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ABSTRACT

HIGH PRECISION MEASUREMENT OF THE SUPERALLOWED

� -DECAY BRANCHING RATIO OF 38mK

Kyle G. Leach
University of Guelph, 2008

Advisor:
Professor C.E. Svensson

A measurement of the branching ratio for the superallowed� + decay of 38mK

was performed at TRIUMF's ISAC radioactive ion beam facility. An M3 internal


 -ray transition between the isomer and the ground-state of38K was observed for

the �rst time, with an internal-conversion corrected branching ratio of 330(43) ppm.

A search for the non-analogue� -decay branch to the �rst excited 0+ state in 38Ar

was also performed and yielded an upper limit of� 12 ppm at 90% con�dence level

(C.L.). These measurements lead to a revised superallowed branching ratio for 38mK

of 99.967(4) % and increase the38mK ft value, the most precisely determined for

any superallowed� decay, by its entire quoted uncertainty tof t = 3052:1(10) s.

Implications for tests of nuclear-structure dependent corrections for superallowed�

decays, the conserved vector current (CVC) hypothesis, andunitarity of the Cabibbo-

Kobayashi-Maskawa (CKM) quark-mixing matrix are discussed.
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Chapter 1

Introduction and Physical

Background

1.1 Radioactive Decay

Various atomic nuclei undergo spontaneous decay processesin order to decrease their

total energy. There are four main decay modes; spontaneous �ssion, � decay, �

decay, and
 decay. The last two of these are of particular importance to the thesis

presented here. The �rst two decay modes occur via the stronginteraction, � decay

is an electroweak process, and
 decay is an electromagnetic process. Spontaneous

�ssion and � decay involve the emission of nucleons,� decay involves the conversion

of a proton to a neutron (or vice versa) in order for the nucleus to become more

stable, whereas
 decay decreases the energy of the nucleus through transitions from

excited nuclear states to (eventually) the ground state.

Radioactive nuclei are characterized by the rate at which they decay. This rate

is given by the decay constant� , which has dimensions of inverse time. Due to

the statistical nature of radioactive decay, no speci�c prediction can be given for an
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individual nucleus. The characterization of these decays is reliant instead on decay

probabilities. The probability that a nucleus decays within the time interval dt is

�dt . Therefore, in a collection of identical radioactive nuclei, the number of decays

per unit time is proportional to the number of nuclei that arepresent:

� dN(t) = �N (t)dt: (1.1)

This result can be integrated to give an expression for the number of nuclei remaining

as a function of time:

N (t) = N0e� �t ; (1.2)

whereN0 is the number of parent nuclei present att = 0. Equation 1.2 can be used

to determine the time required for half of the nuclei presentto decay. This is known

as the half life, denoted by t1=2. By substituting N (t) = N (0)=2 into Eqn. 1.2 and

rearranging we obtain:

t1=2 =
`n(2)

�
: (1.3)

The mean lifetime,� , of a certain nuclear state is related to the half life via:

� =
1
�

=
t1=2

`n(2)
: (1.4)

There are many cases in which there is more than one decay modeof the parent

nuclear state. These are known asmulti-modal decays. For example, if the parent

nucleus decays by way of two branches, there would be two distinct decay constants� 1

and � 2. These are known as partial decay constants. For the total decay of the parent,

� = � 1 + � 2, where � is the total decay constant. These decay constants represent

decay rates for each branch of the decay. The branching fraction (or branching ratio)

is a measure of the fraction of the total decays that proceed via a given branch:

B1 =
� 1

�
; B2 =

� 2

�
; and in general Bn =

� n

�
; (1.5)
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whereBn is the branching ratio for thenth branch. Other cases where the daughter

nucleus is also unstable and decays to a granddaughter occuras well. These are

referred to assequential decays. Sequential decays often lead to large decay chains

which may contain many generations of� and � decays, as well as cascades of
 rays

from excited nuclear states.

1.2 � Decay

The electroweak process of� decay results in the conversion of a nucleon from one

type to another (ie. a proton to a neutron or vice versa) with the emission of a positron

(electron) and neutrino (anti-neutrino). There are three basic � -decay processes that

need to be considered. They are� � decay, � + decay, and electron capture (EC)

decay.

The � � decay process occurs when a bound neutron inside the nucleusis converted

into a proton,

A
Z XN ! A

Z +1 YN � 1 + e� + � e: (1.6)

An electron (e� ) and anti-electron neutrino (� e) are emitted to conserve charge and

lepton number in the decay. The mechanism that drives the process is displayed in

Fig. 1.1(a). Similarly, for � + decay, a proton is converted into a neutron, with the

emission of a positron and an electron neutrino,

A
Z XN ! A

Z � 1 WN +1 + e+ + � e: (1.7)

The third process by which� decay can occur is through electron capture,

A
Z XN + e� ! A

Z � 1 WN +1 + � e: (1.8)

3



In this decay mode, an atomic electron's spatial wavefunction overlaps with the nu-

clear wavefunction and the electron is captured by the nucleus. Through the weak

interaction, the electron then permits the conversion of a proton to a neutron with

the emission of a neutrino (Fig. 1.1(c)).

If we neglect a small di�erence between the parent and daughter atomic binding

energies we can write theQ values for each� -decay process in terms of the atomic

masses. For� � decay, EC, and� + decay, we obtain:

Q� � = M( A
Z XN )c2 � M( A

Z +1 YN � 1)c2; (1.9)

QEC = M( A
Z XN )c2 � M( A

Z � 1WN +1 )c2; (1.10)

Q� + = M( A
Z XN )c2 � M( A

Z � 1WN +1 )c2 � 2mec2: (1.11)

There are many cases where the parent nucleus can EC decay (QEC > 0) but cannot

� + decay (Q� + < 0). In the case where bothQ values are positive, competition

between these two decay modes results.

The energy released in� decay is shared between the� particle (electron or

positron), the neutrino, and the recoil energy of the daughter nucleus:

Q� = T� + T� + TD + E �
D + E �

DA ; (1.12)

whereT� and T� represent the kinetic energies of the ejected� particle and neutrino,

respectively. TD is the recoil kinetic energy of the daughter nucleus,E �
D is the excita-

tion energy of the daughter nucleus, andE �
DA is the excitation energy of the daughter

atom. The last term is particularly important for EC decay, since, when a K-shell

electron is captured, the daughter is left in a highly excited atomic state. Since EC

decay results in a two-body �nal state, it is possible to use conservation of momentum

4



W -
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W +
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e+

e- ne

W

Figure 1.1: Feynman diagrams for (a)� � decay, (b) � + decay, and (c) EC decay. The
u and d label the quarks which compose the proton (uud ) and neutron (udd ).
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and energy to derive the kinetic energy of the resulting neutrino:

T� = Qef f

�
1 �

Qef f

2MD c2

�
; (1.13)

where MD is the mass of the daughter atom, andQef f is the e�ective Q value ac-

counting for the possibility that the nucleus and/or atom isleft in an excited state

(ie. Qef f = QEC � E �
D � E �

DA ). For � � decay, there is a three-body �nal state, and

probability distributions for the division of the decay energy among the �nal state

particles result.

1.2.1 Fermi Theory of � decay

Perturbation theory gives the transition rate from the initial parent nuclear state to

the �nal nuclear state (Fermi's golden rule) as:

� =
2�
~

jM f i j2
dn
dE

; (1.14)

where M f i is the transition matrix element given by the integral of theinteraction

Hamiltonian connecting the initial and �nal states. The term dn
dE is the density of

�nal states and must account for both the� and � being emitted as free particles.

If the wavefunctions of the free particles are normalized ina box of volumeV, the

number of quantum states is given as:

n =
V 2

(2� ~)6

Z
p2

edpe

Z
p2

� dp�

Z
d
 e

Z
d
 � ; (1.15)

where the integrals over the solid angles are 4� if we consider the free particles being

emitted in all directions. This expression for the number ofquantum states is then

di�erentiated and yields the density of states dn
dE . Neglecting the small recoil kinetic

energy and usingE = Ee + E � , we have, for electron momentum values between

6



pe and dpe,

dn
dE

(pe) =
(4�V )2

(2� ~)6
p2

edpep2
�
dp�

dE
: (1.16)

To reduce this expression into a form that does not depend on the neutrino momen-

tum, p� is rewritten in terms of E and Ee, to obtain:

dn
dE

(pe) =
V 2

4� 4~6c3
p2

e(E � Ee)2

s

1 �
m2

� c4

(E � Ee)2
dpe: (1.17)

Fermi's golden rule (Eqn. 1.14) can then be written as:

d� (pe) =
2�
~

jM f i j2
V 2

4� 4~6c3
p2

e(E � Ee)2

s

1 �
m2

� c4

(E � Ee)2
dpe: (1.18)

This expression depends on the volume normalizationV. This will, however, disap-

pear once the matrix element of the interaction HamiltonianM f i is calculated with

wavefunctions normalized in the same volume. The calculation of the transition ma-

trix element requires knowledge of the outgoing electron and neutrino wavefunctions.

Both are emitted as free particles, however the electron wavefunction is distorted by

the Coulomb �eld of the daughter nucleus. We thus have:

 � (~r� ) =
1

p
V

e
i~p � �~r �

~ (1.19)

and

 e(~re) =
1

p
V

e
i~p e �~r e

~ [F (ZD ; pe)]1=2 (1.20)

for the undistorted neutrino and distorted electron wavefunctions for the outgoing

particles, respectively. F (ZD ; pe) is known as theCoulombor Fermi function, and

is a function of the electron momentum and the chargeZD of the daughter nucleus.

A relativistic treatment of the Fermi function is required and yields, for a point

nucleus and the electron wavefunction integrated startingat the nuclear surface (R =

1:25A1=3 fm [1]):

F (ZD ; pe) = 2(1 + 
 )
�

2peR
~

� 2
 � 2

e�� j�( 
 + i� )j2

j�(2 
 + 1) j2
; (1.21)
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where 
 =
p

1 � (�Z D )2, � = � ZD �E e
pec for � � decay, � is the complex gamma func-

tion, � is the �ne structure constant, and c the speed of light. Corrections are then

applied to the Fermi function to account for the �nite nuclear size, the realistic nu-

clear charge distribution, atomic screening, and other higher order e�ects to obtain

the precision required for the superallowed Fermi� -decay studies discussed in this

thesis [1]. The Fermi function can be removed from the matrixelement along with

the volume normalization of the� and � wavefunctions to yieldM 0
f i . These terms are

then combined with the density of �nal states (Eqn. 1.17) andyield the di�erential

decay constant:

d� (pe) =
jM 0

f i j2

2� 3~7c3
F (ZD ; pe)p2

e(E � Ee)2

s

1 �
m2

� c4

(E � Ee)2
dpe: (1.22)

In order to obtain the total decay constant, the above expression is integrated with

the introduction of the dimensionless variables:

� =
pe

mec2
; W =

Ee

mec2
=

Te

mec2
+ 1; and W0 =

Q
mec2

+ 1: (1.23)

We also remove the strength constant for the weak interaction, jM 0
f i j2 = g2jM

0
f i j2,

and remove the matrix element from the integral by assuming that jM
0
f i j does not

depend on the electron energy or momentum. This last assumption corresponds to

the allowedapproximation (ie. ~̀
e = ~̀

� = 0). In the limit of m� = 0, we then obtain:

� =
m5

eg2c4

2� 3~7
jM

0
f i j2

Z W0

1
F (ZD ; W)W(W 2 � 1)1=2(W0 � W)2dW

=
g2m5

ec4

2� 3~7
jM

0
f i j2f (ZD ; W0); (1.24)

where

f = f (ZD ; W0) =
Z W0

1
F (ZD ; W)W(W 2 � 1)1=2(W0 � W)2dW (1.25)
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is the dimensionless phase-space integral.

With this understanding of the Fermi theory of� decay, we can use the decay con-

stant � to lead us to the expression for the partial half life. Through the combination

of Eqns. 1.3 and 1.24, we obtain:

f t =
2� 3~7`n(2)

g2m5
ec4jM

0
f i j2

; (1.26)

where f is the phase-space integral, andt is the partial half life for the � decay

branch of interest. The partial half life is related to the decay half life t1=2 with the

expression:

t =
t1=2

B
(1 + PEC ); (1.27)

where PEC is the electron capture fraction in the case of a� + decay. Both f and

t are related to measurable quantities. The phase-space integral requires knowledge

of the Q value for the speci�c decay (W0 = Q
mec2 + 1), and the partial half life can

be obtained through measurement of both the branching ratioB and the decay half

life t1=2. Therefore, if the matrix element jM
0
f i j2 can be calculated with su�cient

accuracy, it is possible to determine the fundamental weak interaction strength g

using Eqn. 1.26.

1.2.2 Superallowed Fermi � decays

The conservation of angular momentum in� decay requires~JP = ~JD + ~J� , where

~J� = ~L � + ~S� is the total angular momentum of the emitted� particle and neutrino,

~L � their total orbital angular momentum and ~S� their total spin angular momentum.

There is also a parity selection rule for� decay,

� P = � D (� 1)L � ; (1.28)
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Table 1.1: Total orbital angular momentum classi�cation for � decays. [2]

Orbital Angular Momentum (L � ) Name Given Typical `og(f t ) (s)
0 Allowed 2:9 � 6:0
1 First Forbidden 6� 10
2 Second Forbidden 10� 13
3 Third Forbidden 15� 21
4 Fourth Forbidden � 21

where~L � = ~̀
e + ~̀

� . The total matrix element is represented as a sum over all angular

momentum values allowed by the selection rule~JP = ~JD + ~J� . However, since the

lowest allowed value ofL � consistent with the selection rules dominates the sum,

the decays are classi�ed according to their lowest possibleL � values (see Table 1.1).

Typical `og(f t ) values are also shown in this table.

The neutron, proton, electron and neutrino are all spin 1/2 fermions. Therefore,

the emitted � and e� can have~S� = ~Se + ~S� = 0 or 1, and the nucleon spin can either

remain the same or undergo an inversion. IfS� = 0 it is referred to as a vector or

Fermi � decay. If insteadS� = 1, it is known as an axial-vector orGamow-Teller �

decay. The matrix element can be separated into vector and axial-vector components

which are characterized by di�erent strength constantsGV and GA :

g2jM
0
f i j2 = G2

V jM
0
f i (F )j2 + G2

A jM
0
f i (GT)j2: (1.29)

This matrix element generally depends on the complicated initial and �nal nuclear

wavefunctions for both Fermi and Gamow-Teller decays. However, the matrix element

calculation can be largely simpli�ed if the axial-vector term is strictly forbidden by

the angular momentum selection rules. This occurs for 0+ ! 0+ pure allowed Fermi

transitions (L � = 0; S� = 0; � P = � D ). Furthermore, if the initial and �nal

nuclear states are isobaric analogue states, we have a special class of transitions

10



known as superallowed Fermi� decays.

To a very good approximation, the proton and neutron are two projections of the

same particle, the nucleon. Analogous to spin, isospin (denoted t) of 1
2 is de�ned for

the proton and neutron, with the z projection for the neutron +1=2 and the proton

� 1=2. We can thus write the neutron and proton isospin wavefunctions as:

jni = jt = 1=2; tz = +1 =2i ; (1.30)

jpi = jt = 1=2; tz = � 1=2i : (1.31)

The operator that converts nucleons from one to the other,̂O(n $ p), therefore acts

on the isospin projection of the particle. For the case of theFermi � -decay transition

operator, all other characteristics of the nuclear wavefunction are left unchanged and

the operator is simply the isospin ladder operator,T � (for � � decay), a sum of all

single particle isospin ladder operators ^� � , and acts on the entire nuclear wavefunction

isospin T. The ladder operator connects members of an isospin multiplet (states

with the the same T, same wavefunction, but di�erent Tz). These are known as

isobaric analogue states. Although pure Fermi decays are rare, we can use the isospin

ladder operator to calculate the transition matrix elements for them without detailed

knowledge of the nuclear wavefunctions. If we act with the isospin ladder operator

on a general nuclear state,

T̂ � jT; Tz i =
p

(T � Tz)(T � Tz + 1) jT; Tz � 1i ; (1.32)

we obtain an expression for the matrix element

jM
0
f i (F )j2 = jhT; Tz � 1jT̂ � jT; Tz ij 2

= ( T � Tz)(T � Tz + 1) : (1.33)

11



If we then consider the common case of� + decay betweenT = 1 isobaric analogue

states,

Tz = � 1 ! Tz = 0 : jM
0
f i j2 = (1 + 1)(1 � 1 + 1) = 2 ; (1.34)

Tz = 0 ! Tz = +1 : jM
0
f i j2 = (1 � 0)(1 + 0 + 1) = 2 : (1.35)

The matrix element thus simpli�es to the numerical value
p

2 independent of the

complex nuclear wavefunctions!

Thus, by using the calculated matrix element for superallowed 0+ ! 0+ transitions

betweenT = 1 isobaric analogue states, we obtain:

f t =
2� 3~7`n(2)
m5

ec4(2G2
V )

; (1.36)

where GV is the vector coupling constant. This expression has two very important

features; i) every term on the right side is a constant, independent of which nucleus is

being studied, and ii) the left hand side of the equation contains quantities that are

experimentally measurable, thereby allowing a direct determination of GV . As shown

in Table 1.2 and Fig. 1.2, experimental data for the superallowedf t values are indeed

constant to approximately 1% [3]. This is a stunning result,considering that f t

values in general can span over 20 orders of magnitude. However, given the precision

of the current experimental superallowedf t values (� 0:03 % in the best cases), small

corrections to Eqn. 1.36 must be made in order to obtain trulynucleus-independent

f t values.

1.2.3 Theoretical Corrections and F t values

Although the experimental superallowedf t data are constant to� 1% (Fig. 1.2), there

are theoretical corrections that need to be applied in orderto obtain the correctedF t

12



Table 1.2: Experimentally measured quantities needed to calculate the experimental
f t values for the 13 high precision cases [3, 4, 5, 6, 7].

Nucleus f t 1=2 (s) B (%) PEC (%) f t (s)
10C 2.301(1) 19.3080(46) 1.465(2) 0.297 3042.38(438)
14O 42.78(2) 70.6204(140) 99.375(65) 0.088 3042.47(265)

22Mg 418.42(17) 3.8752(24) 53.160(119) 0.069 3052.24(722)
26mAl 478.25(9) 6.3450(19) 100.000(3) 0.082 3036.96(108)
34Cl 1996.39(41) 1.5265(4) 100.000(12) 0.080 3050.02(113)
34Ar 3414.21(140) 0.8438(4) 94.446(247) 0.069 3052.47(821)
38mK 3298.10(33) 0.9243(3) 100.000(2) 0.085 3051.11(95)
42Sc 4470.56(116) 0.6807(3) 99.994(1) 0.099 3046.40(139)
46V 7209.70(330) 0.4225(1) 99.984(4) 0.101 3049.62(160)

50Mn 10731.80(170) 0.2832(1) 99.942(3) 0.107 3044.36(125)
54Co 15750.30(320) 0.19337(6) 99.996(30) 0.111 3047.59(148)
62Ga 26401.60(830) 0.11612(2) 99.859(8) 0.137 3074.32(114)
74Rb 47285.00(10800) 0.06478(4) 99.500(100) 0.194 3084.28(796)

value de�ned as [8]:

F t � f t (1 + � 0
R )(1 + � NS � � C ) =

2� 3~7`n(2)
2G2

V m5
ec4(1 + � R )

; (1.37)

where� 0
R and � R represent nucleus-dependent and nucleus-independent radiative cor-

rections, respectively. The correction terms� C and � NS depend explicitly on nuclear

structure and account for the fact that Coulomb and charge-dependent nuclear forces

break the exact isospin symmetry between the parent and daughter nuclear state,

and a nuclear-structure dependent component of the radiative correction, respec-

tively. The � C term is a sum of two terms,� C1 and � C2, which account for di�erent

degrees ofisospin mixing in the parent and daughter nuclear wavefunctions, and the

imperfect radial overlapof the initial proton and �nal neutron spatial wavefunctions,

respectively. The isospin-mixing term� C1 is a sum of many� n
C1 corresponding to

admixtures of the nth excited 0+ state in the daughter nucleus in the wavefunction

of the decaying parent state. For those excited 0+ states within the � decayQ-value

13
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Figure 1.2: The experimentalf t values for the 13 high precision superallowed Fermi
� -decaying nuclei using the values in Table 1.2.

window, the � n
C1 generate non-analogue Fermi� -decay branches which enable the� n

C1

to be directly measured from the observed� branching ratio Bn to the nth excited

0+ state [9]:

� n
C1 �

�
f 0

f n

�
Bn

(1 � � C1)
B0

�
�

f 0

f n

�
Bn ; (1.38)

where the approximation is valid in the usual case of� C1 � 1 and B0 � 1.

Currently, there are two groups that have completed the calculations required to

obtain the theoretical value for the isospin-symmetry-breaking correction � C [3, 10]

for the 13 high-precision superallowed cases. As shown in Table 1.3, there is a small

discrepancy between the two sets of calculations. Both groups use shell model calcula-

tions to obtain � C1, however Towner and Hardy use Woods-Saxon radial wavefunctions

to compute � C2, whereas Ormand and Brown derive this value using a self-consistent
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Table 1.3: Theoretical f t -correction values for TH and OB and the corresponding
calculatedF t values [3, 10].

Towner
Hardy
Nucleus f t � 0

R % � NS (%) � C (%) F t (s)
10C 3042.38(438) 1.679(4) � 0:345(35) 0.175(18) 3077.4(46)
14O 3042.47(265) 1.543(8) � 0:245(50) 0.330(25) 3071.6(32)

22Mg 3052.24(722) 1.466(17) � 0:225(20) 0.380(22) 3078.2(74)
26mAl 3036.96(108) 1.478(20) 0.005(20) 0.310(18) 3072.4(15)
34Cl 3050.02(113) 1.443(32) � 0:085(15) 0.650(46) 3071.3(21)
34Ar 3052.47(821) 1.412(35) � 0:180(15) 0.665(56) 3069.4(85)
38mK 3051.11(95) 1.440(39) � 0:100(15) 0.655(59) 3071.7(24)
42Sc 3046.40(139) 1.453(47) 0.035(20) 0.665(56) 3071.2(27)
46V 3049.62(160) 1.445(54) � 0:035(10) 0.620(63) 3073.4(30)

50Mn 3044.36(125) 1.445(62) � 0:040(10) 0.655(54) 3066.9(28)
54Co 3047.59(148) 1.443(71) � 0:035(10) 0.770(67) 3066.7(34)
62Ga 3074.32(114) 1.459(87) � 0:045(20) 1.48(21) 3071.8(71)
74Rb 3084.28(796) 1.498(120)� 0:075(20) 1.63(31) 3077.1(130)

AverageF t (s) 3071.5(8)
� 2=� = 0:69
Ormand
Brown
Nucleus f t � 0

R % � NS (%) � C (%) F t (s)
10C 3042.38(438) 1.679(4) � 0:345(35) 0.15(9) 3078.1(46)
14O 3042.47(265) 1.543(8) � 0:245(50) 0.15(9) 3077.2(32)

22Mg 3052.24(722) 1.466(17) � 0:225(20) 0.21(9) 3083.5(74)
26mAl 3036.96(108) 1.478(20) 0.005(20) 0.30(9) 3072.8(15)
34Cl 3050.02(113) 1.443(32) � 0:085(15) 0.57(9) 3073.8(21)
34Ar 3052.47(821) 1.412(35) � 0:180(15) 0.38(9) 3078.2(85)
38mK 3051.11(95) 1.440(39) � 0:100(15) 0.59(9) 3073.7(24)
42Sc 3046.40(139) 1.453(47) 0.035(20) 0.42(9) 3078.8(27)
46V 3049.62(160) 1.445(54) � 0:035(10) 0.38(9) 3080.8(30)

50Mn 3044.36(125) 1.445(62) � 0:040(10) 0.35(9) 3076.3(28)
54Co 3047.59(148) 1.443(71) � 0:035(10) 0.44(9) 3076.9(34)
62Ga 3074.32(114) 1.459(87) � 0:045(20) 1.29(9) 3077.5(71)
74Rb 3084.28(796) 1.498(120)� 0:075(20) 0.98(9) 3097.5(130)

AverageF t (s) 3075.5(8)
� 2=� = 1:18
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Figure 1.3: The theoretical calculations for the isospin mixing correction� C conducted
by Towner-Hardy [3] and Ormand-Brown [10] using the values in Table 1.3.

Hartree-Fock approach. The general trends for the two calculations are similar, how-

ever there is a systematic shift in the values, with the Ormand and Brown calculations

being consistently lower (Fig. 1.3). Furthermore, Towner and Hardy [3] have recently

updated their � C calculations to include the e�ects of core orbitals, and found that

this signi�cantly increased their � C values for some cases. This re�nement has not

yet been incorporated in the calculations of Ormand and Brown and it thus remains

an open question as to whether it would increase their� C values by a corresponding

amount, as is assumed in the recent evaluation by Towner and Hardy [3].

Combining the measuredf t values for the 13 most precisely determined superal-

lowed nuclei and the� C calculations of Ref. [3], we arrive at theF t values in Fig. 1.4

and Table 1.3. When these corrections are applied, the small(� 1%) deviations in
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Figure 1.4: The correctedF t values for the 13 high-precision superallowed decays
using the � C values from Towner-Hardy [3]. The solid line represents theaverage of
these values and the dashed lines its uncertainty.

the f t values are reduced signi�cantly. In fact, theF t values for the 13 high pre-

cision cases are perfectly consistent with a constant valueF tT H = 3071:5(8) s with

� 2=� = 0:69. A similar result is obtained with the � C values of Ormand and Brown.

However, due to the systematic di�erence in� C between the models, a higher average

F tOB = 3075:5(8) s with � 2=� = 1:18 is obtained.

Ultimately, these world-averageF t values can be combined with Eqn. 1.37 to pro-

vide a high precision measurement of the weak interaction vector coupling constant

GV . One of the motivations behind these high precision measurements is to test the

Conserved Vector Current (CVC) hypothesis which states that GV is not renormal-

ized within the nuclear medium and should therefore be the same for all � decays.

The superallowedF t values shown in Fig. 1.4 currently con�rm this hypothesis at
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the level of 1.3� 10� 4 [3].

1.2.4 The Cabbibo-Kobayashi-Maskawa (CKM) Matrix

One of the cornerstones of the Standard model of particle physics is the Cabbibo-

Kobayashi-Maskawa (CKM) quark-mixing matrix, which relates the weak interaction

and mass eigenstates of the quarks:
2

6
6
6
6
6
4

d0

s0

b0

3

7
7
7
7
7
5

=

2

6
6
6
6
6
4

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

3

7
7
7
7
7
5

2

6
6
6
6
6
4

d

s

b

3

7
7
7
7
7
5

; (1.39)

where d; s, and b are the mass eigenstates of the down, strange and bottom quarks,

respectively. Theprime on each letter in the left hand side of the equation denotes

the corresponding weak-interaction eigenstates. In the standard model, this repre-

sents a transformation between complete sets of basis states, and as such, has the

requirement that it must be a unitary transformation. This means that the sum of

the elements squared for every row and column must be unity. Atest of this unitarity

is a fundamental test of the standard model.

Since protons and neutrons are comprised of up and down quarks, it is no surprise

that the most precisely measured element in the CKM matrix isVud. By combining

the weak vector coupling constantGV , measured through superallowed Fermi� de-

cays, with the Fermi coupling constantGF from purely leptonic muon decays, one

obtains:

Vud =
GV

GF
: (1.40)

Currently, GF =(~c)2 = 1:16637(1)� 10� 5 GeV� 2 [11] and the weak vector coupling

constant GV =(~c)2 = 1:13624(15)(16)(21) GeV� 2, where the three uncertainties listed
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on the latter value arise from the experimental superallowed f t values and constants,

the isospin-symmetry-breaking correction� C , and the nucleus-independent radiative

correction � R , respectively. Combining these values using Eqn. 1.40, the�rst element

in the CKM matrix is obtained as jVudj = 0:97416(26). In order to extract a unitarity

test for the CKM matrix, this value must be combined with the squares of two other

matrix elements (either row or column). This is done most precisely using the top

row.

The up-strange element in the top row can be determined through the four

K 0;+ ! � � ;0 meson decay channels [12, 13]. The currently accepted valueis jVus j =

0:2257(21) [14]. There are collaborations around the world attempting to precisely

determine the value ofVub, which is currently 4:31(30)� 10� 3 [15]. However, since the

square of this small value is not statistically signi�cant in comparison to the previous

two, it does not factor in the unitarity test. Therefore, if we compute the unitarity

sum using the three values outlined we obtain:

jVud j2 + jVus j2 + jVubj2 = 1:0000(10): (1.41)

Presently, the sum satis�es the unitary condition and represents a con�rmation of

the standard model at the 10� 3 level. However, we note that the recent revisions to

the isospin-symmetry-breaking correction calculations of Ref. [3] resulted in a 3:1�

shift in the world average superallowedF t value that was used to extractGV and Vud

above. Further tests of these corrections are thus essential before a �nal conclusion

regarding CKM unitarity can be made.
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1.3 
 Decay and Internal Conversion

Nuclei that are in an excited state generally decay via the emission of a
 ray or

through internal electron conversion to decrease the energy of the nucleus. The tran-

sitions can occur between two excited states or an excited state and the ground state.

This decrease in energy does not change the isotope, it merely recon�gures the nucle-

ons within the nucleus. In the
 -decay process, electromagnetic radiation of a speci�c

energy is released when the nucleus undergoes a transition from an excited state to

a lower energy state. With internal conversion, the energy that would be emitted

through electromagnetic radiation instead liberates an atomic electron, causing it to

move into an unbound state. These two processes generally compete with each other.

1.3.1 
 Radiation Energetics

In order to understand the energy transfer in
 decay, we must consider the initial

and �nal states of the nucleus as well as its recoil momentum.Using conservation of

energy and momentum, we obtain:

Conservation of Momentum: ~pR + ~p
 = 0

Conservation of Energy: E i = E f + E 
 + TR ;

where: TR =
p2

R

2M x
=

p2



2M x
=

E 2



2M xc2
:

Therefore;

� E = E 
 +
E 2




2M xc2
; (1.42)

where � E = E i � E f is the di�erence in the energies of the nuclear states involved.

This expression can be solved for the
 -ray energy,

E 
 � � E
�

1 �
� E

2mxc2

�
: (1.43)
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Table 1.4: Properties and nomenclature for electromagnetic multipole radiation. [16]

Radiation Nomenclature Symbol Multipolarity (L) Parity
Electric Dipole E1 1 -1

Magnetic Dipole M1 1 +1
Electric Quadrupole E2 2 +1

Magnetic Quadrupole M2 2 -1
Electric Octopole E3 3 -1

Magnetic Octopole M3 3 +1
. . . .
. . . .
. . . .

We see that the energy released in the electromagnetic transition is slightly less than

the energy di�erence between the initial and �nal nuclear states due to the recoil of

the daughter nucleus.

1.3.2 
 -Ray Transition Multipolarity

The emitted 
 -ray photon can be understood in a simple model using classical electro-

dynamics, where a radiation �eld can be described in terms ofa multipole expansion.

This classical theory is then supplemented using a quantum mechanical description

for the electric and magnetic multipoles in terms of the power radiated for each:

� e(L) =
Pe(L)

~!
and � m (L) =

Pm (L)
~!

; (1.44)

where the subscriptsm and e represent magnetic and electric multipoles, respectively,

L is the multipolarity of the respective transition (see Table 1.4), andE 
 = ~! , where

! is the angular frequency of the oscillating �eld. We can thenexpand the decay

constants in multipoles by expanding the radiation powers.In order to obtain order

of magnitude expressions for the expected transition rateswe can make a number

of approximations. These are referred to as theWeisskopf estimates. They are

21



i) that the initial and �nal states are given by the single particle wave functions

 i = Ri (r )Y` i m i (�; � ) and  f = Rf (r )Y` f m f (�; � ), and ii) the radial terms in the

wavefunctions are constant over the entire nuclear volume,and zero elsewhere. Once

these approximations are made, the electric and magnetic multipole decay constants

can be expressed as [16]:

� e(L) =
2e2(L + 1)

4�� 0~L[(2L + 1)!!] 2

�
3

L + 3

� 2 �
E 


~c

� 2L +1

R2L ; (1.45)

and

� m (L) =
20e2~(L + 1)

4�� 0c2m2
pL[(2L + 1)!!] 2

�
3

L + 3

� 2 �
E 


~c

� 2L +1

R2L � 2; (1.46)

whereR is the nuclear radius, andE 
 is expressed in MeV.

The total angular momentum (L) of the photon is subject to selection rules, which

are related to the angular momentum of the initial and �nal nuclear states by

j ~Ji � ~Jf j � L � j ~Ji + ~Jf j where L = 1; 2; 3::: : (1.47)

It is important to note that the angular selection rules do not include 0 ! 0 transitions

since they can only be satis�ed withL = 0, and there are noL = 0 photons. There

are also parity selection rules that are dependent on the angular momentum of the

photon,

For EL transitions, � i = � f (� 1)L (1.48)

For ML transitions, � i = � f (� 1)L +1 : (1.49)

For various initial and �nal nuclear spin and parity states there are in general a

number of allowed
 -ray transitions that can occur. In the case where the lowest

multipole permitted by the selection rules is electric, it will dominate the decay. If

the lowest allowed multipoleL is magnetic, there will, in general, be a competition

betweenML and E(L + 1) multipole radiation.
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1.3.3 Internal Conversion

The internal conversion decay constant is, in general, a sumof the decay constants

for the conversion of electrons from the various atomic shells (K, L, M, etc.). As

mentioned previously, this process competes with photon emission, which implies

that the total decay constant for a transition between the initial and �nal nuclear

states is a sum of the
 and internal conversion decay constants,� = � e + � 
 ,

where the
 -decay constant is given above forML and EL transition. The internal

conversion coe�cient, � , is de�ned as the ratio of the decay constant for electron

conversion to the decay constant for
 emission,

� =
� e

� 

; (1.50)

which is then expressed in terms of the total decay constant

� = � 
 (1 + � ): (1.51)

The internal conversion coe�cients can be calculated theoretically for each atomic

shell [17]. An internal conversion coe�cient, combined with a measurement of the


 -decay constant, will therefore yield the total electromagnetic decay constant.

1.4 Superallowed � Decay of 38mK

The work presented in this thesis is mainly focused on the� -decay branching ratio

for the isomer of38K. Currently, the superallowed f t value of 38mK is the most pre-

cisely determined for any superallowed decay [3]. The primary decay mode of38mK

is via this superallowed 0+ ! 0+ � -decay branch to the ground state of38Ar. The

currently adopted value for this branch is quoted as 100+0
� 0:002 % [8] which assumes a

negligible contribution from the two competing decay modesshown in Fig. 1.5. The
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Figure 1.5: A level diagram for the38mK decay modes, and the levels which are
populated in 38Ar.

other competing � -decay branch is also a 0+ ! 0+ transition, however, the decay

does not occur between isobaric analogue states, and will therefore be weak. In fact,

this branching ratio is theoretically predicted to be only 6(2) ppm [3]. A previous

measurement for the non-analogue� -decay branching ratio was conducted by Hag-

berg et. al and an upper limit of 19 ppm was determined [9], which is consistent with

theory. Presented in Chapter 4 of this thesis is a more precise measurement of this

non-analogue� branching ratio.

The other competing decay mode is an internal transition between the isomeric 0+

state and 3+ ground state in 38K. A shell model calculation for this pure M3 transi-

tion [19] predicted a heavily quenched B(M3) value of 0:025� 2
N fm4 (1:2 � 10� 4 Weis-

skopf Units (W.u.)) that would yield a 0+ ! 3+ internal 
 -ray branching ratio of

only 0.14 ppm. A footnote of Ref. [1], however, brie
y references an alternate calcu-

lation which predicts a transition strength of 0.25 W.u. andwould yield a signi�cant
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Figure 1.6: The� -decay modes in38K displayed with their relative intensities. The
subsequent
 -ray transitions for 38Ar are also shown. All energies are listed in keV.
Adapted from Ref. [18]

branching ratio of 390 ppm when corrected for internal conversion. The latter predic-

tion would signi�cantly alter the accepted value for the38mK superallowed branching

ratio. The �rst observation of this branch is presented in Chapter 3 of this thesis,

and leads to a 16� shift in the superallowed branching ratio of38mK.
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Chapter 2

The TRIUMF-ISAC Facility and

Experimental Apparatus

2.1 The Tri-University Meson Facility (TRIUMF)

TRIUMF is situated in Vancouver, British Columbia, and is Canada's national sub-

atomic physics laboratory. The lab is centred around a 500 MeV proton (H � ) cy-

clotron (Fig. 2.1) that provides simultaneously extractedbeams with intensities of

150�A; 100�A; 60 �A , and 10�A [20]. One of the advantages of using a negatively

charged hydrogen beam is the e�cient extraction of multiplebeams once the H� ions

pass through electron stripping foils. The foils leave bare, positively charged protons

that can easily be separated and directed to one of the beam lines. These high energy

protons are able to create pions and muons at energies of up to300 MeV/c2 and

150 MeV/c2, respectively, for use in particle physics research which occurs mainly

in the main cyclotron building. A dedicated 100�A beam of protons is utilized to

provide radioactive isotopes needed to conduct nuclear science research in the ISAC

experimental facility.
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Figure 2.1: A view of the TRIUMF cyclotron interior displaying various components.

2.2 Isotope Separator and Accelerator (ISAC)

The 100 �A protons enter the ISAC building (Fig. 2.2) and bombard thicktargets

composed of layered metallic foils. Spallation reactions ensue that produce various

radioactive isotopes which then di�use to the surface of thetarget and are ionized.

In order to ionize many of the alkali metals, including potassium, a surface ionization

source is employed that uses a Re �lament which has been heated to 2400 K to

provide the proper ionization energy [21]. Once the di�usion and ionization occurs,

the positively charged ions are extracted and transported to a mass separator. Long

lived isotopes have more time to di�use and be ionized than shorter lived isotopes

and the rejection of unwanted contaminant background caused by these long lived

isotopes is therefore important. The mass separator employs a magnet that de
ects
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Figure 2.2: A schematic view of the ISAC I and II experimentalhalls outlining
the experimental apparatus, as well as displaying the mass separation and beam
transportation systems

various isotopes according to their mass-to-charge ratio,

r =
1
B

s
2m� V

q
; (2.1)

wherer is the radius of the orbit taken by a speci�c isotope with massm and charge

q, B is the applied magnetic �eld, and � V is the change in voltage between the

mass separator and the ion source (typically on the order of 30-60 kV). The mass

separation resolution is typically� 1/1000, which separates neighbouring masses, but

allows for the possibility that isobaric and molecular contaminants with the sameA=q

ratio are contained within the mass separated beam. It is important to identify the

contaminants in the radioactive beam in order to correct forthem and optimize the

beam delivery cycle for the species of interest.
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2.3 
 -ray Spectroscopy

2.3.1 Solid State 
 -ray Detection

The detection of penetrating radiation such as
 rays is di�cult due to a low interac-

tion probability within materials that are commonly used to detect other radiation.

Semi-conducting crystals have been employed for years as excellent 
 -ray detection

devices due to their unique band-gap characteristics and the size and purity with

which crystals can be grown. This section will focus mainly on the most commonly

used solid-state
 -ray detection crystal, high-purity germanium (HPGe).

In a pure semi-conducting crystal, if the thermal energy is su�cient, a transition

with the minimum band-gap energy (Eg) can occur which creates an electron-hole

pair in the crystal lattice structure. Thesee� h pairs are formed such that the con-

centrations of electrons and holes are the same. The electrons (� ) and holes (+)

move in opposite directions in the presence of an applied electric �eld. At low electric

�eld strengths, the drift velocities for electrons and holes can be expressed in terms

of the mobilities, � , and the magnitude of the applied electric �eld as [22]

vh = � h j ~E j and ve = � ej ~Ej: (2.2)

At higher j ~Ej values, the drift velocity reaches a saturation point. Since the drift

velocity determines the speed at which thee � h pairs travel through the crystal

lattice structure, the majority of detectors will apply a su�ciently high electric �eld in

order to reach the saturation point. For a typical HPGe detector, the saturation drift

velocity is on the order of 107 cm/s [22]. Therefore, the time it takes an electron or

hole to travel a typical distance in the crystal (� 1 cm) is on the order of 100 ns. When

a photon deposits energy into the detector,e-h pairs are created within� 10� 9 s along

the photon path. The charges then migrate and are integratedto yield an electronic
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Figure 2.3: The cross-sections of Germanium for photoelectric absorbtion, Compton
scattering, and pair production [22].

pulse, the magnitude of which is proportional to the energy deposited by the
 ray.

The relatively high Z of germanium (Z = 32), the large size to which crystals can be

grown, and the excellent energy resolution, make the HPGe detector ideal for 
 -ray

spectroscopy.

2.3.2 Characteristic 
 -ray Interactions in HPGe Detectors

The three main processes which contribute to the absorptionof 
 -ray energy in ger-

manium detectors are Compton scattering, pair production,and photoelectric ab-

sorption.

Compton scattering occurs when an incoming photon interacts with an atomic

electron, imparting some of its energy via a collision. Thiscollision does not transfer
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all of the photon's energy, but causes the photon to deviate from its original trajec-

tory. The scattered electron is provided with enough energythat it is liberated, thus

ionizing the atom. This process can occur many times as the photon continually loses

energy to the point when it can be photoelectrically absorbed. If the process occurs

only once or a few times, the scattered photon may exit the detector with only some

of the energy deposited, which creates a background continuum at energies below the

photopeak. This is common in most
 -ray spectra. As seen in Fig. 2.3, Compton

scattering is the dominant interaction process in HPGe for intermediate energy pho-

tons, which will be the focus of the
 -ray work presented in this thesis.

The second process occurs by way of the spontaneous creationof an electron-

positron pair, and is known as pair production. The initial energy of the incoming

photon must be greater than the combined rest mass of both particles in order for

this process to take place. Since the electron and positron both have a rest mass

of 511 keV/c2, the energy of the photon must be greater than 2� 511 = 1022 keV.

Once the spontaneous creation occurs, the positron will promptly annihilate with an

atomic electron within the detector causing the productionof two 511 keV
 -rays. If

these 
 rays escape the detector, the observed energy will be lower than the initial

photon energy by 511 keV or 1022 keV. These are known as the single and double

escape peaks, respectively. Although this interaction is possible forE 
 � 1022 keV,

it only becomes a dominant interaction process for very highenergy
 rays, as shown

in Fig. 2.3.

The third process is the photoelectric absorption of the emitted 
 ray. In this

process, the incident photon is absorbed by an atom within the detector, ejecting

a photo-electron with an energy equal to the di�erence between the photon energy

and electron binding energy. The atomic shell vacancy is then �lled which releases
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an X-ray, which is also generally absorbed in the detector. As shown in Fig. 2.3,

photoelectric absorbtion becomes dominant in HPGe for energies below� 100 keV.

2.3.3 The 8 � 
 -ray Spectrometer

The 8� spectrometer consists of 20 HPGe detectors arranged in a spherically sym-

metric truncated icosahedron geometry. The detectors are collimated and subtend

� 13 % of the available 4� solid angle [23, 24] (see Fig. 2.4). Each individual detector

is composed of a cylindrical HPGe crystal with a radius of 2.65 cm and a length of

5.0 cm within a cryogenic dewer cooled by liquid nitrogen. Surrounding the HPGe

crystals are bismuth-germinate (BGO) Compton-suppression shields which veto pho-

tons that scatter out of the crystal without depositing their full energy. The front

of these BGO shields are covered by heavy-metal (HM) collimators which absorb the

radiation from the source and prevent it from directly striking the BGOs. Between,

and in front of, the heavy-met collimators directly in front of the HPGe crystal, there

is a high-density delrin plastic which reduces the bremsstrahlung radiation produced

by the stopping of high-energy� -particles. All of these characteristics are shown in

Fig. 2.5.

2.4 Scintillating Electron Positron Tagging Array

(SCEPTAR)

The SCEPTAR array consists of twenty 1.6 mm thick plastic scintillators arranged

into four distinct rings; two rings of �ve rectangular scintillators, and two rings of

�ve trapezoidal scintillators [26]. As a result of the thin plastic, � particles with

E � > 500 keV are not stopped in the plastic and therefore SCEPTAR provides only
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Figure 2.4: (upper) One hemisphere of the 8� spectrometer containing 10 HPGe
detectors, (lower) the entire array with both hemispheres closed together.
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Figure 2.5: A schematic view of an individual 8� HPGe detector. Adapted from
Ref. [25].

deposited energy (�E) information for the detected electrons or positrons. The plas-

tic emits light which is then transmitted via � 25 cm light guides to photo-multiplier

tubes (PMTs) [Fig. 2.6(upper)].

SCEPTAR is separated into two sections, with 10 detectors arranged in an \upstream"

hemisphere and 10 in a \downstream" hemisphere, where upstream and downstream

refer to position along the beam-line axis. Although the SCEPTAR and 8� arrays

open perpendicular to each other, when both arrays are fullyclosed, each individual

SCEPTAR detector is situated directly in front of the corresponding 8� detector.

The upstream half of SCEPTAR and the east hemisphere of the 8� are shown in
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Fig. 2.6(lower).

2.5 The Complete Array Functionality

2.5.1 The 8 � Spectrometer and SCEPTAR

The data acquisition for the 8� spectrometer extracts two identical signals from the

HPGe pre-ampli�ers which are used for energy and time information, respectively.

The energy signal is �rst ampli�ed by an Ortec 572 spectroscopy ampli�er which

allows for shaping times between 1 and 6� s. The ampli�ed outputs are then dig-

itized using an Ortec AD114 14-bit analogue-to-digital converter (ADC), and the

digital value is read out to the event memory bu�er. The time signal from the second

HPGe pre-amp output is ampli�ed by a timing-�lter ampli�er ( TFA) and subse-

quently passed through an Ortec 583b constant-fraction discriminator (CFD). The

CFD outputs are sent to a LeCroy 4516 logic module for triggering and to LeCroy

3377 TDCs used for intra-event timing for
 rays. Additional 3377 TDCs are used

for time signals from the BGO Compton supression shields andfor 
 -ray event pile-

up indication. A crucial element of the DAQ system is a LeCroy2367 universal

logic module (ULM) which consists of three 32-bit latching scalars. The �rst scalar

provides an event-by-event absolute time stamp derived from counting a Stanford Re-

search Systems high-precision 10 MHz� 0:1 Hz (SRS-SC10) temperature-stabilized

oscillator. The second scaler tracks the DAQ dead-time using time information from

the same SRS-SC10 precision oscillator, but with the pulsesvetoed when the DAQ

system is dead. The third scaler counts the total number of master triggers from the

system.

35



Vacuum Chamber

Plastic Scintillators

Light Guides

Photo-multiplier Tube (PMT)

Beam Line

Figure 2.6: (upper) Diagram of one hemisphere of SCEPTAR including the light
guides and the PMTs. (lower) The upstream half of SCEPTAR enclosed by the
eastern hemisphere of the 8� array, each containing 10 detectors.
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For SCEPTAR, a signal from each of the 20 PMTs is sent to a fast Phillips Sci-

enti�c 776 pre-ampli�er that provides ampli�cation of the p ulse height by an order

of magnitude. The �rst output from the pre-ampli�er is sent t o a LeCroy 4300 fast-

encoding readout ADC (FERA) which is used for charge-to-digital conversion (QDC).

The second of the two outputs from the pre-ampli�er is sent toan Ortec 935 CFD and

is used for timing information. The CFD outputs are individually extracted and fed

into a SIS301 virtual machine environment (VME) multi-channel scaler (MCS), and

CAEN 894 discriminators which are promptly sent to multi-hit LeCroy 3377 TDCs.

As with the 
 -ray data, the SCEPTAR stream contains an independent 2367 ULM

which counts the same 10 MHz� 0:1 Hz oscillator as the
 ULM and provides a global

time stamp for all events in the SCEPTAR stream.

The strength of the experimental setup comes through the useof both detectors

simultaneously as the analysis of the data for� -decay experiments may require knowl-

edge of both data streams in combination. The access to both data streams together

allows for acquisition master trigger selections to be varied depending on the required

usage. For the work presented here, the trigger mode used wasa combination of 


singles,�
 coincidence, and scaled down� singles. In the latter trigger, a scale-down

unit was used to pass only every tenth� event in order to restrict the data throughput

of the system. The�
 -coincidence data requires that a
 event is detected within

1 � s of a� detection.

2.5.2 The Tape Transport System

For � -decay experiments, it is necessary to stop the incoming beam inside the de-

tection device in order to properly observe the decay. Alongwith the beam-line, the

target chamber [Fig. 2.6(lower)] is kept under vacuum in order to reduce interactions
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Figure 2.7: The downstream half of the target chamber displaying the mylar tape
into which the radioactive beam is deposited.

that could occur before the beam reaches the target. The target is situated at the

mutual centres of SCEPTAR and the 8� and consists of a 40� m thick mylar-backed

iron-oxide collector tape where the radioactive beam is implanted. This tape is shown

inside the open target chamber in Fig. 2.7. The tape system can be programmed such

that it is moved at regular intervals. These are known as cycles. The cycling of the

tape allows for long-lived in-beam contaminants to be movedbehind a lead wall so

that unwanted radiation is not detected.
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2.5.3 Tape Cycle Optimization for the 38mK Experiment

As mentioned in Section 2.2, contained in the beam are contaminants with the same

A=q ratio. These contaminants may have intensities many times greater than the

nucleus of interest, which means that eventually the decay being studied would be

hidden by the contaminant radiation. For the speci�c case of38mK decay (T1=2 �

1 s), the beam was actually dominated by the longer-lived ground state 38K ( T1=2 �

7:5 mins). In order to combat this, the mylar tape was cycled at predetermined

intervals in order to maximize the signal obtained from the desired decay of38mK.

The cycle consisted of 4 parts; the tape move, background acquisition, beam on, and

beam o�, at which time the cycle was repeated. By cycling the tape, the longer lived

contaminant radiation was removed from view of the detectors behind the lead wall

where it was shielded. A new section of tape was simultaneously moved into the

detectors and the beam implantation was repeated.

For 38mK, a test run was performed in August 2005 to estimate the beamintensity

expected. This was used to help determine the optimal cycle times. To calculate the

optimal times, the implantation rate R and decay rate� were used in the di�erential

decay rate (Eqn. 1.1) to calculate the number of decaysN observed after some time

t for both 38mK ( N1) and 38K ( N2). The calculation was broken down into three

intervals; background, beam-on, and beam-o�. Integratingover all three regions,

using the variables explained in Table 2.1, yields the number of decays for both38mK

and 38K as:

N1 =
�

Texp

t total

� �
R1ton �

R1

� 1
(1 � e� � 1 ton )e� � 1 tof f

�
; (2.3)

and

N2 =
�

Texp

t total

� �
R2ton �

R2

� 2
(1 � e� � 2 ton )e� � 2 tof f

�
; (2.4)
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Table 2.1: De�nition of parameters used in tape cycle optimization calculations.

Parameter and Units Description
R1 (ions/s) The 38mK ion implantation rate
R2 (ions/s) The contaminant 38K ion implantation rate

� 1 (s� 1) The 38mK radioactive decay constant
� 2 (s� 1) The contaminant 38K radioactive decay constant
tback (s) The amount of time for background counting

at the start of each cycle
ton (s) The amount of time the beam is implanted

onto the tape for each cycle
tof f (s) The amount of time after implantation during which the

decay is observed before the end of the cycle
t total (s) The sum of background counting, beam

on, and beam o� times
Texp (s) The total length of the experiment,

such that the total number of cycles completed
is Ncycles = Texp

t total

respectively. The value to be optimized wasS=
p

background / N1=
p

N2, where

the signal S was proportional to the number of38mK decays observed (N1), and

the background proportional to the number of38K decays observed (N2). The abil-

ity to observe weak transitions in38mK is dominated by the statistical 
uctuations

in the surrounding background, which is why the value to be optimized scales as

1=
p

background. The optimization parameter is therefore:

S =
N1p
N2

= R1

r
Texp

R2t total

"
ton � � � 1

1 (1 � e� � 1 ton )e� � 1 tof f

p
ton � � � 1

2 (1 � e� � 2 ton )e� � 2 tof f

#

: (2.5)

As tback goes to zero, the above equation yields higher values ofS. However, in

order to determine the background level, a background measurement is necessary.

Fig. 2.8 displays solutions of Eqn. 2.5 for variouston and tof f times, assuming 1.0 s of

background counting. The optimalton value is determined assuming a decay count-

ing time of 1.0 s (approximately 1 half-life of38mK), which is required for a precise

determination of the 38mK/ 38K ratio. Assuming these values fortback and tof f , the
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Figure 2.8: Optimized solution of Eqn. 2.5 as a function of the beam-on timeton

using a �xed background time of 1.0 s.

optimal implantation time was determined to be 3.5 s. These values were therefore

used in the tape cycle program for the duration of the experiment. The adopted cycle

therefore consisted of; i) 0.6 s to move the tape, ii) 1.0 s of background counting, iii)

3.5 s of counting with the beam on, and iv) 1.0 s of counting with the beam o�, for

a total of 6.1 s.
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Chapter 3

38mK M3 Internal 
 -ray Decay

The internal 
 -ray transition between the isomer and the ground state in38K occurs

independently of the superallowed� -decay branch. The search for this transition

relies on selecting
 events which are not in coincidence with� particles. Thus,

in order to properly characterize the transition, both the SCEPTAR and 8� data

streams were analyzed simultaneously.

3.1 � Activity

3.1.1 Data Selection

As described in Section 2.5.2, data were recorded in a large number (� 60000) of

cycles, each of duration� 6 s. For a given cycle, there was a chance that the beam

would decrease in intensity or even trip o� during the implantation phase. There

were two main cases which needed to be considered; 1) the beamwas o� when the

implantation phase began, and then turned on in mid cycle, and 2) during the im-

plantation phase the beam was terminated early. The �rst case appears as though
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Figure 3.1: Total � counts as a function of cycle for run 10432. All cycles with a total
number of events below the critical threshold are discardedfrom the analysis.

the background acquisition was longer than anticipated andtherefore the number

of ions implanted was lower than expected. The premature termination of the ion

implantation in the second case appears as though the decay counting began early,

and again the number of implanted ions was lower than expected. In either case, the

total number of � counts is lower than normal for an average cycle. Therefore we

apply the constraint that the number of decays observed in a cycle must be above a

critical threshold for that cycle to be included in the analysis. The critical threshold

is determined on a run-by-run basis, where each cycle in thatrun must pass the� -

threshold criteria. An example is shown in Fig. 3.1. The threshold values, as well as

the accepted cycles for each run, are given in Appendix A.

Before the analysis can proceed, the data must be preselected so that random
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Figure 3.2: Random event suppression using gates placed on the SCEPTAR TDC
data. Events within the gates were included in the analysis.

coincidences and noise are removed. For SCEPTAR list-mode data, time gates were

placed on the TDC data to include only those events with prompt timing relative to

the master trigger, as shown in Fig. 3.2. This acceptance condition vetoes random

events. A similar procedure was used to veto low-energy noise signals based on ener-

gies from the SCEPTAR ADCs. Shown in Fig. 3.3 are the raw ADC energy, the good

SCEPTAR ADC and TDC events, and the �nal accepted ADC events after gating.

The data acquired from SCEPTAR represent the detection of positrons from the

decay of radioactive ions which were implanted on the tape, according to the opti-

mized cycle times outlined in Chapter 2. Each cycle consisted of �ve main stages.

The �rst stage (t < 0:2 s) was the tape move which caused the remaining ions on

the tape from the previous cycle to be removed from the centreof the array. The
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second stage (0:2 s� t < 1:0 s) is an extension of the �rst where the beam spot was

completely moved outside the array. There is often noise associated with this stage.

The third stage (1:0 s� t < 1:6 s) was used to acquire a sample of the background

activity. The fourth stage (1:6 s� t < 5:1 s) was the deposition of the in-beam ions

to the tape. The �fth and �nal stage (5 :1 s� t < 6:1 s) was the decay acquisition for

the radioactive ions on the tape. The cycle was then repeated.

Displayed in Fig. 3.4 is the summed� activity from all good cycles as a function of

time deduced from the SCEPTAR ULM clock. The data used to create the �nal activ-

ity curve includes all � particles detected. This is a sum of both good� -singles events

(multiplied by 10 due to the scale down factor) and good�
 -coincidence events. In
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Figure 3.4: The SCEPTAR ULM clock time spectrum for all good� events. See text
for details.

order to determine the38mK branching ratio, the sum of all detected38mK positrons

through the course of the experiment was determined. The spectrum shown in Fig. 3.4

can be separated into individual regions to determine the proper areas which need to

be summed.

The regions which are associated with the moving tape (t < 1:0 s) are not in-

cluded in the analysis. Although background events are not included in the sum,

the background region was used in the �t to properly account for events that are

not coming from the in-beam ions. The implantation and decayregions are where

the summation occurs. However, there was also the38K ground state, in addition to

38mK, that needed to be accounted for.
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Table 3.1: De�nition of variable names for activity integration and the converged
values for the �t to the summed activity data over all 59381 good cycles.

Parameter Description of Parameter Parameter Fit Value
B The background rate 1:448507(6)� 107 counts/s

RK
38K rate 1:685(2)� 1010 counts/s

Rm K
38m K rate 6:8771(7)� 108 counts/s

ton Time beam turned on 1.59901(3) s
tb Length of time beam was on 3.5048(1) s

3.1.2 Numerical Fit to the � Activity

Accounting for the 38K in-beam contaminant, a maximum-likelihood �t to the data

shown in Fig. 3.4 was performed by integrating the activities over each time bin,

yf it =
Z t i +1

t i

A(t)dt: (3.1)

Using the nomenclature outlined in Table. 3.1, the activities for each region were:

1:25 s� t < 1:6 s

A(t) = B; (3.2)

1:6 s� t < 5:1 s

A(t) = B + RK [1 � e� � K (t � ton ) ] + Rm K [1 � e� � m K (t � ton ) ]; (3.3)

and 5:1 s� t < 6:1 s

A(t) = B + RK (1 � e� � K tb)e� � K [t � (tb+ ton )]

+ Rm K (1 � e� � m K tb)e� � m K [t � (tb+ ton )] : (3.4)

where � K and � m K are the decay constants for38K and 38mK and were �xed in

the �ts based on their known half-lives of 7.636(18) min [18]and 0.92433(27) s [8],

respectively. The free parameters used in the �t are shown inTable 3.1.
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Maximum-Likelihood � 2 Fitting Technique

The data to be �t follows a Poisson probability distribution, and as such must be

interpreted using an application of maximum-likelihood for Poisson statistics. The

likelihood function L for Poisson statistics is de�ned as [27]

L =
NY

i =1

PP (ni ; � ); (3.5)

where PP (ni ; � ) is the probability of obtaining a measurementni for a mean of� ,

and for Poisson statistics it is given by

PP (ni ; � ) =
� n i e� �

ni !
: (3.6)

Using the above expression for the Poisson probability in Eqn. 3.5 and taking the

natural logarithm, one obtains:

`n(L ) = `n

 

�
P N

i =1 n i e�
P N

i =1 �
NY

i =1

1
ni !

!

=
NX

i =1

[ni `n(� ) � � � `n(ni !)]: (3.7)

To deal with the natural logarithm of ni !, Sterling's approximation [28] is invoked

which then simpli�es Eqn. 3.7 to

`n(L ) =
NX

i =1

[ni `n(� 0) � � 0 � ni `n(ni ) + ni � f (ni )]

= �
NX

i =1

�
� 0 � ni + ni `n

�
ni

� !

�
+ f (ni )

�

= �
NX

i =1

f (ni ) �
NX

i =1

�
� 0+ ni + ni `n

�
ni

� 0!

��

� A �
1
2

� 2
ml (�

0): (3.8)

where � 0 is the parameter that is actually used in the �t, f (ni ) is the function of ni

required to make Sterling's approximation exact, andA is a constant independent of
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Table 3.2: Terminology Used in the E�ective Dead-Time Equation (Eqn. 3.10)
Variable Used Description of Variable

< T d > = 20:95 � s the average measured dead time for SCEPTAR
(per event).

s:f: = 10 the � singles scale down factor.
N (sclockS) the area under the SCEPTAR clock curve

for good� singles events
between channels 1.6s and 6.09s.

N (sclockGS) the area under the SCEPTAR clock curve
for good�
 coincident events

between channels 1.6s and 6.09s.

the �t parameter � 0. This expression for the Poisson maximum-likelihood� 2 statistic

can be generalized to the case of non-integer data pointsyi and the �t function yf it

given in Eqn. 3.1. The maximum-likelihood� 2 for Poisson statistics then becomes:

� 2
ml = 2

NX

i =1

yf it � yi + yi `n
yi

yf it
: (3.9)

Dead-Time Correction

The �tting function yf it does not yet account for the time during which the system is

busy processing a previous event, and therefore cannot detect any incoming positrons.

This is known as thedead time. To determine the e�ective SCEPTAR dead time for

�tting the summed activity curve, we de�ne:

Tef f =
[< T d > � N (sclockS)] + [ < T d > � N (sclockGS)]

[N (sclockS) � (s:f: )] + [ N (sclockGS)]
; (3.10)

where the terminology used in this equation is explained in Table 3.2. It should also

be noted that the e�ective dead time deduced (2.48�s ) is much less than the actual

average measured dead time of SCEPTAR (20.95�s ) per event because of the scale-

down factor of 10 for the� -singles events. Combining the e�ective dead time,Tef f ,

and the total number of good cycles throughout the experiment, Ncyc = 59381, the

dead time (� ) used to �t the summed activity curve was:
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� =
Tef f

Ncyc
: (3.11)

The function used to �t the data was then,

y0
f it =

yf it

1 + yf it �
tbin

; (3.12)

where tbin represents the 10 ms time bins of the histogram in Fig. 3.4 andwe note

that the largest dead-time correction wasyf it �
tbin

= 2:7% at the peak of the activity

curve.

The �nal �t is displayed in Fig. 3.5 and yields a total number of detected� particles

for all good cycles during the experiment of 1:96(1) � 109. This value includes an

uncertainty associated with the uncertainty in the e�ective dead-time correction term,

estimated very conservatively asTef f = 2:5(10) � s.
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3.2 The 8 � 
 -ray Data Analysis

3.2.1 
 -ray Data Selection and Gain Matching

The software acceptance in the
 data requires constraints which are similar to those

previously outlined in Section 3.1.1. The germanium TDC data acceptance window

is displayed in Fig. 3.6, and requires the HPGe detector to �re in prompt coincidence

with the master trigger to be included in the analysis. Gateswere also placed on the

BGO suppressor times delivered from the BGO TDC. The BGO shields veto events in

which 
 rays scatter out of the HPGe crystals without depositing their entire energy.

The time spectra from the BGO shields thus include a coincidence time peak with

the corresponding HPGe detector representing the Compton scattered photons which

are to be vetoed by the suppression (Fig. 3.6).

Events in the HPGe data which overlap with a previous (or later) event are 
agged

as pile-up events. In this analysis, all events 
agged as pile-up events were vetoed.

The gains of the 20 HPGe detectors of the 8� were originally matched using the

898 keV and 1836 keV
 rays from an88Y source. During the course of the experiment,

however, the gain and o�set for each HPGe detector can drift due to external factors

such as temperature 
uctuations in the experimental hall. The shifting gains cause

the peaks in the spectrum to move from one detector to the next, and in some cases

the shift was su�cient to reduce the overall energy resolution. On a run-by-run basis,

internal gain matching was therefore conducted for the
 -ray energies using the linear

expression;

E 
 = gi x + bi ; (3.13)

wheregi is the gain of thei th detector, x is the ADC channel, andbi is the o�set of

the i th detector. Individual detectors for every run were aligned using the 2167 keV
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Figure 3.6: The acceptance windows placed on the TDC data forthe (upper) HPGe
data and (lower) the BGO suppression shields.
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Figure 3.7: The (upper) raw and (lower) gain-matched HPGe ADC 
 -ray energy
spectrum for a typical run.
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Figure 3.8: The�
 -coincidence time gates on the spectrum of�
 -coincidence time-
stamp di�erences.

peak from38K ground-state � decay, and the 511 keV photopeak. An example of the

raw ADC HPGe spectrum for an individual run is displayed on Fig. 3.7(upper), while

the �nal gain-matched 
 -ray spectrum is displayed below it.

3.2.2 Selection of �
 -Coincidence Events

In addition to the individual � and 
 time gates and energy thresholds discussed in

Section 3.1.1 and 3.2.1,�
 coincidences were de�ned by comparing the ULM time

stamps from the� and 
 data streams. Fig. 3.8 shows the coincidence peaks which

result from taking the di�erence of time stamps for� and 
 events. The central peak

in Fig. 3.8 is centred around 6� s since there is a 6� s o�set between the� and 
 ULM

clocks. The peaks to the left and right of this coincidence peak result from bit sticking
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Figure 3.9: The HPGe 
 -ray energy spectrum for Compton suppressed,�
 -
coincidence, and�
 -coincidence + bremsstrahlung suppressed events.

in the DAQ. These peaks were gated on, and the events within were determined to

be true coincidence events based on the resulting
 -ray spectrum. The events in the

true coincidence peaks were accepted to construct the�
 -coincidence
 -ray energy

spectrum shown in Fig. 3.9.

In the �rst 16 runs of the experiment, a faulty CAMAC power supply resulted

in � 50% of the�
 -coincidence events appearing in the data stream not containing

the � list-mode data. Due to this lost� information, it was necessary to reconstruct

some of the�
 -coincidence events during this period using the trigger pattern. By

incrementing the�
 -coincidence spectrum with the events that had only
 -ray infor-

mation but came with a �
 -coincidence trigger pattern, the lost coincidence events

could be recovered. An example of this recovery which shows the suppression of the
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Figure 3.10: Enlargement of the 1460 keV region which displays the suppression of the
40K background line for both the full �
 -coincidence events as well as the recovered
�
 -coincidence events in which the� information was not recorded.

1460 keV40K background line is displayed in Fig. 3.10.

The geometry of SCEPTAR is such that each plastic detector issituated directly

in front of a corresponding 8� HPGe detector. When a� particle passes through

SCEPTAR, it loses energy and therefore (as all charged particles do) emits radiation.

This is referred to as bremsstrahlung radiation and can be detected by the HPGe


 -ray detectors as a continuous background of photons. Therefore, a �nal selection

was applied to the
 -ray data which attempts to suppress this bremsstrahlung back-

ground. If the � and 
 events were detected by the same detector (eg. HPGe1 and

SCEPTAR1), the event was not included in the analysis because the detected
 ray

was most likely bremsstrahlung. The energy spectrum for the�nal bremsstrahlung
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Figure 3.11: The�
 
 -ray energy spectrum.

suppressed�
 -coincidence data is shown in Fig. 3.9, where the bremsstrahlung back-

ground suppression can be seen.

For the analysis of the M3 internal
 -ray transition, an anti-coincidence gate must

be applied in order to observe the
 rays which are emitted without a preceding�

decay. The �
 spectrum is shown in Fig. 3.11. Although the� anti-coincidence

is not 100% e�cient because of the� -detection e�ciency (see Section 3.3.1), room

background lines (which are not associated with the� decays inside SCEPTAR) are

strongly enhanced in this spectrum. It also reveals a clear peak at 671 keV from the

internal 
 decay of a weak38mCl contaminant in the beam.
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Table 3.3: Information on the sources used in the
 -ray e�ciency calibration.
Source Additional Information

60Co Amersham Source
A = 47300(900) Bq on March 27, 2006

56Co TRIUMF Source
133Ba Amersham Source

A = 1.36(7)� 105 Bq on March 28, 2006
152Eu TRIUMF Source
137Cs Amersham Source

A = 3.0(1)� 105 Bq on April 2, 2006

3.3 
 -ray and � Detection E�ciency Calibration

The 8� spectrometer has a �nite detection e�ciency. In order to determine this ef-

�ciency as a function of 
 -ray energy, � 
 (E 
 ), radioactive calibration sources were

placed inside the array after the38mK experiment was complete.

The sources used for the e�ciency calibration are displayedin Table 3.3. A rel-

ative e�ciency curve was �rst created using 56Co, 133Ba, and 152Eu sources. As an

example of a typical
 -ray source calibration spectrum, the152Eu spectrum is shown

in Fig. 3.12. The transition energies and relative intensities for each source are given

in Table 3.4. The56Co and 133Ba peak intensities were scaled to the152Eu curve with

scale factors of 5.587 and 0.8579, respectively, based on their regions of overlapping


 -ray energies. The resulting relative e�ciency curve is shown in Fig. 3.12(lower).

The relative curve in Fig. 3.12(lower) was then scaled to an absolute calibration

using the calibrated radioactive sources of60Co, 133Ba, and 137Cs which have relative

activity uncertainties of 1.9%, 5.1%, and 3.7%, respectively. The scale factors for each

photopeak for each source, as well as the average scale factor is shown in Table 3.5.

Using the weighted average scale factor, the relative e�ciencies were scaled to obtain

the absolute e�ciency curve shown in Fig. 3.13.
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Figure 3.12: The (upper) typical 
 -ray calibration source spectrum for152Eu and
(lower) total relative e�ciency curve for 56Co, 133Ba, and 152Eu.
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Table 3.4: Peak energies and relative intensities for the data points used from the
152Eu, 56Co, and 133Ba sources [29].

Source Energy Relative Source Energy Relative
(keV) Intensity (keV) Intensity

152Eu 121.783(2) 13620(160) 56Co 846.772(8) 100000(100)
244.692(2) 3590(60) 1073.840(6) 14000(100)
295.939(8) 211(5) 1175.102(6) 2280(20)
344.276(4) 12750(90) 1238.282(7) 67600(400)
367.789(5) 405(8) 1360.215(12) 4330(40)
411.115(5) 1070(10) 1771.351(16) 115700(150)
443.976(5) 1480(20) 2015.181(16) 3080(30)
564.021(8) 236(5) 2034.755(15) 7890(70)
586.294(6) 220(5) 2598.458(13) 16900(150)
678.578(3) 221(4) 3201.962(16) 3040(30)
688.678(6) 400(8) 3253.416(15) 7410(65)
778.903(6) 6190(80) 3272.990(15) 1750(20)
867.388(8) 1990(40) 3451.152(17) 875(10)
964.131(9) 6920(90) 133Ba 80.999(4) 5120(40)

1089.700(15) 820(10) 160.609(25) 105(3)
1112.116(17) 6490(90) 223.116(35) 71(2)
1212.950(12) 670(8) 276.404(7) 1130(20)
1299.124(12) 780(10) 302.858(5) 2920(30)
1408.011(14) 10000(30) 356.014(9) 10000(30)

383.859(9) 1450(20)

The e�ciency response for the HPGe array is highly nonlinear, and therefore re-

quires a polynomial treatment to interpolate the curve to obtain � 
 as a function of


 -ray energy. The scaled e�ciency points from the radioactive sources were �t with

the expression:

`n(� ) = C0 + C1x + C2x2 + C3x3 + C4x4 + C5x5; (3.14)

where x = `n(E), and E is in MeV. The Cn values returned in the �t are shown in

Table 3.6. Using this expression, the e�ciency atE 
 = 130 keV was determined as

� 
 (130 keV) = 0:74(9) %. This value is somewhat lower than optimal due to the high

CFD settings for a number of the HPGe detectors which led to a loss of e�ciency for

low energies.
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Table 3.5: The calibrated source scale factors for each photopeak energy.
Source Energy (keV) Scale Factor Average Scale Factor

60Co 1332 1.360(26)� 10� 3

1173 1.403(27)� 10� 3 1.381(26)� 10� 3

137Cs 662 1.357(53)� 10� 3 1.357(53)� 10� 3

133Ba 81 1.404(67)� 10� 3

161 1.371(66)� 10� 3

223 1.415(68)� 10� 3

276 1.442(69)� 10� 3

302 1.452(70)� 10� 3

356 1.457(70)� 10� 3

384 1.448(70)� 10� 3 1.427(70)� 10� 3

Average 1.381(24)� 10� 3

Table 3.6: Relative e�ciency �t parameters in Eqn. 3.14 and their uncertainties.
Parameter Returned Fit Value Uncertainty

C0 6.5446 0.0013
C1 -0.6473 0.0060
C2 -0.0863 0.0068
C3 0.0680 0.0052
C4 -0.0338 0.0050
C5 0.0017 0.0018

There were also lost events which resulted from a faulty CAMAC power supply

on the crate for 
 -ray ADC's 10-19. This caused� 20 % of the
 events for those

detectors to be lost (no energies), making� 10 % in total. This loss of events can

be seen in Fig. 3.14. It was con�rmed that the fractional lossof events remained

constant throughout the experiment and the e�ciency calibration, and therefore,

no corrections were applied. The e�ect was simply a reduction in the overall 
 -ray

e�ciency in this experiment by � 10%.

3.3.1 SCEPTAR E�ciency

In order to properly quantify the number of positrons emitted from 38mK decay, the

total number of detected� + particles, 1:96(1)� 109, must be scaled by the� -detection
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Figure 3.13: The absolute
 -ray e�ciency response of the 8� array for this experiment.

e�ciency, � � . The SCEPTAR e�ciency was determined experimentally by comparing


 -ray energy spectra for�
 -coincidence and
 -singles data. In Section 1.4, the decay

scheme for the38K ground state shows that the branch to the 1st excited 2+ state

in 38Ar, which promptly emits a 
 ray with an energy of 2167 keV, is populated in

99:9 % of decays. By gating on the 2167 keV photopeak in both the�
 -coincidence

and 
 -singles spectra, subtracting the background, and projecting the event time

information, it was possible to construct the activity curves for these 2167 keV


decays, as shown in Fig. 3.15. Because38K is present in the beam, a similar treatment

of the data as outlined in Section 3.1.2 was used to obtain thearea under the decay

curves for both cases.

As the 2167-keV transition is fed almost exclusively by38K decay (the 38mK non-

analogue� -decay branch discussed in Chapter 4 being negligible for this application),
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the �t to these data sets required an alteration to the equations used. Due to the

background subtraction used to obtain these data sets, theyare no longer Poisson

distributed and thus the �t used was a standard Gaussian� 2 statistic.

Instead of the previous activity equations which account for 2 decays (signal and

contaminant), the following equations used in the �t included only one decaying

isotope. For each region the activities were:

1:25 s� t < 1:6 s

A = B; (3.15)

63



1 2 3 4 5 6
Time (s)

0

2000

4000

6000

8000

C
ou

nt
s/

10
 m

s

Total Data
Total Background
Total Fit Curve
bg Coincident Data
bg Coincident Background
bg Coincident Fit Curve

1 2 3 4 5 6
Time (s)

0

50

100

150

C
ou

nt
s/

10
0 

m
s

Total Data
Total Background
Total Fit Curve
bg Coincident Data
bg Coincident Background
bg Coincident Fit Curve
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E
 = 2167 keV and (lower) E
 = 3937 keV.
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1:6 s� t < 5:1 s

A = B + RK [1 � e� � K (t � ton ) ]; (3.16)

and 5:1 s� t < 6:1 s

A = B + RK (1 � e� � K tb)e� � K [t � (tb+ ton )] : (3.17)

Using these expressions for the activities with Eqn. 3.1, the �t to these data is dis-

played in Fig. 3.15(upper) and yielded areas under the curves for the �
 -coincidence

and 
 -singles data of 1:330(2)� 106 and 1:591(2)� 106, respectively. By taking the ra-

tio of these areas, the SCEPTAR e�ciency forQ� + = 2724 keV was determined to be

83.6(2) %, where the uncertainty quoted is statistical. Theexperimental uncertainty

was further investigated by �nding the di�erence between the e�ciencies for the runs

before and after the SCEPTAR power supply replacement. Prior to the replacement

(including the recovered events)� � (Q� + = 2724) = 85:2(5) % was measured, whereas

after the replacement� � (Q� + = 2724) = 83:1(2) % was obtained. The di�erence

between the two central values is 2.1 %, and this was taken as the uncertainty for

this measurement. Therefore, the value� � (Q� + = 2724) = 83:6(21) % was adopted.

As the thin SCEPTAR detectors transmit � particles with energies above� 500 keV,

and trigger on � energies well below 100 keV, the e�ciency of SCEPTAR becomes

constant for � -decayQ values aboveQ� + � 2 MeV [30]. At lower � Q-values a larger

fraction of the � particles fall below the detection threshold and the� e�ciency be-

comesQ-value dependent. To determine this dependence, the case ofthe � decay

of 38K to the 3937 keV excited state in38Ar was analyzed with the same procedure

outlined above. The data and �t are displayed in Fig. 3.15(lower). The �tted areas

under the �
 -coincidence and
 -singles curves were found to be 1350(90) and 950(40),

giving � � (Q� + = 954) = 70(6) %.
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Figure 3.16: The photopeaks in the�
 coincidence and bremsstrahlung suppressed
spectra for the (left) 2167 keV and (right) 3937 keV
 rays.

In addition to the experimental extraction of the SCEPTAR e� ciency, the areas

obtained from the �ts conducted were also used to determine the 38K � -decay branch-

ing ratio to the 3937 keV level in38Ar. As previously mentioned, the38K ground state

� decay to the 2167 keV level in38Ar occurs � 99:9 % of the time. Therefore, the

branching ratio to the 3937 keV level can be determined using

B(3937) = B(2167)
A(3937)
A(2167)

� 
 (2167)
� 
 (3937)

� � (Q� + = 2724)
� � (Q� + = 954)

; (3.18)

whereA(3937) andA(2167) are the area under the respective photopeaks for the�


coincidence and bremsstrahlung suppressed spectrum. The photopeaks are displayed

in Fig. 3.16. The
 -ray e�ciencies for 2167 keV and 3937 keV were determined using

Eqn. 3.14 and yielded� 
 (2167) = 0:564(10) % and� 
 (3937) = 0:359(12) %. With

the tabulated 38K 2167-keV � -decay branching ratioB(2167) = 99:858(13) %, the

branching ratio to the 3937 keV level was determined to beB(3937) = 1:34(14)� 10� 3.

We note that this is in agreement with the previously quoted branching ratio to the

3937 keV level of 1:42(11)� 10� 3 [18].
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Figure 3.17: The low energy region of Fig. 3.11 with the�
 -coincidence spectrum
overlaid for comparison. The photopeak energies and their �tted channels are listed
in Table 3.7.

3.4 Observation of the 130 keV Internal 
 ray

In the low energy section of the�
 
 -ray energy spectrum displayed in Fig. 3.17, a

photopeak at 130 keV is clearly observed. This transition corresponds to the internal


 decay between the isomer and ground state in38K.

Through the measurement of well known photopeaks from the low energy region

of the �
 energy spectrum (Fig. 3.17), a precise energy calibration around 130 keV

was determined. The �tted channel values for these peaks as well as their accepted

energies are displayed in Table 3.7. The di�erence between the accepted energies

and the �tted channel values are shown in Fig. 3.18. The threelowest energy peaks
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Figure 3.18: The di�erence between the accepted energies and �tted channels for four
well known low energy transitions displayed in Table. 3.7.

in Table 3.7 were not included in the energy calibration due to the strongly energy-

dependent background at low energies in the spectrum which may skew the peak

centroids. The data included in Fig. 3.18 show consistency with zero di�erence be-

tween the tabulated energies and �tted channels with a scatter of � 0:2 keV. Therefore,

the energy calibration o�set for the 130 keV region was determined as 0:0(2) keV.

A �t to the area of the 130-keV photopeak in Fig. 3.19 was conducted where the

peak width, background level and slope were kept constant while the centroid and

peak height were free to vary. The number of channels included was altered from �t to

�t to check for consistency. The energy and area range returned from the �t was be-

tween 130.08(4) keV (area = 4107(162)) and 130.13(5) keV (area = 4095(166)). Thus,

using the energy calibration discussed above, the adopted peak energy is 130.1(2) keV,
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Table 3.7: Low energy peaks in Fig. 3.17 used for energy calibration around 130 keV.
Accepted Energy (keV) Fit Value (channel) Di�erence Originof Photo-peak

58.83 58.42� 0.13 0.41 W K(� ) x-ray
67.58 67.02� 0.14 0.56 W K(� ) x-ray
92.58 92.19� 0.13 0.41 Decay of234Th
139.69 139.75� 0.03 -0.06 74Ge Neutron Capture
185.715 185.67� 0.10 0.045 235U Decay
197.143 19F(n,n' 
 ) and

and 198.367 198.112� 0.019 0.255 70Ge Neutron Capture
238.62 238.72� 0.09 -0.10 212Pb Decay

which is in agreement with the accepted value of 130.4(3) keV[31]. Using the area

range from the �ts outlined above, the adopted peak area was taken as 4100(164)

counts.

Although the photopeak is observed with the correct energy,it is necessary to

conclusively demonstrate that this is truly the internal 
 decay of38mK. By placing

an energy gate on the 130-keV peak, background subtracting,and using the time

information from these events, an activity curve was constructed. The peak and its

gates, as well as the resulting background subtracted activity curve are displayed in

Fig. 3.19.

With the time-stamped event information for those
 rays in the 130-keV pho-

topeak, a �t to the activity curve was conducted. The �tting f unction used to de-

scribe these data employed the same expressions for the activities in each region

outlined previously, but for only one isotope due to the background subtraction. As

the background subtracted data are no longer Poisson distributed, the usual Gaus-

sian de�nition of � 2 with uncertainties appropriate for the subtracted data were

used. In order to properly determine whether these events truly are from the in-

ternal 38mK 
 decay, the half life parameter was free to vary in the �t. The �t

yielded a value oft1=2 = 1:01(15) s, which is in excellent agreement with the accepted
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 decay and (lower) the
background subtracted activity curve for those events.
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t1=2 = 0:92433(27) s [8] for38mK. The data and �t are shown in Fig. 3.19(lower). This

�t veri�es that the observed peak does indeed result from the38mK 
 decay.

As a �nal con�rmation of the activity projection and �tting t echnique used for

38mK, a similar procedure was conducted using the 671-keV photopeak from a small

38mCl contaminant in the A = 38 beam. The observed
 ray and its �tted activity

curve are displayed in Fig. 3.20. The �t yielded a half life for 38mCl of 689(25) ms, in

good agreement with the tabulated value oft1=2 = 715(3) ms [31]. This result serves

as an additional con�rmation for the discovery of the 130 keVM3 transition in 38mK.

All other peaks in the �
 -coincidence spectrum were found to have activity curves

that were constant in time, as expected for room background.

To obtain a �nal value for the 38mK 130-keV 
 branching ratio, we assume that

the � -detection e�ciency for Q� + = 2724 keV (38K! 38Ar(2+
1 )) and Q� + = 5021 keV

(38mK! 38Ar(0+
gs)) are the same, as supported by simulations of the response of

the thin SCEPTAR detectors [30]. Using the values;N � (38mK) = 1 :96(1) � 109,

� � (Q� + = 5021 keV) = 84(2) %, N 
 (130 keV) = 4100(164),� 
 (130 keV) = 0:74(9) %,

� = 0:392(6) [17], andPEC = 0:085% [3] as outlined in Section 3.4.1, the 130-keV

internal 
 -ray branching ratio is determined as:

B 
 (130 keV) =
N 
 (130 keV)
� 
 (130 keV)

�
�

N � (38mK)(1 + PEC )
� � (Q� + = 5021 keV)

+
N 
 (130 keV)(1 + � )

� 
 (130 keV)

� � 1

= 0:0237(31) %: (3.19)

3.4.1 Correction for Internal Conversion

As mentioned in Section 1.3.3, for a transition between initial and �nal nuclear states,

the total decay constant� is a sum of the
 and internal conversion decay constants.

In this speci�c case, for a 130-keV M3 transition in38K ( Z = 19), the internal

conversion coe�cient is calculated as� = 0:392(6) [17]. Using the branching ratio
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determined in the above section, along with� , in Eqn. 1.51, a �nal internal conversion

corrected branching ratio for the M3 internal transition of0.0330(43) % results.

For an M3 decay, the transition strength can be determined using Eqn. 1.46. From

Ref. [32] it is rewritten as:

B(M3) =
6:659� 1019B total (130 keV)

E 7

 A4=3t1=2(1 + � )

� 2
N fm4 (3.20)

= 44(6) � 2
N fm4:

= 0:21(3) W:u:

The 130-keV M3 internal 
 -ray branching ratio presented in this chapter repre-

sents the �rst observation of this transition. The 330(43) ppm branch and B(M3) =

44(6) � 2
N fm4 are much larger than the theoretical predictions in Ref. [19], but are

however in excellent agreement with the prediction mentioned in the footnote of

Ref. [1]. This measurement reduces the superallowed� -decay branching ratio of

38mK to 99:9670(43) %, which is 16� lower than the previously accepted value of

100+0
� 0:002 %. As will be seen in Chapter 5, this observation has very signi�cant con-

sequences for the38mK superallowedf t value.
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Chapter 4

Search for a Non-Analogue

� -Decay Branch of 38mK

As mentioned in Section 1.4, there is a possible non-analogue 0+ ! 0+ Fermi � -decay

branch of38mK. This � decay is followed by a
 -ray transition between the 1st excited

0+ state and 2+ state in the daughter38Ar, with a characteristic energy of 1210 keV

(Fig. 1.6). The only previous search for this non-analogue Fermi branch yielded an

upper limit of 19 ppm at the 1� level [9].

In the search for this previously unidenti�ed � branch, the data selection win-

dows for both the SCEPTAR and 8� remained the same as previously outlined in

Sections 3.1.1 and 3.2.1. However, since the characteristic 1210 keV
 ray is emit-

ted following a positron decay, the�
 -coincidence and bremsstrahlung suppressed

spectrum was used rather than the�
 -coincidence spectrum.
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4.1 The Non-Analogue � -Decay Branching Ratio

The branching ratio, as de�ned in Eqn. 1.5, is the fraction ofdecays via the mode of

interest divided by the total number of decays. In this speci�c case, the non-analogue

� -decay branching ratio is given by:

B =
�

N 
 (1210 keV)
� 
 (1210 keV)� � (38mK ! 0+

2 )

�

�
�

N � (38mK )(1 + PEC )
� � (38mK ! 0+

g:s:)
+

N 
 (130 keV)(1 + � )
� 
 (130 keV)

� � 1

; (4.1)

whereN 
 (1210 keV) is the total number of detected
 rays from the 0+
2 ! 2+ tran-

sition in 38Ar observed in coincidence with a positron. The total numberof detected

positrons N � for 38mK decay was determined in Section 3.1.2 to be 1:96(1) � 109. In

this analysis, we must consider the possibility that the� -detection e�ciency for the

decay to the �rst excited 0+ state � � (38mK ! 0+ ) is not equal to the � -detection e�-

ciency� � (Q� + = 5021 keV) = 84(2) % for the decay to the ground state. However, for

the non-analogue branchQ� + = 1644 keV. For the thin SCEPTAR scintillators, sim-

ulations indicate that the e�ciency response has e�ectively saturated by this Q value

and we make the assumption that the e�ciency� � (Q� + = 5021 keV) = � � (Q� + =

1644 keV) = 84(2) %. We expect any uncertainty in this� e�ciency ratio to be

entirely negligible compared to the uncertainty inN 
 (1210 keV).

4.2 Analysis of the 1210-keV 
 -ray Data

The 38mK non-analogue� -decay branching ratio is theoretically predicted to be only

6 ppm [4]. In order to provide the best sensitivity to such a weak branch, the gain cali-

bration was redone for every detector through every run using the 1460 keV40K back-

ground line and the 2167 keV
 ray which follows 99:9 % of 38K � decays (Fig. 1.6).
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Figure 4.1: The gain-matched energy spectra forE 
 = 1000 keV to E 
 = 1500 keV.

By using these transitions to re-align the gains for every run, the best possible en-

ergy resolution and gain calibration in the region of interest (E 
 = 1210 keV) was

achieved.

4.2.1 Fit to the 1210 keV 
 -ray Photopeak

The gain-matched 
 -ray spectra in the region around 1210 keV are displayed in

Fig. 4.1. Note the suppression of the room background peaks from the �
 -coincidence

requirement and the general background suppression by the bremsstrahlung veto.

Viewing the 1210 keV area, there is no photopeak discernableamongst the statistical


uctuations in the background. Thus, only an upper limit on the number of 1210-keV

counts was obtained. A� 2 minimization was performed using the analysis program

gf3 [29] over 44 channels (� = 41), from channel 1176 to 1219 using a �xed peak width
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Table 4.1: Parameters in gf3 �t of the 1210 keV photopeak.

Parameter Value Uncertainty
Centroid 1209.96 (�xed)
Width 2.493 (�xed)

Background Constant 2049 7
Background Slope -0.96 0.6

Peak Height 16 36
Peak Area 43 96

and centroid. The peak width was �xed by the room background lines in Fig. 4.1,

while the centroid of the peak was set to the accepted energy 1209.96 keV [18]. In

addition to the �xed variables, a linear background with two free parameters (con-

stant and slope) was included in the �t. The peak height, and thus area, was left free

to vary in the �t. The values returned from the �t, along with t he �xed parameters,

are displayed in Table 4.1, and yielded a peak area of 43(96) counts. The �t itself is

displayed in Fig. 4.2(upper).

To con�rm the results determined using the gf3 �t, an independent analysis was

conducted by plotting � 2 as a function of �xed peak area for the 1210-keV
 ray.

Each �t was done using the same parameters displayed in Table4.1, while the peak

area was increased in increments of 20. The� 2 value for each �t was recorded and

is plotted as a function of peak area in Fig. 4.2(lower). Although the negative peak

areas are unphysical, they are still plotted due to the statistical 
uctuations in the

background causing an overlap with these negative values. The minimum and� 2
min +1

of the curve gives 43(96) counts, which is identical to the value obtained using the

gf3 �tting routine, as expected.

To remove the unphysical negative count region, we assume that the counts in

the 1210-keV photopeak can be described using a Gaussian probability distribution
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Figure 4.3: The renormalized Gaussian P.D.F.s and integrated P.D.F.s for (upper)
the data presented in this thesis, and (lower) the data of Ref. [9].

function (P.D.F.),

P(x) =
1

p
2�� 2

e� ( x � � ) 2

2� 2 ; (4.2)

where � = 42:7 and � = 96:5 are obtained from the� 2 minimization �tting routine

outlined above. Analyzing the data in this way showed that 32:9 % of the Gaussian

P.D.F. was negative, and therefore non-physical. By removing this negative count

area, and renormalizing the P.D.F. to unity such thatP(x) � 0, the probability of

obtaining an unphysical negative peak area is removed. The Gaussian and renormal-

ized Gaussian P.D.F.s using the data presented here are displayed in Fig. 4.3(upper

left).

The only previous measurement of the38mK non-analogue� -decay branching ratio
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quotes a value of 19 ppm at the 1� (67 %) con�dence level (C.L.) [9]. The work pre-

sented in Ref. [9] does not treat the data using a renormalized P.D.F. method as we

do here. However, using the values� = 65 and � = 78 [33] from their peak-area �t,

a similar treatment of these results was performed. The Gaussian and renormalized

Gaussian P.D.F. plots using these values are shown in Fig. 4.3(lower left).

Correction to the Absolute 
 -ray E�ciency Calibration

During the analysis of the 1210 keV
 -ray energy spectrum, bremsstrahlung suppres-

sion was applied to the data in addition to the�
 -coincidence gate. This bremsstrahlung

suppression alters the absolute
 -ray detection e�ciency outlined in Section 3.3 by

e�ectively turning o� the HPGe detector directly behind the plastic scintillator which

registered the event. Therefore a correction to the absolute 
 -ray detection e�ciency

was made to account for the reduction of solid angle coverage. This correction does

not apply to those events in the�
 -coincidence spectrum which were recovered us-

ing the trigger 
ag since there is no information provided with which to perform

bremsstrahlung suppression.

The uncorrected absolute e�ciency � abs

 was determined using Eqn. 3.14 in the

same way as� 
 (130 keV). UsingE 
 = 1210 keV in this expression yields� abs

 (1210keV) =

0:847(15) %. The corrected
 -ray detection e�ciency was then obtained as:

� 
 (1210 keV) = � abs

 (1210keV)

�
20� < Smult >

20

�
; (4.3)

where < Smult > = 0:9537 is the average SCEPTAR multiplicity (ie. the number

of detectors hit, on average, per event, including the recovered �
 coincidences).

Therefore, the above expression yields a bremsstrahlung corrected absolute 
 -ray

e�ciency at 1210 keV of � 
 (1210 keV) = 0:806(14) %.
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4.2.2 Combined Analysis

The renormalized Gaussian P.D.F.s displayed in Fig. 4.3 represent two independent

data sets, which can be combined in order to obtain a �nal probability distribution.

Before the data can be combined, the distributions must be scaled to produce a

probability as a function of branching ratio. Using the values of� and � from Ref. [33]

and the upper limit on the branching ratio at the 1� C.L. in Ref. [9], the P.D.F. for

the previous work was scaled by 1:329� 10� 7 to obtain a P.D.F. as a function of

branching ratio. For the work presented in this thesis, the peak areaN 
 (1210 keV)

was scaled using Eqn. 4.1

B = N 
 (1210 keV)�
1

� � (38mK ! 0+
2 )� 
 (1210 keV)

�
�

N � (38mK )(1 + PEC )
� � (38mK ! 0+

g:s:)
+

N 
 (130 keV)(1 + � )
� 
 (130 keV)

� � 1

; (4.4)

where the 8� e�ciency and number of detected positrons are� 
 (1210 kev) = 0:806(14) %

and N � = 1:96(1) � 109 respectively. Evaluating the above expression yields a scale

factor for the renormalized Gaussian P.D.F. of 6:308� 10� 8 to obtain a P.D.F. as a

function of branching ratio. The rescaled P.D.F.s for the two independent data sets

were then suitable for combination. By multiplying these P.D.F.s together, a �nal

P.D.F. was obtained for the non-analogue� -decay branching ratio of38mK. Displayed

in Fig. 4.4(upper) are the individual re-normalized Gaussian P.D.F.s as well as the

combined P.D.F. for the two data sets. It is interesting to note that although the

combined curve displayed in Fig. 4.4(upper) does not di�er signi�cantly from the

data presented in this thesis alone, it does however suggesta slightly higher maxi-

mum likelihood branching ratio. The combined curve gives maximum likelihood for

a branching ratio of 4.2 ppm, which is in agreement with the theoretically predicted

value of 6(2) ppm [4].
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Figure 4.4: The combined analysis of the (upper) renormalized P.D.F.s and (lower)
integrated P.D.F.s for this work and Ref. [9].
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The renormalized Gaussian P.D.F.s in Fig. 4.4(upper) were integrated to yield

Fig. 4.4(lower) which describes the branching ratio upper limit at various con�dence

levels. The branching ratio upper limit determined from themeasurement conducted

in Ref. [9] is 19 ppm at the 67% C.L. and 23 ppm at the 90% C.L. Forthe work

presented in this thesis, the branching ratio upper limit was determined as 8 ppm

and 12 ppm at the 67% and 90% con�dence levels, respectively.The combined anal-

ysis does not yield a signi�cantly di�erent branching ratio upper limit from our work

alone. Therefore, the adopted upper limit on the 0+ ! 0+ non-analogue� -decay

branching ratio is 8 ppm at the 67% C.L. and 12 ppm at the 90% C.L.

4.3 Non-Analogue Branching Ratio � 1
C1 Extraction

The isospin mixing correction� C1 can be tested through measurements of non-analogue

0+ ! 0+ � decay branches, as outlined in Section 1.2.3. Using the upper limit quoted

in this thesis for the 0+ ! 0+
1 non-analogue branching ratioB1 (8 ppm @ 1� , 12 ppm

@ 2� ) and the phase-space integralsf 0 = 3303:61(34) andf 1 = 22:34(1) [4], combined

with the expression used to extract� n
C1 from Eqn. 1.38 yields:

� 1
C1 �

�
f 0

f 1

�
B1

< 0:12 % at 1�: (4.5)

< 0:17 % at 2�: (4.6)

This upper limit is in agreement with the theoretical prediction of 0:085(30) % [3].

The experiment to determine this upper limit is statistics limited, therefore with an

increase in total run-time or total beam intensity by roughly a factor of four, the

theoretical 0+ ! 0+ non-analogue branching ratio valueB1 = 6(2) ppm [4] could be

reached.
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Chapter 5

Summary and Conclusions

A revised superallowed� -decay branching ratio for38mK was determined in this work.

The internal M3 
 -ray transition from 38mK was measured with a branching ratio of

237(31) ppm. When corrected for internal conversion, the M3transition branching

ratio becomes 330(43) ppm. An improved upper limit of 8 ppm at67% C.L. was

set for the non-analogue� -decay branching ratio. This limit is already negligible

compared to the uncertainty in the M3 internal branching ratio. We therefore sub-

tract the latter from unity to obtain a revised 38mK superallowed branching ratio of

99.967(4) %. This value is lower than the previously adoptedvalue of 100+0
� 0:002 % [4]

by 16 times the previously quoted uncertainty.

Implications for tests of the nuclear structure dependent corrections in superal-

lowed � decays, the extraction of the CKM matrix elementVud, and tests of the CVC

hypothesis are determined using this result.
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5.1 The 38mK ft and F t Values

The superallowedf t value, outlined in Section 1.2.1, is a combination of the di-

mensionless phase space integralf (Eqn. 1.25), experimentally determined through

high-precisionQ-value measurements, and the partial half lifet, which requires mea-

surements of both the decay half lifet1=2 and the superallowed� -decay branching

ratio. The new branching ratio measurementB = 99:967(4) % presented in this

thesis, combined witht1=2 = 0:92433(27) s andPEC = 0:085 % of Ref. [3], gives the

partial half life as:

t =
t1=2

B
(1 + PEC )

= 0:92542(28) s: (5.1)

The partial half life is multiplied by the phase-space integral f = 3298:10(33) [3] to

give the 38mK superallowedf t value asf t = 3052:12(96) s. Thus, the revisedf t value

for 38mK is larger than the previously adopted value 3051.1(10) s [3] (displayed in

Table 1.2) by its entire quoted uncertainty. The38mK ft value is the most precisely

determined for any superallowed nucleus, thus, the 1� shift in the f t value for this

nucleus is a signi�cant result.

Applying the calculated corrections for38mK of � 0
R = 1:440(39) %,� NS = � 0:100(15) %,

and � C = 0:655(59) % from Ref. [3] yields,

F t = f t (1 + � 0
R )(1 + � NS � � C )

= 3072:7(24) s: (5.2)

The revisedF t value is thus increased by 1.0 s from the previously adoptedF t =

3071:7(21) s, which represents a 0:4� shift in the central value.
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Table 5.1: The calculatedF t values for OB and TH [3, 10] using the revised38mK
work presented in this thesis.

Towner
Hardy
Nucleus f t � 0

R % � NS (%) � C (%) F t (s)
10C 3042.38(438) 1.679(4) � 0:345(35) 0.175(18) 3077.4(46)
14O 3042.47(265) 1.543(8) � 0:245(50) 0.330(25) 3071.6(32)

22Mg 3052.24(722) 1.466(17) � 0:225(20) 0.380(22) 3078.2(74)
26mAl 3036.96(108) 1.478(20) 0.005(20) 0.310(18) 3072.4(15)
34Cl 3050.02(113) 1.443(32) � 0:085(15) 0.650(46) 3071.3(21)
34Ar 3052.47(821) 1.412(35) � 0:180(15) 0.665(56) 3069.4(85)
38mK 3052.12(96) 1.440(39) � 0:100(15) 0.655(59) 3072.7(24)
42Sc 3046.40(139) 1.453(47) 0.035(20) 0.665(56) 3071.2(27)
46V 3049.62(160) 1.445(54) � 0:035(10) 0.620(63) 3073.4(30)

50Mn 3044.36(125) 1.445(62) � 0:040(10) 0.655(54) 3066.9(28)
54Co 3047.59(148) 1.443(71) � 0:035(10) 0.770(67) 3066.7(34)
62Ga 3074.32(114) 1.459(87) � 0:045(20) 1.48(21) 3071.8(71)
74Rb 3084.28(796) 1.498(120)� 0:075(20) 1.63(31) 3077.1(130)

F t TH (s) 3071.6(8)
� 2=� = 0:71

Ormand
Brown
Nucleus f t � 0

R % � NS (%) � C (%) F t (s)
10C 3042.38(438) 1.679(4) � 0:345(35) 0.15(9) 3078.1(46)
14O 3042.47(265) 1.543(8) � 0:245(50) 0.15(9) 3077.2(32)

22Mg 3052.24(722) 1.466(17) � 0:225(20) 0.21(9) 3083.5(74)
26mAl 3036.96(108) 1.478(20) 0.005(20) 0.30(9) 3072.8(15)
34Cl 3050.02(113) 1.443(32) � 0:085(15) 0.57(9) 3073.8(21)
34Ar 3052.47(821) 1.412(35) � 0:180(15) 0.38(9) 3078.2(85)
38mK 3052.12(96) 1.440(39) � 0:100(15) 0.59(9) 3074.7(24)
42Sc 3046.40(139) 1.453(47) 0.035(20) 0.42(9) 3078.8(27)
46V 3049.62(160) 1.445(54) � 0:035(10) 0.38(9) 3080.8(30)

50Mn 3044.36(125) 1.445(62) � 0:040(10) 0.35(9) 3076.3(28)
54Co 3047.59(148) 1.443(71) � 0:035(10) 0.44(9) 3076.9(34)
62Ga 3074.32(114) 1.459(87) � 0:045(20) 1.29(9) 3077.5(71)
74Rb 3084.28(796) 1.498(120)� 0:075(20) 0.98(9) 3097.5(130)

F t OB (s) 3075.6(8)
� 2=� = 1:15
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Figure 5.1: The F t values for the 13 high precision superallowed cases using both
the Towner-Hardy and Ormand-Brown� C calculations. The solid lines represent the
world average for the respective calculations, and the dashed lines are their uncer-
tainties.

5.2 The World Average F t Value and Vud

The revisedF t values calculated in the previous section are combined withthe 12

other high precision superallowed cases to obtain a world averageF t value for both

the Towner-Hardy (TH) and Ormand-Brown (OB) calculations in Table 5.1. The

individual F t values for both sets of calculations are displayed in Fig. 5.1 for com-

parison. These two sets have a visible systematic di�erence. Although this does

not a�ect a test of agreement among points within one set of calculations, it does

make a di�erence when extractingGV . The agreement among points within a set

of calculations tests the validity of the CVC hypothesis, which, including the revised

measurement presented here, continues to be supported at the level of 1:3 � 10� 4.
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This is the fractional uncertainty in GV extracted from the set of 13 internally con-

sistent superallowedF t values with either the TH or OB � C corrections.

In the Towner-Hardy 2005 survey (Ref. [8]), the convention to account for the

systematic di�erence between the two sets of� C calculations was to average the two

values and in
ate the uncertainty by 0.85 s to cover the �nal spread in the two sets

of F t values. Since the method of calculation that the two groups adopted at the

time only di�ered in the wavefunctions used to compute� C2, this was a way to in-

clude both sets ofF t values. In their recent work [3], however, Towner and Hardy

have included core orbitals in their calculations of� C2, which have a signi�cant im-

pact on the mismatch in the radial wavefunctions of the parent and daughter nuclear

states [3]. The inclusion of these core orbitals has not yet been adopted by Ormand

and Brown, and thus an average of theF t values for the TH and OB calculations is

not adopted. In Ref. [3], the central value ofF t is shifted upward by the historical

value 0.85(85) s in the belief that, with the inclusion of core orbitals, the OB world

averageF t will again be 1.7 s higher than the TH value. This hypothesis is yet to be

con�rmed. Nonetheless, following the procedure of Ref. [3], we adopt:

F t = 3072:46(82)F t(85)� C s

= 3072:5(12) s; (5.3)

where theF t uncertainty comes from the weighted average from the 13 highprecision

F t values listed in Table 5.1.

Using the adoptedF t = 3072:5(12) in Eqn. 1.37, the vector coupling constant is
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extracted as:

GV =(~c)2 =

s
� 3~5`n(2)

F tm5
ec6(1 + � R )

= 1:13621(15)f t +constants (16)� C (21)� R � 10� 5GeV� 2

= 1:13621(30)� 10� 5GeV� 2: (5.4)

The extracted value forGV can be combined with the accepted value of the Fermi

coupling constant GF =(~c)2 = 1:16637(1)� 10� 5 GeV� 2 [11] using Eqn. 1.40, and

yields a value for the �rst element in the CKM quark mixing matrix,

Vud =
1:13621(30)� 10� 5GeV� 2

1:16637(1)� 10� 5GeV� 2

= 0:97415(13)F t(14)� C (18)� R

= 0:97415(26): (5.5)

When combined with the other two top-row CKM matrix elementsmentioned in

Section 1.2.4,jVus j = 0:2257(21) [12, 13] andjVubj = 4:31(30)� 10� 3 [15], the revised

unitarity sum becomes

jVud j2 + jVus j2 + jVubj2 = 0:9999(11); (5.6)

in excellent agreement with CKM unitarity.

5.3 Experimental Tests of the Nuclear-Structure

Dependent Corrections

The recently revised� C calculations of Ref. [3] focus heavily on the inclusion of core

orbitals in the radial overlap portion of the isospin symmetry breaking corrections.

As a direct result of these revised� C2 values, there was a 3:1� shift in the world

average superallowedF t value between the value presented by Hardy in the 2007 CKM
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Figure 5.2: Experimentally extracted nuclear-structure dependent corrections for the
13 high-precision superallowed decays. The solid line represents the theoretically
calculated values from Ref. [3], and the dashed lines their uncertainties.

conference proceedings [34] and the value adopted by Townerand Hardy in Ref. [3].

A corresponding 1:5� shift in the adopted central value of the CKM matrix element

Vud resulted. These are the largest shifts in these quantities in 20 years. Detailed

tests of the new nuclear-structure dependent corrections responsible for these changes

are thus now more important than ever. The primary experimental inputs to such

tests are precise, and accurate, superallowedf t values. The38mK ft value presented

in this thesis represents the most precisely determinedf t value for any superallowed

decay, and thus a signi�cant revision in the tests of the nuclear-structure dependent

corrections.

To extract the nuclear structure dependent correction� C � � NS experimentally,
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Eqn. 1.37 can be rearranged as:

� C � � NS = 1 �
F tT H

f t (1 + � 0
R )

: (5.7)

This expression is valid under the assumption that the CVC hypothesis is true, and

GV is not renormalized in the nuclear medium, makingF tT H a true constant value. In

the case of38mK, the substitution for the world average of the other 12 highprecision

F t values is made in Eqn. 5.7 to give� C � � NS = 0:79(6) %. This value, with an

uncertainty of only 7 % of its own value, is the most precise relative measurement for

any A < 62 superallowed decay, and is in excellent agreement with the theoretical

prediction � C � � NS = 0:76(6) % of Ref. [3]. This� C � � NS extraction was also

performed for the 12 other high-precision superallowed cases. The 13� C � � NS values,

as well as the theoretical predictions from Ref. [3] are displayed in Fig. 5.2. It is

important to note in this �gure that the average agreement with theory is enforced

by the adoption of the CVC hypothesis and the use ofF tT H in Eqn. 5.7. However,

the case-by-case variations, ie. di�erences, in these corrections do provide real, and

severe, tests of the theoretical models.

For example, the di�erence in nuclear-structure dependentcorrections that can be

extracted with the highest relative precision among theA < 62 superallowed nuclei

for which theoretical calculations are most developed, is between 38mK and 26mAl.

The di�erence (� C � � NS )(38mK � 26m Al) = 0 :46(6) % is in excellent agreement with

the theoretical prediction of 0:45(6) % in Ref. [3]. This result relies directly on the

high-precision, revised superallowedf t value resulting from the new branching-ratio

measurements presented in this thesis.
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5.4 Conclusions

This thesis presents a high precision branching ratio measurement for the superal-

lowed� + emitter 38mK conducted at the TRIUMF-ISAC facility in Vancouver, Briti sh

Columbia. The 8� 
 -ray spectrometer and SCEPTAR were used in combination to

detect 
 rays and positrons from decaying ions of38K and 38mK present in the beam.

A cycled in-vacuum tape-transport system was utilized to remove long-lived contam-

inants from inside the array behind a lead wall in order to optimize the 38mK signal

to background ratio. The analyzed data included 59381 accepted cycles amongst 72

runs, and resulted in the detection of 1:96(1) � 109 � + decays of38mK.

Two decay modes were measured in competition with the superallowed � + decay

of 38mK; an M3 internal transition between the isomer and ground state of 38K, and

a non-analogue 0+ ! 0+ � decay of38mK to the 1st excited 0+ state in 38Ar.

The M3 internal transition was measured for the �rst time and resulted in a

signi�cant shift in the 38mK superallowedf t value. The 130 keV M3 transition was

measured with an internal conversion corrected branching ratio of 330(43) ppm, which

gives a transition strength of B(M3) = 44(6) � 2
N fm4 = 0:21(3) W.u., larger than the

theoretical prediction B(M3) = 1:2 � 10� 4 W.u. of Ref. [19] by more than three or-

ders of magnitude, but in good agreement with the alternate prediction of 0.25 W.u.

mentioned in Ref. [1].

The unobserved38mK non-analogue� decay is predicted to have a branching ratio

of 6(2) ppm [3]. The only previous measurement resulted in anupper limit on this

branch of 19 ppm at the 1� level [9]. Since this transition was not observed in the

present work, an upper limit was determined using a renormalized Gaussian P.D.F.

method. The upper limit on the non-analogue branching ratiowas found to be 8 ppm

at the 67 % C.L. and 12 ppm at the 90 % C.L. A combined analysis using the P.D.F.s
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from the previous measurement and the work presented here yielded a branching ratio

that did not signi�cantly di�er from the value determined in our work alone. Using

this limit on the non-analogue branching ratio, an upper limit on the experimentally

extracted � 1
C1 was determined as 0:12 % at the 67 % C.L. and 0:17 % at 90 % C.L.,

in agreement with the theoretical prediction of 0:085(30) % in Ref. [3].

When these decay modes are accounted for, the revised superallowed branch-

ing ratio for 38mK is 99:967(43) %. This represents a 16� shift from the previously

adopted 100+0
� 0:002 % [4], which assumed a negligible contribution from the M3 transi-

tion based on the predicted transition strength from Ref. [19]. This 16� shift in the

superallowed branching ratio causes a corresponding 1� shift in the 38mK ft value,

the most precisely known for any superallowed decay, fromft = 3051:11(95) s to

f t = 3052:12(96) s. The 1� shift in the highest precisionf t value has signi�cant

rami�cations for the accurate extraction of the nuclear-structure dependent correc-

tion term � C � � NS . For 38mK, the experimental extraction of this term now yields

� C � � NS = 0:79(6) %, in excellent agreement with the predicted� C � � NS = 0:76(6) %

from Ref. [3]. With an uncertainty of only 7 %, 38mK has the highest relative pre-

cision in this extracted value for anyA < 62 superallowed case. The highest rela-

tive precision case-by-case di�erence in the nuclear-structure dependent corrections

is between38mK and 26mAl. The extracted value was determined in this work as

(� C � � NS )(38mK � 26m Al) = 0 :46(6) %, which again is in excellent agreement with

the theoretical prediction of 0.45(6) % from Ref. [3].

Corresponding to the 1� shift in the 38mK superallowedf t value is a 0:4� shift

in the 38mK corrected F t value from 3071.7(24) s to 3072.7(24) s. This shift causes

the adopted world averageF t value to move up by 0.12 s to the revised valueF t =

3072:5(12) s. The revised vector coupling constantGV becomesGV = 1:13621(30)�
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10� 5GeV� 2, and when combined withGF , yields a value for the CKM matrix element

Vud = 0:97415(26). Combining this value with the other two elementsin the top row

of the CKM matrix yields a unitarity sum of 0.9999(11), in excellent agreement with

unity.
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Appendix A

Run Information and Cycle

Selection
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Table A.1: The cycle selection according to threshold on a run-by-run basis.
Run # CAMAC Midas Good Cycle Good cycles

Cycles Events Threshold (counts)
10285 222 1944262 6200 218
10286 627 4896696 6975 579
10287 1001 7565324 7092 814
10288 1001 7880197 6490 965
10289 1001 7244637 6164 916
10294 1001 6718856 5731 910
10295 1001 7368025 5995 980
10296 1001 6750821 5353 952
10297 1001 5647161 3800 1001
10299 1001 5679029 5208 827
10303 999 6001918 4926 972
10306 1001 5308461 4733 858
10307 584 3449244 4823 550
10308 1001 5187356 4658 781
10309 1001 5126209 4804 827
10310 576 3397952 4916 565
Faulty Power Supply Replacement
10346 1001 3221328 3840 675
10347 316 1279203 3966 282
10349 1001 4513903 4112 941
10350 1001 4861795 3909 980
10351 1001 4426189 4115 897
10352 1001 4620832 3987 992
10354 1001 4232457 3694 927
10355 1001 3876958 3616 879
10356 929 3755422 3472 879
10388 1001 6323265 5874 935
10389 1001 6078488 5406 999
10390 1001 5187481 4718 858
10392 599 3143012 4506 570
10393 1001 5041971 4629 920
10400 1001 5144636 4693 977
10401 1001 5231847 4796 972
10402 723 3761458 4868 692
10404 1001 4947249 4452 999
10405 1001 4836573 4320 1000
10406 1001 4652696 4228 968
10407 1001 3150144 4288 764
10408 1001 4235694 4124 868
10409 1001 4652042 4179 909
10410 1001 4957319 4425 999
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Run # CAMAC Midas Good Cycle Good cycles
Cycles Events Threshold (counts)

10411 635 3202072 4508 632
10420 1001 5404112 4803 993
10421 1001 5137235 4982 553
10422 1001 5229506 4888 908
10423 479 2478145 4722 473
10424 1001 4663300 4165 980
10425 379 1695603 4117 374
10426 1001 4507123 4054 935
10427 1001 4272226 3998 941
10428 1001 4312145 3920 999
10429 1001 4232548 3893 936
10430 1001 4258521 3774 952
10431 1001 4218790 3709 978
10432 1001 4845173 4551 884
10433 1001 4981524 4567 977
10436 1001 4817337 4278 931
10437 1001 4932768 4649 969
10438 1001 4982443 4533 999
10439 614 2974528 4520 612
10440 538 2467094 4301 507
10441 1001 4735772 4294 1000
10442 1001 4800416 4339 1000
10443 1001 4622884 4128 1000
10444 242 1072521 4165 235
10445 1001 4889004 4230 897
10446 127 689333 4911 126
10447 1001 5169068 4804 975
10448 1001 4858139 4577 935
10449 1001 4642216 4418 889
10450 1001 4742509 4316 966
10451 422 1902692 4484 368
10454 866 3049697 4255 860
SUM 63931 59381
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