliers to-
igether with any counts due to cosmic rays. These backrl
:ground counting rates were found to be unaffected by the
Idifferen‘t foil holder positions. Measurements were then
;taken with the source in position but the aperture

ithrough the base-plate of the vacuum chamber blocked with

?a piece of aluminium sufficiently thick to prevent any
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electrons entering the chamber while still allowing the

passage of X—rays. Again the three foil holder posi-

| tions were used. In the case in which no foil was

present at the centre of the chamber the counting rates
recorded in the ;3 and coincidence channels were due to
the background of noise and cosmic rays already measured |
and also to ¥ -rays from the source. Any difference

between these counting rates and those recorded when a

scattering foil was in position at the centre of the

| chamber would be due to Compton electrons from the foil.

It was found that the P -channel and coincidence count-
ing rates remained statistically the same for the three
positions of the foil holder showing that Compton elec-
trons were not contributing to these counting rates. The

stop was then removed and the counting rates noted once

more when no foil was in the path of the electrons.
These were found to be the same as the corresponding i
counting rates obtaiﬁed when the B -stop was in position
showing that the background in the p and cdincidence i
channels under the conditions of the actual experiment |
was due to noise in the photomultipliers, cosmic rays an%
zr—rays reaching the F -detecting crystal and that the
contribution due to electrons being scattered from the
residual gas in the chamber, from the material of the
foil holder or the walls of the chamber was negligible.

As the background has been taken into account when



76.
calculating the results any asymmetry in it (and an
asymmetry due to cosmic rays was actually found to exist)
has been eliminated from the final calculated asymmetry
values.

A possible source of instrumental asymmetry not so

far considered is the finite size of the source. Since

riate angles for collection of the scattered electrons.

the source covered a circular area of 4 mm. diameter,

the solid angles subtended by the X -detecting crystal
at various points on the source were not the same. The
solid angles subtended by a scattering foil at different!

points along the source also varied, as did the approp-

In order to find the maximum asymmetry due to an exten- |
ded, but centrally placed, source, the source was re-
garded as two equal point sources at the ends of the
East-Wlest diameter of the source area; see fig. 1l4. \
Fig. 14(a) is drawn to scale and shows the paths of
electrons from the extreme points of the source, i.e.
from one point 2 mm. to the East and from another 2 mm.
to the West of the central position, in broken lines.
(The solid lines show the paths of electrons from the
central point.) Fig. 14(Db) is not drawn to scale but

shows, in an exaggerated manner, the difference in the

solid angles subtended by the X -detecting crystal at

the extremities of the source.

Denoting the solid angles subtended by the X -
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Figure 14(a). To show the effects of
a source of finite size

centrally placed with
respect to the axis of
the vacuum chamber.



Figure 14(Db). To show the different solid angles
subtended by the X -detecting crystal
at the extremities of the source.
(The size of the source is greatly
exaggerated compared to that of
the detecting crystal.)



Figure 1u(e). To show the effect of a

'p”"ced 2 mm. towards
the East from the
central position.



Figure 14(d). To show the effect of a
source of finite size
displaced 2 mm. from the
central position towards
the West.

+
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idetecting crystal at the two point sources ‘*’r, and
Ux: when the counter is in the East position and

i "’81. and ux: when the counter is in the West posi=-

:tion, as in the diagram, since the x—counter positions

| were arranged so that the counting rates in each posi-
|1:3‘.0n were the same it follows that wx' equals t.:x:_ _
| and ux: eguals Oy, - If the so0lid angles subtended

by the scattering foil at the point source 2 mm. to the

East of the centre point is denoted UFz and that sub-

! tended by the foil at the point 2 mm. to the West of the
: 1
central position is denoted up‘_ » and the corresponding

| scattering cross-~sections for the electrons from these |

|
 points and solid angles for the collection by the P -
detecting crystal of the scattered electrons are denoted

/ / :
B, * %p, ° e, 20d w,, respectively, then the |

' coincidence counting rate is proportional to
’ ' U ’
Dy Rp, T Ve Tt 2K Y T8 Y

when the Y -counter is in the East position, and to

1 / /
34 ukt e rﬂ,, Sea

r

' ST Pi‘td“

when the Y -counter is in the West position.

Using these solid angles and scattering cross-

| sections, it was found that, for two equal sources depos-
ited at the extremities of the East-West diameter of the
source area, the coincidence counting rate would be |

approximately 6% higher with the ¥ -counter in the West |

position than with the J -counter in the East position.
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If a 2 mm. shift of the source towards the East is
considered (fig. 14(c)), the solid angles for ¥
collection remain unaltered, since the B’-counter was
positioned so that the source was symmetrically placed

with respect to the East and West Y -counting positions,

‘but the appropriate electron solid angles and scattering

cross—-sections become uh’ 9 :.ap’ ’ "_Ft. ’ rp., and. |
lozk s We,e Under these conditions a West-East asym- |
metry of ~~ 9% is expected, whereas a 2 mm. shift of the
source from the'central position towards the West (fig.
14(d)) leads to a 1l.4% West-East asymmetry.

As the source had been very carefully positioned soi

'that it lay as nearly as possible symmetrically with

respect to the axis of the vacuum chamber a shift of

' more than ~ 2 mm. off centre in either direction is

unlikelye. However, to put an outside 1limit to the

| asymmetry produced by a misplaced source, a shift of the|

source centre of 4 mm. to either side of the axis of the|

chamber was considered. It was found that a displace-

| ment of & mme. towards the East would lead to a West-East:

asymmetry of ~~ 11%, and that a similar displacement
towards the West would lead to an East-West asymmetry of

|~ 5e6%. Such a shift in the source position would

mean that no part of the source would lie directly under|
the aperture in the duralium can and consequently no

greater asymmetries than these wouldl, in practice,
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occurs

Since the condition assumed of two point sources
4 mme. apart did not in fact exist, the source being de-
posited over a circular area of L mme. diameter, the
actual asymmetry caused by an extended source, or by
faulty alignment of the source would be considerably
smaller than the values quofed above. As the relation-
ship between the displacement of the source from the
central position and the percentage asymmetry in the
coincidence counting rate is approximately linear, the
effect of an extended, uniformly deposited, centrally
placed source was calculated knowing the asymmetry aris-
ing from two equal, symmetrically placed, point sources
| to be 6.3% and knowing that a point source on the axis
can lead to no asymmetry in the coincidence counting
' rates, (see fig. 15). By integrating over the area of
the source, the expected value of the West-East asym-
'metry was found to be ~ %%. Owing to the approximately
linear relationship between the source displacement and
the expected percentage asymmetry the other calculated
values should be reduced by a similar factor when a
uniformly deposited source is considered.

It can be seen from these calculations that, even
although the source may not have been uniformly deposi-
ted, the instrumental asymmetry due to an extended and

faultily aligned source should not exceed ~ 2 - 2% in
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' either direction. No cause being found for the East-
‘West instrumental asymmetry of (8 X 3)% calculated from |

' the observations made with an aluminium scattering foil

'in the electron beam, it was considered advisable to

| neglect this result and to repeat the experiment under
| 4

|
' different conditions, since the final positive value ob-

tained for the degree of polarization of the electrons

95

| from the Zr source depended entirely on this instru-

;mental effect.

2. Further Observations.

‘ As has been stated previously, the original choice

‘of gold scattering foil was made by measuring the number

| of electrons scattered per minute from foils of various |
!thicknesses and the nurber of coincidences due to these
‘scattered electrons, and then selecting a foil which

gave about twenty to thirty coincidence counts per hour,

' in order that the statistical errors in the counting

!rates should not be too great. In this way a foil of

i thickness ~ 5 mgm./sq. cm. was chosen. However, with |
such a foil multiple scattering will occur, and although
the transmitted rather than the reflected electrons were

Ehis
detected in order to minimize @ effect, the record-

ing of multiply scattered electrons will increase the

and coincidence channel counting rates but will not lead

to any asymmetrye. Thus, in the equations for the
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;asymmetry value, o = (W - E)/(W + E), the values of W
and E will both be increased by the recording of multiply
scattered electrons. This will leave the numerator iﬁ

;the above expression unaltered but will increase the
denominator, so reducing the value of o« and thus masking

| any asymmetry due to the non-invariance of the B -decay

Eprocess under time-reversal.

In view of this, a separate set of results was
obtained using a second gold scattering foil, this time
of thickness ~~ 0.7 mgm./sg. cm., observations being

 taken in sets of four, one-hour counts, i.e. with this

Igold foil as scatterer and the & -counter in each of
its two positions, and then with no scattering foil in

' the path of the electron beam and the ¥ -counter once
more in each of its experimental positions. Since two

isets of results were taken per day, and as there is no

:reason why a "gold" count should be coupled with a

"pblank" count taken immediately before it rather than

one taken subsequently, more than two asymmetry values

could be obtained from each day's counting provided that |
the number of equations used did not exceed the number
of independent variables measured. The asymmetry
values calculated from the counting rates obtained with
the thinner gold foil are shown in table VII and lead to

; s final West-BEast asymmetry value of (+ 0.027 % 0.022).

i Owing to the fact that the counting rates obtained with
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this thin gold foil as scatterer were very much smaller
;than those recorded when the original gold foil was in
use, the scattered P counting rate using the thin gold
| foil being ~ 10 - 15 electrons per minute, a larger
!number of asymmetry values was required in this case.
|
iwith that obtained using the thicker gold scatterer.
iAs any instrumental asymmetry must remain constant, and
las the scattering foils are of the same material, any
| difference between the two asymmetry falues must be due
;purely to a change in the number of multiply scattered
felectrons recorded. Since the multiple scattering and
any consequent masking of time-reversal effects are re-
iducgd by using a thinner gold foil any difference be-
itween the two asymmetry values must be due to time-
reversal effects.
From these two asymmetry values of + 0.011, pro-

duced by the presence of the original gold foil in the

path of the electron beam, and of + 0,027, produced by
the presence of the thinner gold foil, there would

appear to be a small effect due to non-invariance under

are taken into account this difference is found to be

first case any time-reversal effects are completely

masked by multiple scattering, and that therefore this

time-reversal; however, when the errors in these values

The result of these observations was then compared f

not significant. In fact, if it is assumed that in the |



| .
|

' asymmetry value of (0.011 ¥ 0.028) can be considered as

' & measure of the instrumental assymmetry, the second set

' of results leads to a genuine asymmetry of

Lransverse

'(+ 0,016 * 0.036) which corresponds to a (6 % 14)%
A

ipolarization of the electrons from Zr95.
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Table VII.

|
 Asymmetry values obtained using the ~ 0.7 mgm./s8ge.cm.

thick gold foil.

Expressed in the form (W - E)/(W + E).

+ 0.0258
- 0.0336
- 0,1892
- 00187
+ 0,0108
- 01460
- 044435
= 0.3307
- 0.,1893
- 0.0665
- 0.3016
- 0.1578
- 0.4718
- 043183
- 0.6725
+ 0.0732
+ 0.4006
- 0.0611
+ 0.5641
+ 065208
- 0.5013
+ 0.5275
+ 0.5835

- 0.4307

0.2188
0.6327
0.2772
0.2011
0.0508

IO.OMOS

0.086L
0.0692
0.0343
0.0802
0.4050
0. 3362
0.2006
0e 324l
0.1305
0.2708
0.2248
0.0013
0.1851
0.1649
0+1520
0.0328

0.8568
0.8486

-+

+

-+

-+

0.8214
0.5404
0.6253
0.567L
001849
0.4163
0.0514
0.1293
0. 2600
0.1565
0.5708
0.1810
0.0065
0.1712
0.5776
0.0755
041060
0.8751
0.403L
0.4147
047696
0.0057
0.0038
0.1071

0.4901
0.4088
0.4913
0.1375
0.028L
0.2864
0.528L
0. 0060
0.3176
03939
0.773L
0.4939
0.1767
0.0333
03649
0.0860
0.048L
0.0587
0.388L
0.0482
0.0312
0.0009
0+2153
042633

02531
0.1389
0.1109
0.2058
0.2071
0.1046
0.2120
0.2887
01460
0.4055
03702
0.0328
0.2453
0.4556
0.7347
0.5432
0.0542
0.4950
0.8597
0.7302
0.8533
0.256L
0.2082
0.1273

0.3551
0.0771
0.2103
0.5537
0.4931
Oe 24441y
0.0497
0.1106
0.119L
0.260L
0.3384
0.3305
0.2598
0.1253
0.5607
0.0465
0.4940
0.2150
0.5509
0.0810
0.2078
0.4898
0.7346
0.5276
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Table VII (continued).

0.7419
0.2322
0.2622
0.0990
0.0768
01650

0.3904

0.7870 |

0.8491
0.5877
0.3201
0.124)4
0.2368
0.0382
0.0432
0.1583
0.0735
0.43U5
0.0787

0.0671 |-

0.3451

0.1822
0.6394
0.0641
0.5328
0.4827
0.3229

0.3887

0.2868
0.2380
0.3355
0.1670
0.0609
0.0157
0.1789
0.2156
0-1117
0.1923
0.8601
0.3581
0.6078
0.0180

+ 03277

+

-

0.0520
0.3499
0.1927
0.2100
0.022Y
0.0955
0.4996
0.6151
0.5045
0.2108
0.1156
0.2298
0.0702
0.0987
0.4171
0.1711
0.5920
0.2371
0.2360
0.6226

0.032l;
0.6379
0.3009
0.L437
0.2747
0.1078
0.0753
0.0447
0.1435
0.0514
0.252Q
0.3103
0. 3655
0.8083
0.6434
0.L4462
0.3453
0.1603
0.2883
0.1133
0.4481

0.3077
0.0926
0.3889
0.1055
0.4103
0.5032
0.1036
0.8028
0.583L
043670
0. 7055
0.4298
00430
0.2908
0.2685
0.282L
0.0197
0.2790
0.0065
043420
0.5142

0.1167
0.4987
0.5736
0.2880
0.5503
0.4179
0.1508
0.0831
0.1594

- 0.0229

0.0914
0.7655
0.1943
0.0435
0.3915
0.2L49
0.4316
0.096L,
0.148l
0.0318
0.2755
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Chapter VI.

Discussion of Results.

1. Comparison of the Present Results with Those of
Other Experimenters.

As has already been noted, any difference in the

asymmetry values obtained using the two different gold
scattering foils can only be due to time-reversal
effects. The original value, taken as a measure of the
instrumental asymmetry, is consistent with no such
asymmetry being present and, on this assumption, a small
asymmetry of (2.7 * 2.2)% may be attributed to time-
reversal effects in the decay process. However, when
the errors in both the asymmetry values are taken into
account, the final resﬁlt is consistent with invariance
of the F -decay interaction under the operation of time-—
reversal, or, at most, with only a small breakdown
occurring. This conclusion is in agreement with the
results of other experimenters.

The fact that Coulomb effects might tend to mask
time~-reversal effects was mentioned in the introduction |
and in view of this Burgy et al.(119) and Clark et al.
(120) studied the decay of polarized neutrons where
such effects should be small._ Both these groups 1ookeq
for a term in the angular distribution function of the

(14)

decay products of the form D((g’)/J).(_pe/Ee) X (_p‘_’/E?),
|
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where <J>/J is the average nuclear polarization, and
R.s R, B, and E; are the electron and antineutrino
momenta and energies respectively.

Burgy et al. considered the decay.of polarized
neutrons under "normal" and "time-reversed" conditions
as shown in fig. 16. If, under normal conditions,
(fig. 16(a)) a neutron, with pblarization vector point-
ing along the + z direction, decays at the point X
resulting in an electron with its momentum vector
directed along the + x axis and an antineutrino with
its momentum vector along the + y axis, then, assuming
that these two momenta are of equal magnitude, the
slit system shown in the figure would allow the recoil
proton to pass into the proton detector and a coinci-
dence between the proton and the electron travelling
into the appropriate detector on the x-axis would be re-
corded. Under the "time-reversed" conditions, since
all the vectors are reversed, the slit and detector
positions would have to be in the positions indicated
in fig. 16(b) in order that a coincidence might be re- |
corded. Since, by pure rotation about the z-axis,
these two figures may be made to coincide, except for
the direction of the nuclear spin, a measurement of the
electron-proton coincidence rate per neutron decay,
with the detector and slit positions as indicated in

fig. 16(a), for the decay of neutrons polarized along



=
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Figure 16. The decay of a polarized neutron
under (a¥ "Normal", (Pllg?ime-

reversed" conditions.

Figure 17. Apparatus used by Clark et al.(lzo)
in their study of the time-reversal

invariance properties of the
neutron decay process.
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the + z axis, and a similar measurement made with
neutrons polarized along the - z axis will lead to
information about the time-reversal properties of the
decay. Any difference in these measured coincidence
rates would show a breakdown of time-reversal invariance.
Burgy et al., in an attempt to find an asymmetry in
coincidence measurements of this type, obtained an
asymmetry value of | 0.015 % 0.017|, which leads to a
value of |0.04 % 0.07|for D.

Clark et al., in their attempt to find the same
term in the distribution function of the decay products
of polarized neutrons, used the apparatus shown in fig.
17. In this case, the electron detectors were placed
at 160° to the proton recoil direction in order to ob-
tain a maximum value of the product p, X p_. The
coincidence rates were obtained between the proton and
the two electron counters separately, and the asymmetry
between these coincidence rates was found for both
polarized and unpolarized neutrons. The value of D
given by this experimenf was |0.02 ¥ 0.28| where the |
error is primarily statistical.

Since D can be expressed in terms of the coupling

constants and is given by the expression (14)
D= QI'LECSC: LB A e M
IC‘J 1+lCT|:L +] CS" 1+ICT'|1* 3[[614 1+|Cv 2+Iﬁ;q‘ 5 Cvllﬂ
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if it is assumed that the interaction is VA in nature
with an equal admixture of the vector and axial veetor
components and with Ci' = C4, then the result D = 0
implies that the F'-decay is invariant under the opera-
tion of time-reversal, whereas the result |D| = 05
implies a maximum breakdown of such an invariance. Thé
results of these two experiments are therefore consis-
tent with time-reversal invariance in the decay of
neutrons, and show that a complete breakdown cannot
occur. .

A further experiment to test the time-reversal
invariance of the 3 -decay interaction is that of

121)

Steffen( who looked for the transverse polarization

of electrons from the decay of Aulga. This'experiment
‘is very similar to that undertaken by the author, the
main differences being that the scattering foils were
placed at 90° to the incident electrons and that the
electron couﬁter was placed so that it detected elec~
trons which had been reflected through 1350. The
apparatus is shown in fig, 18. In this experiment
gold and aluminium scattering foils, both of thickness
~ 2 mgm./sq. cm., were used, but no background meas-
urements in the absence of a scattering foil were taken,
Observations were taken in a series of fifteen minute

counting periods. In addition to the East-West

asymmetry, the North-South asymmetry due to each foil



Figure 18. Apparatus used by Steffen( 121)
in his attempt to find a
transverse polarization of the 9
electrons from the decay of Aul?8,
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was found. Such an asymmetry leads to a determination
of the transverse polarization in the plane of the de-

tected electron and )Y -ray, i.e. it shows the presence

‘of the term B(p.k)(n.k), which violates parity, but not

time-reversal, in the F =X correlation function. In
the first report of this experiment, the asymmetry due
to the presence of the gold scattering foil is quoted as
(1.020 * 0.006) and that due to the presence of the
aluminium foil as (0.986 * 0.012), (thése results are
expressed in the form W/E) which by comparison with the
appropriate value of the expected asymmetry produced by

a 100% polarized electron beam of average v/c ~ 0.85

' as given by Sherwinﬂll7), leads to a wvalue of the degree

of transverse electron polarization perpendicular to the
plane of the detected electron and Y -ray of (5 % 3)%.

In the later paper. the results of four hundred and

fifty days of continuous counting are given an@, in this
| case, the asymmetry produced by the presence of the gold
| foil is quoted as (- 0.0035 * 0.0015)(expressed in the

5 form (W - E)/(W + E)) and the final value of the degree

of polarization of the electrons is given as (0.3 % 1.3)%,

| no result being quoted for the asymmetry produced by the
aluminium scattering foil, although in order to obtain
| this value for the degree of electron polarization from

' the above result an instrumental asymmetry of the order

of (- 0,002 * 0.005)must have been taken into account.
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It must be noted that in both papers the asymmetry caused
by the aluminium, as well as the gold, scattering foil
is given for the North-South case and only in the final
paper is this result omitted in the East-West case;
that only in the case of the omission is this asymmetry
:due to the aluminium foil in the same sense as that due
to the gold foil, and also that only in this case is the
error in the éxperimentally measured asymmetry greater
than the asymmetry value itself although, as the second
paper gives the result of a much longer counting time
 than the first, this result would be expected to be more
accurate than the preliminary one.

. The careful consideration of all possible sources
%of an instrumental asymmetry in the present experimeﬁt
and the reconsideration of the original results were, to|
isome extent, due to this omission on the part of Steffen
!Which lead to a doubt about the reliability of the re-
sults obtained with the aluminium scattering foil.

If, however, this unquoted instrumental error is

%taken into account, Steffen's results are also consistent
'with the invariance of the P -decay interaction under

time-reversal if it is assumed that the Coulomb effects

are small.

2. Consideration of Coulomb Correction Terms.

Unfortunately this assumption does not hold in
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either Steffen's, or the present, experiment and it has
' been shown by Ibenﬁlzz) that when Coulomb effects are
taken into account asymmetries similar to those produced;
by non-invariance of the decay process under the opera-
'tion of time-reversal are present, whether or not this
invariance property is violated, and that the coeffic-
ient of the (n.p x k)(p.k) term in the correlation
function depends on an energy, momentum and Z dependant

function which is given by the expression

%‘(PEEJ)[Q«Z (j' +:ffi/) wa“"hr— = Z (f"‘i:{j/) Bian IMal”
+w2(f~3)Rep, MIM, + x2(3<2/p)[f +re T4 JTmp, MM,

by - %
Fiha F.J-m IBI/H va Mn’]

 where o\ is the fine structure constant, p and g are
the electron and antineutrino momenta in units of m.C;
£ is the total electron energy in units of mecz; Mv

!anﬂ M, are the nuclear metrix elements; j‘: Z/2R,
where R is the nuclear radius in units of the electron
iCompton wavelength, and

B C;0p +C;'C.'® =Re By + iIm Byp.
| Iben has considered Steffen's experiment, taking
:inxo account these Coulomb terms, and has shown that a

| determination of the magnitude or even the energy depen-

dence of this coefficient would not give definite
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| information about the time-reversal invariance proper-

ties of thé decay.
In view of the presence of Coulomb effects, the use

of the Zr95 isotope, in the present experiment, as the

' source of electrons whose transverse polarization was to

be studied, has certain advantages over the use of the
Au198 isotope, since the Z value of zirconium is approx-

imately one half of that of gold, and thus any such

| effects should be greatly reduced. These effects are

also reduced in the present experiment owing to the fact
that the transition studied in the Au198 decay is a
first forbidden transition (98.6% of the total decay) in

'which all the electrons, on leaving the nucleus, travel

' through a non-uniform electro-megnetic field which is

expected to alter the relative orientation of the elec-
tron spin and momentum vectors, whereas two branches of
the Zr95 decay can contribute to the time-reversal
asymmetry effect, the first forbidden transition (53% of
the total decay) followed by a direct Y transition to
the ground state, and the allowed transition (34% of the
total decay) which is followed by a mixed X transition
to the ground state, and since in an allowed transition

the electron leaves the nucleus radially no such

:CouloMb effects should be present in this cases.

However, in spite of the fact that Coulomb effects

ére greatly reduced in the present experiment they are
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not completely eliminated and thus, although the results
are consistent with the invariance of the F—decay
interaction under the operation of time-reversal, no
more definite conclusions are possible. It has, how-
ever, been suggested by Iben( 122) that since, when the
Coulomb corrections are tasken into account, the coeffic-
ient of the term in the B - X correlation function,
which gives the anisotropy in the ordinary 'P - X direc=-
tional correlation, also depends on a function of the
same variables as does the cbefficient of the time-

reversal asymmetry term, this function being
_L( —I) uje e T N s 2
3(pc) |2 (f ke ats)p, M - (Erte-39)p, IMal

+ (f~ﬁ/) Rep,, M) M, + (‘?aZE/Z«P)[f‘*é"Pzi-’“%i]Im FVGM:MH

a determination of these two coefficients might lead to

information of the time-reversal invariance property of

'the decay process, since, if they were shown to be of

opposite sign, it could then be concluded that time-
reversal invariance is violated although the extent to

which such a violation occurs would not be known.
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