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Abstract

This master’s thesis concerns the use of the microscopic quasiparticle-phonon model
in the study of the 3~ decay of '°Cd. The first part of this text concentrates on
the theoretical description of nearly spherical open-shell odd-A nuclei by using the
microscopic quasiparticle-phonon model. The treatment of the subject is far from
exhaustive but all the necessary relations needed in the practical application of the
formalism are provided in the text.

The second part provides the theory that is needed for the study of = decay. In ad-
dition to the general theory of forbidden 5~ decay, also the greatly simplified case of
allowed transitions are discussed. Again rather than providing a fully comprehensive
treatment of the subject, a more streamlined approach is adopted. All the various
relations that are needed in the practical application of the theory are provided in
the text.

Finally, in the third and final part of the text the above theoretical framework is
applied to the 8~ decay of '°Cd. In addition to the ground state transitions of
H5Cd, it is also possible to study the transitions coming from the first excitation
state due to its isomeric character. Because of the various possible ways of carrying
out the fitting of the QRPA phonons, several sets of calculated partial half-lives
are obtained. The calculated partial half-lives are compared to experimental results.
For several transitions values that are fairly close to the experimental ones can be
found. However, in many cases there are large disrepancies between the two. Some
of the transitions seem also to be very sensitive to the adjustments made to the
QRPA phonons. The effect of varying the nucleon spin-orbit interaction strength
was studied as an additional exercise.
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Introduction

The theory of nuclear beta decay has gained a well established position in today’s
nuclear physics. Thanks to its success in accurately describing the most typical beta
transitions, the theory itself is not usually regarded worth active study anymore.
Despite being a somewhat unfashionable subject, the beta decay theory is still a good
test bench for nuclear models. The kinematic part of the theory is fully universal but
the charge-changing transition densities (CCTDs) inside the nuclear matrix elements
are not. These quantities carry the nuclear structure information and in order to
calculate them an actual nuclear model must be specified.

A fully microscopic example of such a nuclear model, and the one that is used in this
text, is the microscopic quasiparticle-phonon model (MQPM) for nearly spherical
odd-A open shell nuclei [1]. The starting point for using this formalism is to choose
a even-even nucleus that is used as a reference nucleus. To lighten the involved
computational burden, the configuration space of the reference nucleus is divided
into two parts [2]. The innermost nuclear orbitals form an inert nuclear core and
only the outer orbitals contribute to the interactions that lead to the formation of
the excited states of the nucleus. The collection of these active outer nuclear orbitals
of the reference nucleus is called the valence space.

The ground state of the reference nucleus can be obtained from the BCS theory [1,2].
In the BCS theory the basic constituents of nuclei are not particles or holes but
rather quasiparticles that have both particle and hole components. The ground
and excited states of the neighbouring odd-A nuclei can then be descriped as one-
quasiparticle excitations on top of the ground state of the reference nucleus. The one-
quasiparticle description can be considerably improved by introducing the MQPM
three-quasiparticle excitations. These three-quasiparticle excitations are constructed
by combining the BCS one-quasiparticle states with the QRPA two-quasiparticle
states [1]. The QRPA two-quasiparticle excitations are considered to be the basic
excitations of the even-even reference nucleus.



1  Theoretical description of nuclear states

In this section the needed theoretical framework that is used to describe the different
nuclear states of an open-shell odd-A nucleus is developed. The starting point for
the discussion is the nuclear mean-field potential that leads to the discrete set of
single-particle states.

The nuclear model based directly on the consept of these single-particle orbitals
is the mean-field shell model [2]. Despite the fact that the mean-field shell model
correctly predicts at least some of the low-energy states of nearly magic nuclei!, it is
not applicable to open-shell nuclei with several nucleons above a fully closed major
shell. To overcome the challenges faced with the open-shell nuclei, one must strive
for a more refined model. The starting point for this is the BCS theory and the
introduction of the BCS quasiparticles [1].

1.1 Nuclear mean field and Woods—Saxon potential

The many-particle problem of A strongly interacting nucleons is described by a
nuclear Hamiltonian H = T'+V [2]. The kinetic-energy term 7 is a simple sum of the
kinectic energies of the individual nucleons. The potential-energy term V' holds the
potential energies of the interactions between the different pairs of nucleons and has
therefore a more complicated two-body character. By introducing a new mean-field
potential with the additional potential energies of the individual nucleons summed
to a term Vjp, it is now possible to write the nuclear Hamiltonian in a form

A
H=[T+Vur]+[V—Vur]|=Huw + V', HMF:Zhi- (1)
=1

If the latter part V', the residual interactions containing all the two-body inter-
actions, is now effectively enough suppressed by maximizing the first part, namely
Hyr, it can be treated as a small perturbation. This procedure of effectively replacing
the A strongly interacting nucleons with weakly interacting mean-field quasiparticles
is the nuclear mean-field approximation [2].

There is a procedure of obtaining a proper mean-field potential via the iterative
use of Hartree-Fock equation, but more common is simply to choose a suitable
phenomenological potential (see for example the discussion in [2]). An example of
such a phenomenological potential with realistic nuclear mean-field behaviour is the

Woods—Saxon potential
Vo
UWS(T) - 14 e(r—R)/a <2)

that is used in the discussion of this text [2]. With the usual parametrization, the
nuclear radius R and the surface diffuseness a are taken to be

R=127AY3fm, a=0.67fm. (3)

The depth Vj of the potential is chosen according to the relation

> MeV, (4)

Vo = <51i33

1. Nearly magic nuclei have few nucleons (nucleon holes) above (below) a fully closed major shell
at some magic number.



where the result with + sign is selected for protons and the result with — sign for
neutrons.

When the Coulomb interaction and the spin-orbit interaction are also taken into
account, the complete single-particle Hamiltonian that already formally appeared
in (1), can now be written as [2]

h2

2mN

h=—

V2 + vws(r) + ve(r) + vis(r)L - § (5)
In this text the same nucleon mass my = 940 MeV /c? is used for both protons and
neutrons. The Coulombic potential energy vc(r) that is needed only for protons is

taken to be ,
72 { 3—(r/R) r<R

= 2R
47eq

(6)

The essential part of the contribution made by the spin-orbit term comes from the
L - S dependence. However, to make the effect to peak at the nuclear surface the
radial part of the term can be taken to be

0 To 21 (d 1
st = is (5) 5 [d—m )

ve(r) SR

3

with the spin-orbit interaction strength v)y = 0.44Vj.

After specifying the single-particle Hamiltonian, the discrete nucleon single-particle
states are now described by the eigenvectors of the Schodinger equation

hijlnljm) = ey nljm). (8)

The eigenvalue problem can be solved for example by expanding the non-trivial
radial part of the solution in terms of radial harmonic oscillator wave functions [2].
The obtained single-particle energies €,; are needed in the BCS calculations. It
should be noted that single-particle states with discrete positive energies, the so-
called quasi-stationary states, are a result of the ’centrifugal’ I(I + 1)/r* dependent
term of the Schrédinger equation and the Coulomb potential [2].

1.2 BSC theory

The BCS quasiparticle creation and annihilation operators al, and a, are defined
via the Bogoliubov-Valantin transformation [2]

al, = uacl 4+ 0,8y (9)
Qo = UgCq — vacL.

Operators ¢/, and ¢, are the usual particle-creation and -annihilation operators.
The index notation used here is the one introduced by Baranger. This means that
a = {a, my} with a = {ng, la, ju}. Numbers n,l,j and m are the usual quantum
numbers of the individual mean-field single-particle states. Operators
dq = (—1)2T™Mq_, and ¢, = (—1)/aT™ec_,, are the time-reversed conpanions of the
corresponding annihilation operators a, and ¢, with the notation —a = {a, —m,}.



The BCS ground state |BCS) that acts as a vacuum for the BCS quasiparticles is
defined with an ansatz [2]

IBCS) = [ ] (tta — vaclél)|CORE). (10)

a>0

The state [CORE) represents the effective particle vacuum. This vacuum is the inert
nuclear core of the reference nucleus. The proper BCS vacuum is then obtained as a
result of a variational procedure, where the occupation amplitudes u, and v, serve
as variational parameters to minimize the ground state energy [2]. Protons and
neutrons are treated separately in the variational procedure.

It should be noted that the BCS ground state (10) lacks a good particle number [2].
To cope with this shortcoming, it is required as a variational constraint that the
average particle number should correspond to the number of active valence nucleons
of the reference nucleus.

The standard nuclear Hamiltonian (1) consists of one-particle and two-particle parts.
It can be written in occupation-number representation as

1
H = E eacha—l— 1 E @aﬁfyéclc;cécm (11)
a aByé

where the antisymmetrized two-body-interaction matrix elements are defined as
Uapye = (aB|V]y0) — (aB|V|é7v) [1,2]. For the calculations presented in this text,
the two-body matrix elements are obtained from a realistic Bonn meson-exchange
potential by the use of a so-called G-matrix method [3]. The G-matrix method is
needed to account for the Pauli exclusion principle inside the nuclear matter.

In order to use the nuclear Hamiltonian in BCS theory and later in the QRPA
and MQPM treatments, it has to be transformed into its quasiparticle representa-
tion using the Bogoliubov-Valantin transformation (9). In this representation the
Hamiltonian attains the form

where the indices m and n of each term H,,, denote the number of quasiparticle
creation and annihilation operators, respectively, of the term in question [2]. BCS
theory deals only with the terms Hyg, H11, Hog and Hy, of the Hamiltonian. The rest
of the terms constitute the quasiparticle residual interactions Vggs and are treated
by means of the QRPA and the MQPM.

To help to state the variational problem one can define an auxiliary Hamiltonian
H = H — A\ with 7 as the particle number operator Y clc,. The quantity A
is an unknown parameter serving as the Lagrange undetermined multiplier of the
variational problem. It turns out that the variational procedure modifies the new
Hamiltonian in a such a way that [2]

H="Ho+Hi+ Vrrs, Hi= Z B, a};a,g. (13)
B

In other words, the minimization of the ground-state energy occurs only when the
two-quasiparticle terms of the Hamiltonian H vanish. What remains are the constant
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term Hy, the one-quasiparticle term H; and the residual interactions Vrgs. The first
two terms of the auxiliary Hamiltonian (13) describe a quasiparticle mean field of
non-interacting BCS quasiparticles [2]. The quatities E, are the energies of the one-
quasiparticle states.

In the present work the Biedenharn-Rose phase convention of the angular part of
the single-particle wave functions is used [2]. In this convention the BCS equations
that arise from the variational procedure are written as [2]

1 Na 1 Na . :
Uy = ——=4/1+—, v,=—=,/1— = (occupation amplitudes), 14
V2V TR V! T, e phtudes), (1)
E

= VN2 + A2 (quasiparticle energy) (15)

and .
3 IbAp .
270, = — Y ——={(aa; 0|V]bb; 0) (gap equation). (16)
; Vi + A
Here, and on many other occasions likewise, the hat factor is defined as j = /27 + 1.
In addition to these equations also needed is the particle-number expectation value

_ ~ . ~2 9 . 1 ~2 _ E
n = (BCS|n|BCS) = Za:ja Va= g za:ja (1 Ea) : (17)
The short-hand notation used in the relations (14)—(17) is

anEb—/\—IU,b, (18)

where the quantity uy, called the self-energy, is written as

o= —jgo > ORI Nw(D)] 2 abs; J[V]ab; J). (19)
aJ

Self-energy is releated to the renormalization of the single-particle energies €,. The
undetermined multiplier A that now appears in Eq. (18) is actually the chemical
potential of the particle system. Solving of the above BCS equations requires an
iterative method [2].

In actual BCS calculations the interaction matrix elements for protons and neutrons
are scaled separately by constanst gg;)ir and gézi)r [2]. The values of the constants are
chosen so that the lowest quasiparticle energies agree with the experimental pairing
gaps. These can be calculated from the three-point formulas [2]

A (5 XN) = i(—1)z+1 [Sy(A+1,Z +1) = 2S,(A, 2) + S,(A—1,Z —1)] (20)

and
1

A (43X N) = Z—l(—1)f‘*Z+1 [Su(A+1,2) —28,(A, Z) + S, (A—1,2)]. (21)

The quantities S, and S,, are the needed experimental proton and neutron separation
energies.



1.3 Quasiparticle random-phase approximation

After the BCS ground-state, along with a collection of several one-quasiparticle
excited states, are defined, it is time to move on to the description of the two-
quasiparticle excitations of the reference nucleus. In this work, this task is performed
by using the quasiparticle random-phase approximation (QRPA) that takes into
account the terms Hoyy, Hyo and Hy, of the residual interactions of the Hamiltonian
(12) [1,2].

The basic two-quasiparticle excitations of the QRPA theory, the so-called QRPA
phonons, are created by an operator [1,2]

QL =Y [XaAL(IM) ~ Y Au(IM)] . (22)
a<b

According to the adopted notation, the index w stands for the angular momentum
J,,, the parity m, and the additional quantum number k, that is used to make a
distinction between different states with the same J, and 7. The operators Alb and
A,y that appear in (22) are the quasiparticle pair creation operator

AL(TM) = Nap(J) lafad) sar (23)
and the time-reversed quasiparticle pair annihilation operator

A (JM) = (=1 ™M Ay (J, = M) = =N (J) [Gats] - (24)

The amplitudes X“ and Y related to the two-quasiparticle configuration mixing
must be determined by solving the QRPA equations. These equations can be derived
by using the equations-of-motion method introduced by Rowe [4]. Combining these
equations together results in a matrix equation

FRAEAEA g

where the submatrices A and B are defined with elements
Aab, ed; J) = (BCS|[Aw(JM), H, A ,(JM)]|BCS) (26)
and .
B(ab, cd; J) = —(BCS|[Aap(J M), H, Aca(JM)]|BCS). (27)

The mathematical operation inside (26) and (27) is the double commutator. For the
Bose-like phonon excitations that are used here this is

A4.B.0)= L {[4.1B.0] + 1. BL.c]}. (28)

The Hamiltonian that appears in these commutators is the auxiliary Hamiltonian
(13). As indicated by the adopted notation, the submatrices A and B are both
independent of the projection quantum number M [2].

The submatrix A is the same as in the quasiparticle Tamm—Dancoff approximation
(QTDA) [2]. The contributions to it come from the quasiparticle mean field and the
term Hyy. The submatrix B is called the correlation matrix and from the definition
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(27) it can be seen that only the four-quasiparticle term Hyo contributes to it. The
explicit expressions for the elements of the matrices A and B are [2]

A(ab, cd; J) = (Ey + Eb)dacOba
— 2N ()N (J) [(Uauptictia + vavpvev4)Glab, cd; J)
+ (UaUptevg + Vaupvug) F(ab, cd; J)

— (=1)7 M (g + vaupuovg) F(ab, de; J)}

(29)

and

B(ab, cd; J) = 2Ny (J)Nea(J) [(uaubvcvd + VaUpU )G (ab, cd; J)
— (UqUpvUg + Vaupuvg) F(ab, cd; J) (30)
+ (=1)7 e (ugvpucvg + vaupveuq) F(ab, de; J)] .
The above expressions are written in terms of the Baranger matrix elements [2]

G(ab,cd; J) = —% [Nt (J)Nea( )] “Nab; J|V]ed; J) (31)

and

1
F(ab,cd; J) = —={ab™"; J|Vrgs| cd™'; J)
i (32
_1 / N =132 Ja Jo J L7 L7
=3 Z [Naa( TN ()] { o ads T Veh; ).
The two-body matrix elements of (31) and (32) are taken from the adopted Bonn
meson-exchange potential. The notation a™! in the particle-hole matrix element (32)
is used to indicate the hole character of the orbital a. Here, the particle-hole matrix
element is readily related to the used two-body matrix elements via the generalized

Pandya transformation (32).

The introduction of the correlation matrix B means that the BCS ground-state
|IBCS) is not actually the exact ground state for the QRPA excitations? [2]. However,
the effect of the correlation matrix B is small and due to this the QRPA ground-state
can be written schematically in the form

|QRPA) = |BCS) + small corrections. (33)

The explicit form of the ground-state with its four-quasiparticle, eight-quasiparticle,
etc. components can be found - but not needed in the treatment of this text - by
using the Thouless theorem [2].

The structure of the QRPA matrix in the matrix equation (25) yields a non-hermitian
eigenvalue problem. The solution can be obtained by using a method descriped in [2]
which utilizes similarity transformations in the diagonalization of the QRPA matrix.
As an effect of this non-hermiticity, the eigenvalue problem leads to both positive-
energy and negative-energy solutions. In the QRPA formalism only the positive-
energy solutions are accepted as physical solutions [2].

In actual QRPA calculations the interaction matrix elements are scaled by the con-
stants g, and gy, for each different J™ multipoles [2]|. This is done to fit the mul-
tipoles to experimental energy levels of the chosen reference nucleus and thus to
ensure a better agreement with experimental data.

2. In the case of QTDA theory the BCS ground-state |BCS) is the exact ground state for the
QTDA excitations.



1.4 Microscopic quasiparticle-phonon model

The final step is to take into account the terms H;3 and Hj; of the Hamiltonian (12).
A fully microscopic way to do this is the microscopic quasiparticle-phonon model
with its three-quasiparticle excitations [1].

The MQPM three-quasiparticle excitations are constructed by combining the BCS
one-quasiparticle and the QRPA two-quasiparticle states. The operator that creates
these excitations is written in a form [1]

Tl(jm) =>_Cial,, + Z D, [afQL]., (34)

n

According to (34) each state is allowed to be built from both one-quasiparticle and
one-quasiparticle-plus-phonon components. This is a drastic improvement over the
simple one-quasiparticle description and offers a much richer spectrum of excited
states of an odd-A nucleus.

Application of the equations-of-motion method of [4] to the excitations (34) leads
to a generalized real symmetric eigenvalue problem [1]

A B Ct 1 0 C
][]l v ][5 )
The submatrices A and A" are the interaction matrices between two one-quasiparticle

states and between two quasiparticle-phonon states, respectively. These matrices are
defined with elements

A<a7a/;j) = <BCSHaaaH7 al’”BCS> = Eadaa/ <36)
and

Al(wa,w'd; j) = (BCS|[ [} QL)L H, [al,Q,);]1BCS)

1
5 (% + Eq + i + Bar)N(wa, w'ds j)
| QP ja’ jb Jw
gl zb: { Jo G Ju } (P82 Ea o+ s + B = 280 (37)
X _giz Xbagl;zlgl;zl
1. . 5;; S
+gdadu j( 1% — By — Q0 — By = 2B)Y3 Y0y, 0,0,
b

where the quantities hS), denote the QRPA phonon energies. The overlap matrix
elements for two three-quasiparticle states are

N(wa,w'a’; j) = (BCS| [[alQL]!, [al,QL,); ] IBCS) = buurban + K (wa,w'd’; j), (38)

where the K matrix is defined as

. A T _ 0
K(waw’a';j):Jwaz[{ o }Xzz/Xz; STl oo
b a w

Here, the adopted notation is that 0,0 = /1 + 0ae. The X amplitudes are sym-
metrized counterparts of the X amplitudes of (22) and are defined as X, =



X@, —(=1)Jetia—Jo X which holds likewise for the Y amplitudes. The interaction
matrix elements between the one-quasiparticle and the quasiparticle-phonon states
are defined as

B(wa, d’; j) = (BCS| [Quaa];Hal, |BCS)

1 Jo
pp aa J )(ubub/Xbb, Ubvb’yl)b’)abb’
ja b<b/
1.J,
- g x Z Hhh(bb'aa'Jw)(vbvb/ng,, - Ubub/%b/)(fbb/l
Ja’ p<py (40)
3 Z on (B ad 1) (uyvy X + vy Yo )opy)
]a b<b/
3 (bb'ad’ 1) (vpuy X5y + wpvp Vi ) oy -
]a b<b/

The four different H factors included in (40) are

H,,(bV'aad'J) = 2uyuy G(bb'aa’ J) (41)
Hpp(bb'aad' J) = 2uyvy G(bb' aa’ J) (42)
H,p (b ad' J) = 2uyvy F (b aa' J) + 2uyuy F(V'baa' J)(—1)7Hw+/ (43)
and .y
Hyp (b ad' J) = 2uyuy F(bb'aad’ J) + 2uvy F(V'baa' J)(—1)7 v+ (44)

The quantities G and F' are the Baranger matrix elements of (31) and (32).

Solving of the eigenvalue problem can be done using a method described in [1]. This
involves diagonalizing the submatrix N and forming a complete set of basis states
by removing the ones with zero eigenvalue. In practice the calculation accounts only
for the lowest-energy phonons that dominate in the low-energy region of the odd-A
nucleus level scheme.

When a nuclear model is adopted, one can calulate the reduced CCTD matrix
elements for f~ transitions (see Chapter 2 for the discussion on S~ transitions).
According to [5] the needed elements in the MQPM formalism are

Pl cléw 1oln) = Luytundpy dn (45)
and ) o
(nl|[ ¢, & 1L11p) = Lvpvpbpn Gy (— 1) HE (46)

for transitions between one-quasiparticle states (between particle states and between
hole states, respectively) and

Jp  In Jw

(wpilll el éw i Hn):(—1)fp+fiji5[{ JnoJ L }
(47)

5
1)/ +J+L IIp' rw -1
X X /up/vn/a 5 ( )” —52 };p,vp/unlapp,énn/



and

o N ] L
(wnilll el T1llp) = = (=LY b (=1t L { i }
In Jp Jos
- (48)
X X;jplvn/u;nlap_p%é‘nn/(_1)jp+j+L + %Yﬁl’un/’l}pla’;é’(spp/]

for the transitions between one-quasiparticle and quasiparticle-phonon states. The
auxiliary quantities X%,, Y, and 0,y are defined in same way as in (37), (38)

and (39). Furthermore, for transitions between two quasiparticle-phonon states one
needs

o | 1\dptJw—i j L j/ /
(wnjlll el Ielle'ps") = [( 1) {jn, Jo }5pp

1 ' ' . .
X (iénn’éww’ + K(wn’,w/n;j/)) + (—1)]P/+Jw’7] { '] jL j } 5Tm/

In! Jp’
1 SN
* (2%% + K (wp,w'p'; J)) ]My (=17 v (49)
‘~j L j/ vw Yw MESNE 5]]71’5] Ip! rw !
- Jp Iy ‘]W' Xp’ann’(_l)Jn I + TY;ID Y
Jw’ ]n ]n J7J

j +Jw_j 77
X Unn PP/]LJ ( 1) g Jwa/up/un/

from which the other matrix element (wpj||[ ¢! ¢y Cor L] |w'nj") can be obtained by sub-
stituting u, — v, and v, — —u, [5]. The quantltles K(wa,w'd’; j) are taken from
the relation (39).
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2  Nuclear beta minus decay

The discussion on the nuclear 5~ decay begins in this section with an overview to
the deeper, particle level properties of the process. This introduction is then followed
by a streamlined discussion on the general theory of forbidden 5~ transitions. Also
the drastically simplified theory for allowed transitions is presented at the end of
the chapter.

All the actual relations presented in the section 2.2 are taken from the articles [5]
and [6]. A much more comprehensive discussion on the theory of beta decay can be
found in [7], on which the treatments in the articles [5] and [6] are based.

2.1 General properties of beta minus transitions

The nuclear f~ decay, expressed as
éXN — é.t,_lXN—l +e + Dea

is a process where one of the neutrons within the decaying neutron-rich mother
nucleus is converted into a proton. This conversion is accompanied by an emission
of an electron and an electron antineutrino. As the increase of the proton number Z
by one unit results in a decrease of the neutron number N by one unit, the process
involves only isobars of the same mass number A. Using atomic masses, the Q-value
of the decay is expressed as

Q = [m(zXy) — m(z, Xn-1) ) + B — E, (50)

were the quantities £ and E7 are the excitation energies of the intial and final state
nuclides Xy and 2,,Xy_1, respectively [8].

The conversion of an uncharged nucleon to a charged one is a weak-interaction
process depicted by a Feynman diagram of Figure la. The weak charge-changing
interaction is mediated by the negatively charged vector boson W ™. However, due
to the large 80 GeV/c? mass of W~ and the modest energy range of nuclear beta
decay, the process can be described as a pointlike interaction with an effective Fermi
decay strength constant Gg (see Figure 1b) [9]. This pointlike interaction process
has an invariant amplitude of the form

o AGp [ 1_ 1_
M(n — pe” V) = 7 Qup%(l - (g—“‘/‘)%)un} [5%7#(1 — g, | . (51)
The quantities inside the square brakets of (51) are the charge-raising hadronic
current and the charge-lowering leptonic current, respectively. The mixture y* —~y#~®
of the y-matices yields a V-A (vector-minus-axial-vector) structure that leads to the
observed parity non-conserving nature of weak interactions [9].

For the leptonic current this V-A structure is exactly the correct one. For the
hadronic current however a renormalized combination V—(;’—é)A is more appropriate
due to the effects of color forces between the quarks [9]. The values

gv =1, ga=125 (52)

of the vector coupling constant gy and axial-vector coupling constant g4 are deter-
mined by the CVC (conserved vector current) hypotesis and the PCAC (partially
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(a) The decay of a free neutron on

quark level. Vector boson W~ medi-
ates the weak interaction.

G

(b) The decay of a free neutron de-
picted as a point-like interaction pro-
cess with an effective Fermi decay

strength constant Gp.
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(¢c) The nuclear 8~ decay when the impulse
approximation is applied to the decaying neu-
tron. During the decay process the remaining
A — 1 nucleons act only as spectators.

Figure 1: Feynman diagrams depicting the weak-interaction process that leads to
the conversion of a neutron into a proton.

conserved axial-vector current) hypotesis, of the standard model of electroweak in-
teractions [2].

In nuclear 8 decay the decay process of Figure 1b happens in a nuclear enviroment.
This means that in addition to the weak interaction, also present is the strong
nuclear force between the nucleons. To deal with the complications resulting from
this strong interaction, a treatment called the impulse approximation is used [2,5].
In this approximative scheme the decaying nucleon feels only the weak interaction
at the moment of its decay. The remaining A — 1 nucleons act as spectators. This
simplified reaction mechanism is depicted in Figure lc.

2.2 General theory of forbidden beta minus transitions

In the K-forbidden (K = 1,2,3,...) f~ transition the final state leptons leave the
nucleus with non-zero orbital angular momenta with respect to it. This causes the
angular momentum of the nuclear state to change from an initial value J; to some
final value J; according to the selection rules of Table 1 [2]. Depending on the forbid-
denness of the transition, the angular momentum change can also be accompanied
by a change of parity of the nuclear state wave function.

12



Table 1: Angular momentum and parity selection rules for forbidden transitions.
Quantity K represents the degree of forbiddenness of the transition.

K AJ:|Jf—Jz| 7Tf7TZ'

1 0,1,2 -1
2 2,3 +1
3 3, 4 1
4 4,5 +1

Y

The probability for the emitted electron to have its total energy in a small interval
from W, to W, + dW, is [5]

21

P(W,)dW, =
(We) (hic)8 2m3h

C(We)pecWe(Wo — W) Fo(Z, We)dW... (53)

Here, W, is the end-point energy of the beta spectrum. The quantity p,. is the mo-
mentum of the electron and Z the proton number of the daughter nucleus. Fermi
function Fy(Z, W,) takes into account the Coulumbic interaction between the emit-
ted electron and the nucleus. C(W.,) is the shape factor and p.cW (W, — W,)? a
kinematic factor that arises from the available phase space of the final-state leptons.

Due to the electron’s negative charge the Coulombic interaction between the electron
and the nucleus is attractive. Qualitatively, this has an effect of slightly shifting the
energy spectrum of the emitted electron to lower energies compared to a case, where
the electron would have no electric charge at all [8]. For positively charged positron
that is emitted in 81 decay the effect is just the opposite.

Intergration of Eq. (53) over the possible electron energy range allowes one to write
the partial half-life of the transition now in a form ¢,/ = &/ C' [5], where the constant
K is given by
27%h In 2
= (m.c?)7Ga (e’

~ 61475 (54)

and the quantity C is the integrated shape factor

C - /1 " Clw)pws(wo — w2 Fo(Z, w,)dw,. (55)

The expression (55) is made unitless by scaling the quantities Wy, W, and p, with the
rest-mass energy of the electron. In other words wy = Wy/(m.c?), w. = W, /(m.c?)

and p = p./(mec?).

Excluding at first the case with angular momentum change AJ = |J; — J;| = 0, it
is possible to write the shape factor C' in a form [5]

m€C2 2K - - B
Clud = () | = 0w w0 D A
ket+k,=K+1

(56)

+ Z Ao (wZ = 1% (wo — we)* ™ Vg Diy, Bic
ety =K +2
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The positive integers k that appear in this expression result from the expansion of
the final-state lepton wave functions into partial waves. These numbers are related to
the orbital (I) and total (j) angular momentum of the leptons according to relation

| forj:l—%
k_{l+1, forj=1+3 "~ (57)

The two summations in (56) are understood so that the leading contributions to
them come from the lowest-order terms of the expansions that satisfy the relations
ket+k, =K+1and k. +k, = K + 2.

The quantity ), that appears in (56) is

o er_1<Z, we)

P
e T TR (Zwe)

(58)

where Fy,_1(Z,w,) is the generalized Fermi function
Fioo-1(Z, we) = 4% (2k,) (ke + i) [(2ke — 1)1

oo (20BN (0, i) (59)
h F(1+2w%,) )

The two dimensionless quantities inside the Fermi function are y = (aZw.)/(pec)
and v, = VkZ — (aZ)?. The quantity « is the fine structure constant and I' the
usual gamma function. Furthermore,

A S CY ST 1
frebe = R\ @K + 1)1\ /(2. — 1)1(2k, — 1)!

(60)

and
(2K)! 1

2K+ D! /(2k, — 1)1(2k, — 1)1 (61

Dipor, =

The explicit expressions for the quantities Ax and By involve both kinematical
factors and nuclear form factors [5]. The nuclear form factors carry all the nuclear
structure information. In the impulse approximation the form factors can be stated
in terms of six nuclear matrix elements, namely My, My, M3, My, Méke) and Méke) [5].
Adopting the notations

K+1gA
My =My x4/ ——=—M 62
+ 2 K av 3 ( )

and
K+ 1g_AM(ke)

At — ke
- 2 K gy 3

(63)
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the expressions for flK and By become

S 2K 41 - 1
S/ SR — 202
Av =% (2k, + 1) 5 (Wo — we)" My,
P S [(az)2(M(’“e )2 4 2(6Z)weM_M% + (1 + wZ)M2]
(2. + 1)? - - e/ =
29,

~ (ke) 2
" hewo(2k, + 1)? [(O‘ZW‘M— * weM*}

9 K +1 o)
_ 64
%eH,/ = [( 2\, M +weM1M_} (64)
2 2K +1 Yo ™ 2 2K +1 -
< N M._ — w ) MM
PV TR R M = g T (o we) MiM

2

T @R Tk, ) W ) (@2)M%) 4 wodt | My
2 Vk
a - - We M_M
(2ke 4+ 1)(2k,, + 1) kewe (wo — we) L
and
KA1 ga  ke—k,
Bre= My + 255 —= M, M.
BCOERICE wKED

) k)P ) (65)
ga e — My 2 ga 2
p(8a) ekl (_) M2,
() weeme] = () v
The new, scaled fine structure constant & that appears in these two expressions is
defined as & = (ah)/(Rmec).

The nuclear matrix elements M;—M, that arise from the impulse approximation can
be written as

~ h he 1
= M= g X Vel (60
Z mucxo(pn) (el chén |l [¥2), (67)
Z s (pn) (|| el ] [107) (68)
z pn
and .
My = =3~ i (o) (| [ o 14). (69)

with p and n the proton and neutron indices, respectively. The charge-changing
transition densities (CCTDs) (¢4]|[ ¢fén |x||1)i) dependent on the nuclear structure
and in order to calculate these quantities an actual nuclear model must be specified.
For the purposes of this text the chosen model is the MQPM discussed in Chap. 1.
The explicit expressions for the relevant CCTD matrix elements were provided at
the end of that chapter.

The reduced single-particle matrix elements V/4mygs(pn) of the expressions (66)-
(69) are on the other hand completely independent of the nuclear model. Stated
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explicitly, the elements are

14 (—1 zp+ln+Kj ]n » .
imsalyn) =it e I i)
X (=)t 5y A (LK) (70)

4 (—1)ltie1/2 {TK}ﬁﬁ A(Zp[nK)],

. 14 (=1 lp+ln+L i]A]An .
AmKLl(pTL):le+l"+L(—1)K+1 ( 2) ;A; (] % |KO)
< { [ (pn) + Bicw ()] (r)m A L) ™)
4 (= 1)t in [ A (pn) — Bir(pn) {r }~~ A( l~l~ )}
and
14 (=1 lp+Hln+L+1 ﬁf ;L ‘ ‘
VmKLl (pn) lp+ln+L+l ( ) -71:-] (]p %jn o %‘K 0)

2 K
) { (=12 Ay (pn) + Brer ()] {r*), AGlL) (72

(1) (A (p) = By (pn)] {1}, Al ) }.

The notation A(l;l3L) accounts for the triangular conditions |l; —ls| < L <13 + 1o
for the coupling of the angular momenta [y, ls and L. If the triangular condition is
satisfied the term affected by this coupling is left untouched. Otherwise the term
must vanish. The quantity [ is an auxiliary quantum number defined as

- {z+1, j=1l+3

The notation p denotes a set of proton quantum numbers {n,, l;,, Jpt- The same

applies also to the auxiliary neutron index n with the neutron quantum numbers.

The geometric factors A (pn) and Bir(pn) that appear inside the single-particle
elements (70)—(72) are

it (1o

Akr(pn) = (—D)FTH K11 —1|L0) (1 -6 74
xL(pn) \/2K<K+1)(2L+1)( ) [L0)(1 = dxo) (74)
and
Bir(pn) = (— 1)lp+ﬂp—1/2+KL(K0 10[L0). (75)
The same single-particle elements also include radial factors
{8 o = k) (0700 = 2/ + 1)) (76)
{TL}ﬁn = k(b) (bil(TLH%m = 24/"Np + Jp + 1<TL>ﬁn) (77)

and

{TL}ﬁﬁ :k(b)< 2 L2y b1 S+ g, + L(rEY,
— 207" /ny + G+ 1P (78)

44/ (4 o+ D)y + p + D) ).
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The basic radial integral of the above factors is defined as

0

where the function g, (r) is the usual radial harmonic oscillator wave function. The
prefactor k(b) is defined as

1 0.1051
k(b) = = 80
(b) 2myb b [fm] (80)
with b taken to be the harmonic oscillator parameter
197.
_ 9T iw = 45A7Y3 — 954723, (81)

V939hw

Expressing the basic radial integrals as (fm)% allowes one to state all the single-
particle matrix elements in units of (fm)~.

The two remaining matrix elements MQ(k"‘) and Méke) are just the same as My and
Ms, respectively, except for the Coulomb factor

3 2k.+1 (1)2 0<r<R
I(ke,1,1,1;7) = { I S (82)
22‘7@:1? - 2k5(2§ce+3) (%) , T>R

that must be included inside the basic radial integrals (79) [5].

A drastic simplification occurs in the case of unique transitions where the change
of angular momentum is maximal to the degree of forbiddenness of the transition,
i.e. follows the relation AJ = K + 1. For these transitions only the element M,
contributes to the decay half-life.

An important exception to general theory discussed above is the case of first forbid-
den transitions (K = 1), where it is possible to have AJ = 0, i.e. a zero change of
angular momentum. In the case of = decay an extra term

2\ 2 ~ 2 M. 2
(1) _ [ Mec 2<M Wo %Mm) 2 (Ms
¢ (m) [gA st g Mot 3 Me ) T Oa|

2’}/1 ~ Wo aZ (1) M6
— 2 — — —
90, (085 + g Mot M ) 3

(83)

must be added to the shape factor (56) [6]. The extra matrix elements thus needed
to calculate the decay half-life are

~ he he 1 AR .
Ms = mechs = mec27¢pzn moo (pn) (V|| ché Jol ) (84)
and ]
Mg == “moor (pn) (@l i Jol [v:)- (85)
i om

The single-particle matrix element of (84) is written as

A A

» o 1+(_1)lp+ln+L+1j [ )
) :le+ln+L+1(_1)jp+]n PA (] Ly - —|L 0)
2 L (86)

[ 4 AL + (1P () AGGL)

AR

morL (pn
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The other one can be taken from (71) with K = 0 and L = 0. Again, the matrix

element Mél) is just the same as Mg except for the Coulomb factor (82) included
inside the basic radial integrals.

2.3 Allowed beta minus transitions

The many complications of the general theory of forbidden beta transitions arise
from the fact that the leptons leave the nucleus with non-zero angular momentum.
When the leptons leave the nucleus with no orbital angular momentum with respect
to it, the observed change AJ is completely caused by the intrinsic spin angular
momenta of these leptons. Adding them up amounts a total of 0 or 1 with no
change of parity.

The distinctive property of the allowed [ transition theory is that the lepton kine-
matics are completely separated from the content carrying the nuclear structure
information. The partial half-life can be written as

K

fo(Br + Bar)’

where the constant x is the same as in (54) [2]. The quantities Br and Bgr are the
Fermi and Gamow—Teller reduced transition probabilities

tl/g - (87)

2
9y 2
Br = M
F 2JZ~+1| rl (88)
and
oy 89
Bor = .
ar 2J¢+1| ar| (89)

The Fermi and Gamow—Teller matrix elements Mr and Mgy of these quantities are
written in a familiar manner:

Mp = 65,5, > me(pn) (e[ chénlol[ehr) (90)
and
Mar = mer(pn)(Wyl|[ché i), (91)

where the reduced single-particle matrix elements are

mF(pn) = 5npnn5lpln5jpjnjp (92)
and

11
man(m) = V28, b, a0 L o)
Jn Jp b
The CCTDs of the matrix elements (90) and (91) are again obtained from the
MQPM. The angular momentum selection rules that distinguish Fermi and Gamow—
Teller type transitions from one another are given in Table 2 [2].

The part fo in the partial half-life expression (87) is a dimensioless phase-space
factor for the final-state leptons. For S~ transitions it is written as

fo= /Iwo Fo(Z, we)pwe(wy — we)*duwe. (94)

The quantities that appear inside (94) are just the same ones as in the integrated
shape factor (56).
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Table 2: Angular momentum selection rules for Fermi and Gamow—Teller transitions.
There is no parity change involved for any allowed transitions.

Type AJ = |Jr — ji Ty
Fermi 0 +1
Gamow-Teller 1 (J;=0or Jr=0) +1

Gamow-Teller 0,1 (J; >0and J; >0) +1
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3 Applications to the beta decay of Cd-115

In this chapter the theoretical framework is put into a test. In order to study the
B~ decay of °Cd one must begin with the calculation of the needed CCTDs. Once
these quantities are obtained they can be used to determine theoretical predictions
for the partial half-lives of the different S~ transitions. These predictions can then
be compared with experimentally confirmed results.

The reference nucleus for the MQPM calculations presented in this chapter is the
even-even nucleus ''*Cd. The experimentally measured excitation level scheme of
this nucleus as well as those of the mother and daughter nuclei 1*Cd and *!In can
be found from [10]. Also taken from [10] is the 3 decay scheme of ''5Cd that holds
all the necessary information needed to calculate the experimental decay half-lives.

3.1 Beta decay calculations

The adopted valence space for the reference nucleus **Cd consists of proton single-
particle orbitals Of, 1p, Og, 1d, 2s and Oh;; /> and neutron single-particle orbitals 1p,
Og, 1d, 2s, Oh, 1f, 2p and 0i;3/2. This gives a total of Z,. = 28 active protons and
Nt = 38 active neutrons inside the valence space.

Pairing gaps for the lowest one-quasiparticle states can be calculated from the three-
point formulas (20) and (21). Using experimental proton and neutron separation
energies obtained from [10], these values are 1.351 MeV for the neutron-odd mother
nucleus '5Cd and 1.445 MeV for the proton-odd daughter nucleus *In.

The calculated Woods-Saxon single-particle energies of the reference nucleus *Cd
are presented in the second column of Table 3. When the scaling constant values
g}(ﬁ)ir = 1.130 and gézi)r = 0.974 were used to account for the pairing gaps, the resulting
unadjusted BCS low-energy one-quasiparticle spectrums can be seen in Figures 2
and 3. The comparison of the proton spectrum to the experimental low-energy level
scheme of "°In shows a poor match. Both 71p; /5 (0.899 MeV) and 7lp; 5 (2.279
MeV) are far from their expected energy levels at 0.336 MeV and 0.579 MeV. In
the case of neutron orbitals the BCS calculation seems to be able to reproduce the
correct set of low-lying one-quasiparticle states at roughly correct energies. The only
shortcoming is the wrong order of the states v0h;;/; and v1ds)s.

In order to match the lowest three proton and neutron one-quasiparticle states with
the low-lying states of 1*In and °Cd, some manual adjustments were made to the
single-particle energies of Table 3. The proton state 1ps/, was raised to —10.71 MeV
and the state 0gg/ lowered to —10.20 MeV. In the case of neutron orbitals the state
1d3/2 was raised to —6.71 MeV and the state Oh;; /5 lowered to —6.60 MeV. The new

adjusted BCS spectrums with scaling constant values g}()z)ir = 1.018 and gg;i)r = 0.941
are likewise presented in Figures 2 and 3.

The reference nucleus '**Cd is a mid-shell nucleus whose quadrupole vibrator level
structure is clearly seen in the low-energy part of its level spectrum (see for ex-
ample Figure 4 and the discussion in [11]). Most noticeably, there are the one-
phonon quadrupole singlet 2+ at 0.558 MeV and the two-phonon quadrupole triplet
07,2%,4% at 1.135...1.284 MeV. Furthermore, it is expected to find the three-phonon
quadrupole quintet including the states 0%, 2, 37, 4% and 6™ at energies about three
times that of the one-phonon singlet. The quintet states 07, 37 and 6" are easily
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Table 3: The Woods-Saxon single-particle energies for the reference nucleus *Cd.
The calculated single-particle energies are given in the second colomn. If any adjust-
ments to these values were made the adjusted energy is given in the third colomn.

Proton ews (MeV) Adjusted energy (MeV)
0f7 /2 -16.661358
0f5 /2 -12.650281
Ips/2 -11.882409 -10.71
0go/2 -9.3491039 -10.20
1ds 2 -3.8272991
291, -1.5048858
Ips,  -1.0081092
Ohyy /2 -1.5645671
Neutron ews (MeV) Adjusted energy (MeV)
0f52 -17.785376
Ips,  -17.238335
Ip  -15.932652
0gr/2 -8.6589794
1ds 5 -9.3609343
281/2 -7.5244145
1ds/s -7.0101843 -6.71
Ohyy /o -6.0039434 -6.60
Ohg /o 0.94621968
1f;,  -1.8642871
1fs, 095156252
2p3/2 -0.83545411
Oi3/2 1.9958558
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Figure 2: The unadjusted and adjusted BCS spectrums for **Cd. The Woods—
Saxon single-particle energies for the unadjusted spectrum are taken from the second
column of Table 3. For the adjusted spectrum the energies of the single-particle
orbitals 1ds/; and Ohy;/o were replaced with the values given in the third column
of Table 3. The calculated BCS spectrums are compared to the experimental low-
energy spectrum of °Cd.
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Figure 3: The unadjusted and adjusted BCS spectrums for °In. The Woods-Saxon
single-particle energies for the unadjusted spectrum are taken from the second col-
umn of Table 3. The third one-quasiparticle state is 1p3/; and it can be found at
2.279 MeV. For the adjusted spectrum the energies of the single-particle orbitals
1ps/2 and Ogg o were replaced with the values given in the third column of Table 3.
The calculated BCS spectrums are compared to the experimental low-energy spec-
trum of 15In.

22



Table 4: The QRPA scaling constant values for the multipoles 0%, 37, 4% and 5.

J7 gpp gph
0 0.40 0.40
3~ 1.00 0.74
4+t 1.00 0.96
5= 1.00 0.76

identified but for the states 27 and 4% there seem to be several candidates at that
energy range. The state 37 at 1.958 MeV is a possible candidate for the one-phonon
octupole singlet state.

Because the QRPA formalism can only deal with one-phonon excitations the two-
phonon and three-phonon states fall outside the scope of the theoretical tools that
are used in this text. A problematic part of the '*Cd low-energy level scheme are
also the additional 0" and 27 states that are found above the quadrupole triplet.

According to [11] these intruder states result from proton excitations across the
Z = 50 major shell.

The most important QRPA phonons in actual MQPM calculations are the low-
energy ones. The effects arising from the high-lying phonons are small and good
convergence for the MQPM calculations can generally be established even when the
high-energy phonons are neglected altogether. A practical way of implementing this
exclusion, and thus lightening the computational burden, is the introduction of an
energy cutoff that defines the upper limit for the energies of the QRPA phonons that
are to be included in the calculations. For the purposes of this work the adopted
energy cutoff was 3.0 MeV.

The scaling constants that were used to fit the multipoles 0%, 37, 4 and 5~ below
the adopted energy cutoff are given in Table 4. The lowest-energy state of each 37,
4" and 5~ multipole were fitted close to their proposed experimental companions
using only the parameter g¢,,. In the case of 07 it was desirable to adjust also
the second lowest state and therefore both the scaling parameters were used. The
adopted values g,, = 0.40 and g,, = 0.40 made it possible to keep the 0] state at
the vicinity of the ground-state, while at the same time to lift the 0 state close to
an experimentally confirmed 0T state at 2.438 MeV. The state 0] was omitted in
the MQPM calculations since it is known to be completely spurious [12].

It should be noted that the lowest 1~ QRPA state is naturally contaminated by a
spurious centre-of-mass motion of the nucleus [2]. To avoid these unwanted effects
from affecting the results, the 1] state was also omitted in the MQPM calculations.

The vibrational characters of the reference nucleus **Cd are a clear indication that
the best fit for the 2] state is the first excited state at 0.558 MeV. Because the
second lowest 2% state can likewise naturally be found from the low-energy part of
level scheme, it seems almost a necessity to find a good fit also for this state. To cover
all the experimentally confirmed 27 states near that energy region a systematic way
to explore the different options was adopted. The scaling parameter values given in
Table 5 can be used to fit the state 25 to five different energy levels. An experimental
271 state can be found at the vicinity of each of these levels.
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Table 5: The QRPA scaling constant values for the multipole 2. The variations
in the values allow the state 23 to be fitted to different energies while keeping the
lower-energy state 2] close to the quadrupole singlet at 0.558 MeV.

E(%r) (MeV) Jpop  Gph

1.856 1.39 0.66
2.057 1.28 0.68
2.269 1.14 0.70
2.517 0.93 0.72
2.627 0.81 0.73

Neglecting the omitted 0 state, the calculations involved a total of two 0% QRPA
states within the energy range from 0 to 3.0 MeV. For each multipole 4T, 5=, 6
and 8" there were likewise two states, but only one state for each 11, 37, 6= and
7~. Depending on the fit of the 25 state there was a total of three or four 27 states
below the energy cutoff. For all the other multipoles not mentioned in Tables 4 or 5
the default values g,, = 1.00 and g, = 1.00 were used for the scaling parameters.

The resulting QRPA spectrums are given in Figure 4. The MQPM spectrums based
on these QRPA fits are given in Figures 5 and 6.

The 3~ decay scheme of 1'Cd is given in Figure 7. In addition to the transitions that
come from the ground-state of 1°Cd, it is also possible to study transitions from the
metastable first excited state 11/27. For the purposes of this text only the transi-
tions with experimentally measured branching probabilities were taken into account.
Counting in the order of increasing final state energy, these included the transitions
1/2= —1/27,3/27,3/2%,1/27,5/27 and 11/2= — 9/2F_  7/2%, 11/2% 13/27.

g.s.’

Figure 5 shows that in every time the first two excited states of 1°Cd are found at
just the right energy range. In the case of 15In (see Figure 6) the general trend would
seem to be that the relevant higher excited states are lying closer to the ground state
9/27% than they should. The only exceptions to this are the theoretical companions
to the states 3/2% at 0.829 MeV and 1/2% at 0.864 MeV. The lowest 3/2% state
is found at energies around 1.60 MeV and the lowest 1/2" state at energies just
over 2 MeV. The lift of the 2 phonon results in slight changes in the energies of
the excited states. Most noticeably the order of excited states 3/27 and 7/2% can
be corrected by fitting the 2 phonon to the highest energy level 2.627 MeV. The
downside of this is that the low-energy states 1/2~ and 3/2~ now decend to lower
energies.

Based on the MQPM wave functions, the ''°In low-energy states 9/2}, , 1/2~ and
3/2~ are mainly proton-quasiparticle states m0gg/2, m1p1/2 and mlps/.. At higher
energies the states are mainly characterized by their three-quasiparticle components.
The largest component for the lowest 3/2% and 1/2% states is m0gg/» ® 47 . For
the lowest 7/2%, 11/2" and 13/27 states this is 70gg/» @ 27. In contrast to these
the largest component for the lowest 5/27 state is wlps, @ 27 . Additional, less
significant contributions to these wave functions come mainly from the components
m0gg/2 @ 25, 45, 61, 8. In the case of 5Cd both the relevant low-energy states

1/ 2;{.3. and 11/27 are mainly neutron-quasiparticle states v2s;/, and vOhyys.
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Figure 4: The QRPA spectrums with the state 23 fitted at five different energy
levels from 1.856 MeV to 2.627 MeV. Complete low-energy QRPA level scheme is
given only for the fit with F(23) = 2.269 MeV. For all the others only the states of
the 27 multipole are shown in the figure. The QRPA fits can be compared with the
experimental low-energy spectrum of 1**Cd on the right.
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Figure 5: The MQPM spectrums of '°Cd corresponding to the QRPA phonon fits
with the state 2§ at five different energy levels from 1.856 MeV to 2.627 MeV. The

calculated spectrums can be compared with the experimental low-energy spectrum
of 115Cd on the right.
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Figure 6: The MQPM spectrums of *3In corresponding to the QRPA phonon fits
with the state 23 at five different energy levels form 1.856 MeV to 2.627 MeV. In
each case the lowest 1/2% state is found at just over 2.0 MeV. The lowest 3/27F
state is found at 1.571 MeV, 1.579 MeV, 1.590 MeV, 1.603 MeV and 1.607 MeV,
respectively for the five different spectrums shown in the figure. The calculated
spectrums can be compared with the experimental low-energy spectrum of !5In on
the right.

The most interesting features of the MQPM results (see Figure 6) are the large
energy discrepancies between the lowest theoretical and experimental 1/2% states.
The poor match suggests the state 1/27 to be strongly characterized by its five-
quasiparticle components and hence lying beyond the MQPM description. Because
of this shortcoming the Fermi transition 1/27 — 1/27% is omitted in the following
discussion on the transition half-lives. Judging by the match between the lowest
theoretical and experimental 3/27% states, it should be taken into consideration that
these discrepancies might likewise arise from the strong five-quasiparticle compo-
nents. This time however the effect does not seem to be quite that severe.

The needed transition Q-values are given in Table 6. Also shown are the branch-
ing probabilities that can be used to calculate the experimental partial half-lives
displayed in Table 7. Using the CCTDs calculated from the MQPM results the the-
oretical partial half-lives of these transitions are given in Table 7. Corresponding to
the chosen five QRPA phonon fits there are accordingly a total of five different sets
of calculated half-lives. The results collected in Table 7 are also shown in the graphs
of Figure 8.

The uncertainties regarding the structure of the 1**Cd state 4™ at 1.732 MeV make
it compelling to study the effect of fitting the QRPA phonon 4; to higher energies.
After neglecting the 4% state at 1.932 MeV due to its presumed quadrupole three-
phonon structure the next possibility is the state 37, 4% at 2.152 MeV. There is also
a experimentally confirmed 4 state at 2.391 MeV. Using a scaling constant value
gpn = 0.78 for the 4T multipole, the QRPA phonon state 4] can be raised to 2.156
MeV.

Going through the same different options to fit the state 2§ as in the above discus-
sion, i.e. using all the parameter values given in Table 5, another set of QRPA results
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Figure 7: The 3~ decay scheme of 1Cd. Shown here are the experimentally mea-
sured branching probabilities and log ft-values for the various transitions that come
from the ground-state 1/2% and the first excited state 11/27. Also given is experi-

mentally confirmed v decay information.
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Table 6: The transition Q-values are calculated from the experimental results of the
level scheme of Figure 7. Also shown is the branching probability and the forbid-
denness of the given transition. The notation 1u means that the transition is first
forbidden unique.

Initial state (J7); = 1/2/, (0.0 MeV)
(J7)s  EF (MeV) Q-value (MeV) Iz~ (%) Forbiddenness

1/2~ 0.3363 1.1097 62.6 1
3/2” 0.5972 0.8486 1.16 1
3/2* 0.8286 0.6174 3.3 0
1/2* 0.8642 0.5818 33.1 0
5/2- 1.0414 0.4046 0.00008 1u

Initial state (J7); = 11/27 (0.181 MeV)
(JT)y  Ej (keV) Q-value (MeV) [Ig- (%) Forbiddenness

9/25,. 0.0 1.6270 97 1
7/2%  0.9338 0.6932 1.7 1u
11/2+ 11326 0.4944 0.06 1
13/2*  1.2906 0.3364 0.9 1

Table 7: The sets of S~ decay partial half-lives based on the calculated MQPM
results. The first set of values in the third column corresponds to the QRPA results
with E(25) = 1.856 MeV, the second set of values in the fourth column to the
results with £(25) = 2.057 MeV and so forth. The experimental partial half-lives
are calculated from the branching probabilities of Table 6.

Initial state (J7); = 1/2F, (0.0 MeV)

J7 ¢lezr) Theoretical partial half-life ¢; /5
f 1/2 /

1/2= 3.56 d 15.62 d 13.57d 11.27d 896 d 7.71d
3/2 192.03d | 128.05d 125.27d 16.38d  9.60d 1.07 d
3/2* 67.50d | 27.75 min 34.96 min 3.27 h 1.31 h 13.51 h
5/27 762842 a | 1079.95 a 4220.04 a 51.03 a 1202.63 a 54.14 a

Initial state (J7); = 11/27 (0.181 MeV)

(J™)¢ tge/g;p ) Theoretical partial half-life ¢,

9/2;, 45.94d | 3.17h 305h  296h 290h  279h

7/2%  718a | 134449a 29434.6a 1277 a 547.96a A77.57 a
11/2%  20347a | 9.65a 1.02a  1.10a 3867a 10.09a
13/2%  1356a | 1854a  1464a 11.60a 1l4la 17.30a
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Figure 8: Partial half-lives of Table 7. The values in the left graph are for transitions
with initial state (J7); = 9/2;, (0.0 MeV) and the values in the right graph for
transitions with initial state (J™); = 11/27 (0.181 MeV). Solid lines connect the
calculated theoretical half-life values of a given transition. Dashed lines represent
the experimental partial half-lives.

is obtained from the calculations. The low-energy phonon spectrums corresponding
to these are exactly the ones given in Figure 4 except for the state 4] at 2.156 MeV.
The MQPM spectrums based on the new QRPA fits are given in Figures 9 and 10.

The new MQPM spectrums of Figures 9 and 10 show in general only slight changes to
the previous results. The most noticeable change occures in the excitations energy
of the lowest °In state 3/2% that is now above 2 MeV. The order of the ''°Cd
low-energy excitation states is corrected when the 25 phonon energy is lifted to
its highest value. However, this happens again at the expence of lowered excitation
energies of the low-energy states 1/27 and 3/27.

The calculated theoretical partial half-lives obtained from these MQPM results are
given in Table 8 and in Figure 11. Corresponding to the five QRPA phonon fits there
are again a total of five different sets of calculated half-lives. The Fermi transition
1/2t — 1/27 is again omitted. Mean values for the results of Tables 7 and 8 are
given in Table 9.
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Figure 9: The MQPM spectrums of 1°Cd based on the QRPA calculations, where
the state 4] raised to 2.156 MeV. The results correspond to the fits with the state
24 at five different energy levels from 1.856 MeV to 2.627 MeV. The calculated
spectrums can be compared with the experimental low-energy spectrum of **Cd on
the right.
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Figure 10: The MQPM spectrums of 1**Cd based on the QRPA calculations, where
the state 47 raised to 2.156 MeV. The results correspond to the fits with the state
21 at five different energy levels from 1.856 MeV to 2.627 MeV. In each case the
lowest 1/27 state is found at around 2.5 MeV. The lowest 3/2" state is found at
2.042 MeV, 2.050 MeV, 2.061 MeV, 2.075 MeV and 2.079 MeV, respectively for
the five different spectrums shown in the figure. The calculated spectrums can be
compared with the experimental low-energy spectrum of *°In on the right.
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Table 8: The new sets of 5~ decay partial half-lives based on the calculated MQPM
results with the QRPA state 4] fitted to 2.156 MeV. The first set of values in
the third column corresponds to the QRPA results with F(2]) = 1.856 MeV, the
second set of values in the fourth column to the results with E(23) = 2.057 MeV
and so forth. The experimental partial half-lives are calculated from the branching
probabilities of Table 6.

Initial state (J7); = 1/25, (0.0 MeV)

(J™)¢ tge/zp ) Theoretical partial half-life ¢, ,

1/2~ 3.56 d 15.63 d 13.48 d 11.16 d 8.87d 7.62 d
3/2- 192.03d | 138.71d 128.86d 17.77 d 11.25d 1.06 d
3/2% 67.50 d | 202.04 d 1.05h  55.52 min 56.44 min 264.09 d
5/27  7628.42 a | 2933.82 a 4998.63 a  50.69 a  4816.72a 11258 a

Initial state (J7); = 11/27 (0.181 MeV)

(J™) ¢ tg%p )| Theoretical partial half-life ¢, ,

9/2;3' 45.94 d 281 h 2.67 h 255 h 243 h 2.30 h
7/2% 7.18 a | 1406.43 a 1336.39 a 29064.3 a 1288.34 a 462.16 a
11/2% 203.47a | 13.79a 316.24d 334.12d 17765a 11.62a
13/27  13.56 a 22.94 a 18.14 a 1.07 a 1.33 a 2.57 a

Table 9: The mean values of the calculated partial half-lives. The values in the third
column are the mean values for the results of Table 7. Those in the fourth colomn
are the mean values for the results of Table 8.

Initial state (J7); = 1/2, (0.0 MeV)

(J™)y tge/zp ) Average theoretical t; o

1/2=  356d | (114+15)d (114+15)d
3/2-  192.03d | (60+30)d (60 + 40) d
3/2+  67.50d (4+3)h (90 + 60) d

5/27 762843 a | (1300 £800) a (5000 % 2000) a

Initial state (J™); = 11/27 (0.181 MeV)

(J7)¢ tge/zp ) Average theoretical t; /5

9/2F,  4594d | (178+£4) min (153 £ 6) min
7/25  7.18a | (7000 £ 6000) a (7000 = 6000) a
11/2+  203.47 a (12+7) a (40 & 40) a
13/2+  13.56 a (13+4) a (9+5) a
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Figure 11: The partial half-lives of Table 8. The values in the left graph are for tran-
sitions with initial state (J7); = 9/27, (0.0 MeV) and the values in the right graph
for transitions with initial state (J™); = 11/27 (0.181 MeV). Solid lines connect the
calculated theoretical half-life values of a given transition. Dashed lines represent
the experimental partial half-lives.
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Figure 12: The BCS spectrums showing the effects of increasing the spin-orbit in-
teraction strength from 1.00vY¢ to 1.08 vYs. Dashed lines indicate the energy levels
for 1.00 vy (see Figures 2 and 3) and the solid ones for 1.08 v)y. Values inside the
parentheses are the experimentally confirmed energies for the relevant low-energy
states. In either case, no adjustments were made to the Woods—Saxon single-particle
energies. For 1.08 vfg the scaling constant values gl()g)ir = 1.115 and gl(azi)r = 0.949 were
used to account for the pairing gaps.

3.2 Calculations with adjusted spin-orbit interaction strength

As a further exercise the effect of adjusting the spin-orbit interaction strength was
also examined. The needed small adjustment were done simply by multiplying the
interaction strength v9¢ of Eq. (7) by a constant close to a unity. As depicted
in Figure 12 the increase in the interaction strength tends to bring the low-lying
proton one-quasiparticle states closer together. Also the neutron one-quasiparticle
states Ohy1/2 and 1ds/, are shifted towards their proper experimental companions.

The BCS spectrums with adjusted Woods-Saxon single-particle energies for spin-
orbit interaction strengths 0.92v{g, 0.96 vy, 1.04v)s and 1.08 v are given in Fig-
ures 14 and 15. The goal was to fit the low-energy one-quasiparticle states in the
same way as in the adjusted BCS spectrums of Figures 2 and 3 which were taken
to be the reference fits with 1.00 v. To archieve this the new sets of single-particle

energies for the orbitals listed in Table 3 and the scaling constants gg;)ir and gézgr had
to be adjusted slightly differently each time. The dependence of the single-particle
energies on the spin-orbit interaction strength is depicted in the graphs of Figure 13.
The manual adjustments that were made to the energies of the relevant orbitals are
given in Table 10. The scaling constants that were used to account for the pairing

gaps are given in the same table.

In the case of QRPA phonons the fit with E(2]) = 2.517 MeV and E(4]) = 2.156
MeV was chosen as the reference with 1.00 v{y. Again the goal was to fit the phonons
in the same way as in this reference fit. This required that each time a slightly
different sets of scaling constants g, and g, had to be used. The scaling constants
for multipoles 0" and 2" are given in Table 11. For all the other multipoles essentially
the same constants were used as in the Table 4. The resulting QRPA spectrums
are given in Figure 16. The MQPM spectrums corresponding to them are given in
Figures 17 and 18.
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Figure 13: The Woods—Saxon single-particle energies for the valence space orbitals
of the reference nucleus "4Cd. The actual values corresponding to the spin-orbit
interaction strength 1.00vYg are the unadjusted energies given in Table 3.

Table 10: The proposed manual adjustments to the Woods—Saxon single-particle
energies of the proton orbitals 1ps/; and 0gy/, and the neutron orbitals 1ds/, and
Ohyy/2. Also given are the scaling constants used to account for the pairing gaps of
the mother and daughter nucleus. The reference case with 1.00 Y4 corresponds to
the choices made earlier in Chapter 3.1.

Interaction Adjusted ews (MeV) Scaling constants
strength mlpg;2  m0gge vldse vOhyi g}()pa)lr géﬁfr
0.92 vy -10.79 -10.20 -6.79 -6.64 1.019 0.943
0.96 00 1075 -1024  -6.75  -6.62 1.019  0.942
1.00 vy -10.71  -10.20 -6.71 -6.60 1.018 0.941
1.04 v)g -10.67 -10.16 -6.66 -6.57 1.018 0.941
1.08 vy -10.62 -10.12  -6.60 -6.53 1.016 0.941
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Figure 14: The BCS spectrums of 'Cd with the spin-orbit interaction strength
varied from 0.920)g to 1.08v)y. The spectrum with 1.00v{g is the same adjusted
one as in Figure 2. The calculated spectrums can be compared with the experimental
low-energy spectrum of '°Cd on the right.
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Figure 15: The BCS spectrums of ''In with the spin-orbit interaction strength
varied from 0.920)¢ to 1.08 v)g. The spectrum with 1.00v{g is the same adjusted
one as in Figure 3. The calculated spectrums can be compared with the experimental
low-energy spectrum of °In on the right.

35



Table 11: The QRPA scaling constants for multipoles 07 and 2%. The adopted
values correspond to the QRPA fit of Chapter 3.1 with F(23) = 2.517 MeV and
E(4F) = 2.156 MeV.

Interaction Multipole 0 Multipole 2
strength 9pp Jph 9pp Jph
0-92UBS 0.50 040 093 0.73
0.962}85 0.46  0.40 0.87 0.73
1.001}88 0.40 040 0.93 0.72
1.04 0¥ 0.35 0.40 0.89 0.72
1.08 ¥y 0.30 040 0.96 0.71

307 4y = 2776 44 T 2772 54 I p.gas 5-- = ~2.851 24— = ~2.848 5- -2.293
04—\ = [-2.695 0+1\ = ;2-760 = 5 A= 2.760 d4—= f—2.753 244 — |2.213
6+;§ £2.660 6+: £2-558 6+ 2.553 6G+——2.653 6+-— S 2.649 344 = |2.z208
- Z2.656 - 2.648 5 o 5 g3y T-——m2.633 T-—=—L-2.626 34 a4 = Lo 152

2+ 2.575 =
2+ 2.514 2+ z.517 27 R i 2+ £ g-2.048
04— ~7.367 04— —7.384 0O+ 2.413 0+ 2.435 O+ : ] = 1990
5- 2.306 5- 2.306 5- 2.30% 9- 2.309 9- 2.309 3- = 4§~ 1.258
4+ 1.832
4+ 2.187 a4 2.154 4+ 2.156 4+ 2.146 4+ 2.152 34 -1.864
o+ 1.860
201 3- 1.352 3- 1.976 5 1.938 3- 1.963 3- 1.980 24 = {~1.842
(24) —~ ‘~1.784
a+ 1.732
2+ 1.364
0+ f~1.306
4+:\ f£1.284
24—___—1.210
o+ 1.135
1.0
| 2+ D0.558 2+ 0.562 2+ 0.961 24 0.555 2+ 0.560 24 0.558
0.0l o+ 0.000 O+ 0.000 O+ 0.000 O+ 0.000 O+ 0.000 0+————0.000
0.2 0.96 1.00 1.04 1.08 114cd exp.

Figure 16: The QRPA spectrums based on the BCS calculations of Figures 14 and
15. The reference spectrum with spin-orbit interaction strength 1.00 vY is the QRPA
fit of Chapter 3.1 with E(23) = 2.517 MeV and E(4]) = 2.156 MeV.
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Figure 17: The MQPM spectrums of 1'>Cd that correspond to the QRPA phonon fits
of Figure 16. The reference spectrum with spin-orbit interaction strength 1.00 v
is one in Figure 9 with E(25) = 2.517 MeV. The calculated spectrums can be
compared with the experimental low-energy spectrum of '3Cd on the right.
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Figure 18: The MQPM spectrums of '°In that correspond to the QRPA phonon fits
of Figure 16. The reference spectrum with spin-orbit interaction strength 1.00 v
is one in Figure 10 with F(25) = 2.517 MeV. In each case the lowest 1/27 state
is found at around 2.5 MeV. The lowest 3/2% state is found at 2.082 MeV, 2.066
MeV, 2.075 MeV, 2.062 MeV and 2.073 MeV, respectively for the five different
spectrums shown in the figure. The calculated spectrums can be compared with the
experimental low-energy spectrum of 1Cd on the right.
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Table 12: The sets of 8~ decay partial half-lives based on the calculated MQPM
results of Figures 17 and 18. The reference set in the fifth column with spin-orbit
interaction strength 1.00vYg is taken from Table 8. The experimental partial half-
lives are calculated from the branching probabilities of Table 6.

Initial state (J™); = 1/2F, (0.0 MeV)

Theoretical partial half-life ¢, ,

(") tge/zp) ’ 0.92 00 0 0 0 0
92vig  0.96vig 1.00v7g  1.04v7g  1.08v7g
1/2= 3.56 d 7.88 d 7.78 d 8.87d 8.80 d 10.36 d
3/2° 192.03d | 14.68d 1.11d 11.25d 1.19d 10.63 d
3/2* 67.50 d 1.22°h 429a 5644 min  1.95a 4.29 h
5/27 762842 a | 29870.8 a 8122.1 a 4816.72a 1999.1 a 2338.62 a

Initial state (J7); = 11/2~ (0.181 MeV)

Theoretical partial half-life ¢,

(J7)s tge/:;p) 0 0 0 0 0
09209 0.960)s  1.000Ys  1.04vds  1.08vlg
9/2;& 4594 d 2.45 h 234 h 243 h 2.46 h 2.56 h
7/2Jr 7.18 a 2605.09 a 494.68 a 1288.34 a 647.85a 817.74 a
11/2Jr 203.47 a 3.02 a 5.33 a 177.65 a 7.76 a 1.32 a
13/2Jr 13.56 a 1.09 a 1.58 a 1.33 a 2.03 a 1.40 a

Figures 17 and 18 show that changes to the previous results are again only slight. In
each case the lowest 3/27 and 1/27 states that should correspond to the low-energy
ones found at around 0.85 MeV are above 2 MeV. The theoretical partial half-lives
calculated using this yet another set of MQPM results are given in Table 12 and in
Figure 19. Mean values for the calculated results are given in Table 13.
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Figure 19: The partial half-lives of Table 12. The values in the left graph are for
transitions with initial state (J7); = 9/27, (0.0 MeV) and the values in the right
graph for transitions with initial state (J™); = 11/2~ (0.181 MeV). Solid lines con-
nect the calculated theoretical half-life values of a given transition. Dashed lines
represent the experimental partial half-lives.

Table 13: The mean values of the calculated partial half-lives of Table 12.

Initial state (J™); = 1/27, (0.0 MeV)

(J™) ¢ tge/gp ) Average theoretical ¢, /o
1/2=  356d (8.7£0.5) d

3/2-  192.03d (8+3)d

3/2t 6750 d (12£0.8) a
5/2-  7628.43 a (9000 +£ 6000) a

Initial state (J™); = 11/27 (0.181 MeV)

(J™) ¢ tg%p ) Average theoretical t;
9/25, 4594 d (147 £ 3) min
72t 7.18a (1200 + 400) a
11/2+ 20347 a (40 + 40) a
13/2F  13.56 a (15+0.2) a
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4 Conclusions

In this master’s thesis the beta decay of 1'Cd was studied using microscopic quasi-
particle-phonon model. The three-quasiparticle spectrums obtained from application
of the MQPM formalism are presented in Chapter 3. The main results of this work
are the calculated partial half-lives for the various f~ transitions. These theoretical
estimates are given in Tables 7, 8, and 12 of Chapter 3.

The examination of the calculated partial half-lives of Tables 7 and 8 show that in
several cases a value roughly of the same order of magnitude with the experimental
one can be found. However, in many cases the closest values must be picked from
different sets of results. It is therefore difficult to point out a single set of values
that as a whole gives the best agreement with experiments. Furthermore, for some
transitions the discrepancies between the theoretical and the experimental values
seem be to systematically very large.

The differences between the values listed in Tables 7 and 8 result from the QRPA
fits that affect the wave functions of the relevant excitation states. It can be seen
that for some transitions the half-lives depend rather smoothly on the excitation
energy of the QRPA state 25 . In other cases on the other hand, the effects are much
more unpredictable and can cause significant amounts of variation to the half-life
values. The significance of the QRPA state 4] seems to likewise vary largely from
one transition to another.

Based on the transition half-lives, the most problematic transitions seem to be
11/27 —9/2, and 11/27 — 7/2%, where the calculated results systematically dif-
fer considerably from the experimental values. The Gamow-Teller transition
1/2t — 3/2" is also a disappoinment. However, in this case it must be noted
that the final state 3/2% is very poorly matched with its experimental companion at
0.829 MeV. As stated in Chapter 3, this might be due to the strong five-quasiparticle
components in the wave function of the state. Even though it is reasonable to expect
somewhat less accurate results because of this shortcoming, the large variations in

the half-life values seem nevertheless very unpredictable.

The mean values of Table 9 smooth out the variation in the half-life values but
in reality this is not a drastic improvement over the separate sets of results. Only
for few transitions the actual, experimentally deduced partial half-life can be found
to lie inside the standard error margins of the mean value. Because of the large
variation in the half-life values, these errors tend get likewise very large. It must be
noted that here the whole consept of mean value is perhaps a bit vague. Rather than
being a statistical problem, the differing sets of partial half-lives result in this case
only from the fact that there is no certainty of how exactly the QRPA states should
be arranged. In any case it would seem that the high-energy fit of the 4] phonon is
a more appropriate choice over the low-energy one.

The other part of Chapter 3 concerned the study of changing the spin-orbit inter-
action strength. The conclusion based on the calculated partial half-lives of Table
12 is that although the increase of the interaction strength improved the BCS one-
quasiparticle spectrum, the agreement between theoretical and experimental half-
lives as a whole is not any better. To be able to study the effects that result solely
from the spin-orbit interaction strength, it must be ensured that the BCS and QRPA
spectrums resemble all the time closely to some pre-selected reference fits. Because
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slightly different parameter values and adjustments had to be chosen, it was diffi-
cult to keep the spectrums to look exactly the same. Hence it is possible that other
factors could have also affected the results.

One spesific feature of the results is that the partial half-lives for the transition
11/2= — 9/ 2;5_ are shifted hardly at all. This stability can be explained by the
one-quasiparticle structures of the states 11/27 and 9/27 that leaves them largely
unaffected by the QRPA fits. Large discrepancies between the theoretical and the
experimental values must result from the failure of the theoretical formalism to
properly descripe both or either one of these states. Because most of the '°In three-
quasiparticle states have a structure, where the one-quasiparticle state 9/ 2;& is
combined with the low-energy QRPA phonons the above argument is likely to explain
many of the problems encountered with the other transitions also. As already stated
in Chapter 3, a particulary noticeable feature of the 1**In MQPM spectrums is that
in general the relevant excited states seem to lie closer to the ground state than they
should.

One possible way to investigate the effect of the ground state 9/2} could be to
try to explore the different options of adjusting the Woods—Saxon single-particle
energies that affect the BCS quasiparticle spectrums. In practice this seems to be
method of trial and error because beforehand there is no clear indication of what
the proper adjustments need to be.
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