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Abstract

This thesis deals with beta decay studies conducted at the Department of Physics, University
of Jyviskyld. The studied neutron rich nuclei with 106<A<114 were produced in a proton
induced fission of 238U and they were mass separated by using an on-line mass separation
facility IGISOL. In this thesis, the main emphasis has been put on the fundamental properties
of beta decay in the wide range of nuclei from the deformed Zr-region to the almost spherical
Pd-nuclei. These studies have produced new beta decay data in the region of interest and led
to the identification of seven new isotopes. The obtained experiméntal information have been
compared to the global models of atomic masses and beta decay rates. In addition, this thesis
includes macroscopic-microscopic calculations for the beta decay properties as a function of
deformation and nucleon number. The comparison of the experimental and calculated data
have been used to extract information about the interplay between deformation and

fundamental beta decay properties of the nuclei studied.
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1 Introduction

Research on nuclei far from stability has gained a lot of new interest due to the rapid
development of the experimental techniques. The proton drip-line has been experimentally
probed up to Bromium and the elements up to Neon have been identified on the neutron drip-
line [Ay589,Del89,Han89,Roe92,Mue93]. Although a lot can be learned from the nuclei near
the valley of beta stability, the nuclei far from stability, also called exotic nuclei, posses a
special interest due to their extreme composition of the neutrons and protons. This provides a
stringent test for the nuclear structure models, which often are formulated and parametrized
according to information obtained from less exotic nuclei. For instance, the shell structure may
reveal new insight when approaching the drip-line nuclei, as pointed out by M.M. Sharma et
al. [Sha%94] and J. Dobaczewski er al. [Dob94]. The first observation of the anomalous large
total interaction cross section of the !1Li and 6-8He isotopes [Tan85) has resulted in a new
branch of the nuclear physics, which is devoted to the study of neutron haloes associated with
exceptionally large radii of neutron matter distribution [Tan91]. Although the exotic nuclei are
rare in the stellar environment, they appear all the time in the universe at different stages of the
evolution of stars. For instance, they play a major role in the synthesis of heavy elements via a
r(apid neutron capture)-process [Kra93]. The abundance of the r-process nuclei is defined by
the seed nucleus of the r-process path, temperature, neutron density and the time scale of the
r-process. Nowadays an understanding of the various processes is limited to the degree to
which the underlying nuclear physics data have been measured and understood. The most

important nuclear physics input parameters are the decay rates A, decay energies Q, neutron-
capture cross sections G, and also the shape of the beta-strength function Sp [Thi91].

The aim of this work is to gather new experimental information conceming the beta decay
properties for neutron-rich nuclei in the transitional region from strongly deformed Zirconium-
nuclei to almost spherical Palladium-nuclei. The region of interest is highly exciting due to the
experimental observations, like shape-coexistence [Lhe93], identical bands [Lhe90] and rich
isomerism [Pen92,Fog90] among many others. An increasing distance from the stability line
leads to increasing Q-values of beta decay. This provides powerful tool for the experimental
studies of nuclear ( decay. In neutron-rich nuclei, the allowed beta decay is of the Gamow

Teller type due to unfavorable energetics for the Fermi-transition.

According to an extreme single particle shell model (ESPSM), one valence nucleon outside
the inert core is responsible for the allowed beta decay between the initial and final states. In
the case of the GT-beta decay of an even-even parent nucleus, a spin and a parity of the final
state is uniquely defined as 1* due to the selection rules of allowed beta decay. For the
neutron-rich nuclei with 40 £ Z < 50, the ESPSM-model should result in only one 0*—1*



transition, which occurs between the spin-orbit partners vgy/; and mgg,. An illustrative
example of that is the decay of 124-128Cd-isotopes, which reveal one strong 0+—1+ beta
transition. This is demonstrated in Fig. 1.1, which shows the partial decay schemes of !24-
128Cd according to [Spa87]. The situation is quite different already for Pd-isotopes, whose
decays indicate the effects of configuration mixing and residual interactions
[Kop89,Fog90,Jan93].

12BCd
126 7.06 MeV
124 ' 0.34 s
Cd 5.55 MeV
0.6s
3.89 MeV
1.2s

\4.2 1+
— 1173
\ \4'1 1+

Figure 1.1 Partial decay schemes of 124-128Cd-isotopes [Spa87]. Log ft values of 0*—1+
beta transitions and the energies of the final states are illustrated.

In nuclei out of the closed shells, the ESPSM-model is far too simple, as was exemplified
already in the case of the Pd-isotopes. When the distance from the nearest closed shell is
further increased the deformation of the nucleus starts to play an important role. In the single-
particle picture this means that spherical shell model states are split according to different m-
values. These are strongly mixed when associated to small deformation. In the well deformed
regions, the single-particle states are fully characterized by the asymptotic quantum numbers
N, n,, A, and Z. The selection rules of the asymptotic quantum numbers for the allowed beta
decay are determined by G. Alaga [Ala55]. Among the allowed beta-transitions, the transitions
fulfilling the selection rules [AN,An,,DA,AX]=[0000] are called allowed unhindered (au)
transitions. They are characterized by the low log ft values, i.e. log ft < 5. The au-transitions



are systematically studied in the rare-earth region [S0089,S0090,Mei76,Zyl66]. In addition,
there exist also some non-conclusive evidence for the au-transitions in actinides [S0092].

Although the beta decay can be well understood at the asymptotic extremes, related with
spherical or large deformation, the regions between these two extremes are puzzling as far as
beta decay is concerned. The choice of the quantum numbers, the composition of the
individual single-particle states and the identification of the single-particle states involved in
beta decay are only few examples of the unresolved questions. In addition, the shape co-
existence and the asymmetric shapes can greatly complicate the treatment of the beta decay in
transitional regions. The collective properties of the nuclei affect directly the beta decay rates
via the nuclear matrix element and pairing correlations. The change of deformation between
the initial and the final state may result in poor overlap of the wave functions involved in beta
decay. This in turn results in a hindrance of the beta decay. The deformed core also affects the
occupation of the single-particle levels, which changes the pairing correction accordingly.

A strength of the Gamow Teller beta decay transition can be written as [Tow85]

C

—_—
(gA / gv) It
where fis a fermi function, ¢ is a partial beta half-life and the strength B(GT) is proportional to

B(GT) = (1.1)

the square of the intrinsic matrix element of the beta decay between the initial and the final
state. According to this equation it is possible to obtain information about the beta decay
matrix element and the coupling constants by measuring the half-life and the decay energy and
constructing the decay scheme.

In this thesis the first step towards a better understanding of the beta decay in the transitional
Zr-to-Pd-region has been taken by deducing the experimental observables: the decay energy,
half-life and decay scheme of the neutron-rich Mo and Ru isotopes. These are then compared

to various models, some of which are devoted to predict the atomic masses and half-lives.

This thesis is based on the experimental studies conducted at the Department of Physics of the
University of Jyvidskyld in 1989-1991. The bulk of the experiments was carried out in the
spring 1991 and concluded by the last experiment in August 1991, just before closing the old
MC-20 cyclotron. The experiments were undertaken as a part of the systematic program for
the study of the neutron-rich transitional nuclei with A=100-120 at the IGISOL-facility. In this
thesis, I concentrate on the beta decay properties of these nuclei. The special interest is in the
connections between the deformation and beta decay characteristics. Figure 1.2 presents the
section of the nuclide chart where the isotopes of this study are situated.
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Figure 1.2 The chart of nuclides showing the neutron-rich transitional region with A=100-
120. The isotopes, which are studied at the IGISOL-facility are shaded. Those
even-A isotopes, which are studied in this thesis, are framed with a thick solid
line.
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2 Theoretical background

2.1 Beta decay and the shell model

2.1.1 Kinematics of beta decay

Beta decay process is a three body problem of an electron, a neutrino and a participating
nucleus, which greatly complicates its handling. However, the situation can be simplified due
to the large rest mass of the nucleus compared to typical energieé released in the beta decay.
The mass of the nucleus can be approximated as infinite and the problem reduces to two body
problem of the neutrino and electron [Beh82]. In that case the total energy release in the B~
decay, for example, is divided among the antineutrino and electron

E,=E;+E_. (2.1)

This formula can be transformed to the kinetic energies by subtracting the electron mass from
both sides of the equation, leading to an equation
L,=T,+T.. (2.2)

Due to the simultaneous emission of the antineutrino, the electron spectrum has a continuum-
like shape, which is described in the allowed case by the formula

N(p) =C£2p2(Q—T,)2. 23)

In addition, the shape of the beta spectrum is influenced by the Coulomb interaction between
the nucleus and the emitted electrons and also by the contribution of the nuclear matrix
element. This leads to the equation

N(p) = p*(Q-T,)' F(Z.T.|M,[ S(p.q). 24)

where pz(Q— T,)2 is a statistical factor and F (Z,T,) is Fermi-function, which is tabulated for

each element as a function of the kinetic energy of the emitted beta-particles [Gov71].

2.1.2 Conservation laws in beta decay

Emission of the electron and neutrino involves a possibility of the change of angular
momentum L. Depending on whether the participating electron and the neutrino have their
spins anti parallel or parallel, the transition is called Fermi (F) or Gamow-Teller (GT),
respectively. Due to the conservation law of the angular momentum, the following equations
of the vector additions hold in the two types of the beta transitions:



I,=I+L Fermi transitions (2.5a)

I,=1,+L+1 Gamow-Teller transitions (2.5b)

Additionally, the parities of the initial and final states are related in the following way:

T, =n,(-1)" (2.5¢)

The selection rules for the change of the angular momentum and parity for different type of
beta-transitions are summarized in the Table 2.1.

Table 2.1  The selection rules of the beta-transitions [Coh71].

Fermi Gamow-Teller
Transition type 15 Al Am Al AT
Allowed 0 0 No (0),1 No
First forbidden 1 (0),1 | Yes 0,1,2| Yes
Second forbidden 2 (1,2 No 2,3 No
Third forbidden 3 ),3 Yes 34 Yes
Fourth forbidden 4 3),4 No 4,5 No

2.1.3 Classification of beta transitions
A decay constant of the allowed beta decay can be written
64mt g2|

=L i IF(Z PP (0-1.) dp (2.6)

A=

The integral of the equation above is normally given as a function f{Z,Q-E), which is known as
a Fermi-integral. By taking A =In2/7,,, following formula for the relation of the beta decay

rate and the transition probability is obtained:

In(2)k"
6411:“gszc"|M,.f|2

St = 2.7
Left hand side of the equation is called a comparative half-life, which provides a basis for the
classification of the beta transitions. Equation also implies that the differences in the ft-values
are related to the matrix elements, which are obtained from the nuclear model calculations.
Expression of the beta decay matrix element will be referred in the context of different



approaches. Due to the wide range of the fr-values, their logarithms are used instead.
Classification of the beta-transition according to their log ff values is presented in Table 2.2.

Table2.2 Typical log ft values of different types of beta decay transitions.

Transition type Al An Log ft
Super allowed (AT=0) 0 no 3.48-3.50
Allowed 0,1 no (A1=0) <59
Allowed, 1-forbidden (AI>2) 0,1 no (A1=2) >6
First forbidden 0,1 yes 7(1)
First forbidden unique 2 yes 8.5(5)
Second forbidden 2,3 no =13
Third forbidden 34 yes =18

2.1.4 Shell model of the nucleus

The systematics of the neutron and the proton separation energies and the systematics of the
energy of the first 2+ state, among many other observables, reveal existence of the magic
numbers and shell structure of the nucleus. The shell model was adopted from the atomic
physics where its success has been unquestionable. In the case of atomic physics, electrons are
moving in the central field generated by the point like charge of the nucleus. In the nucleus
itself there is no additional source of potential, but the nucleons are moving in the central field
generated by the interactions between nucleons. Despite of this basic difference, the shell

model has been very successful also in nuclear physics.

Appearance of the magic numbers requires the use of the potential which can reproduce the
observed energy gaps. A central field has often been introduced as an isotropic harmonic
oscillator (HO) potential due to its mathematical simplicity. A radial dependence of the
potential can be written as

V(r) =4 Mo, (2.8)

where M is a mass of the nucleon, 7 is an energy quantum of the harmonic oscillator and 7 is
a distance between a nucleon and the origin of the coordinate frame. The Schrodinger

equation of the nucleon in the HO-potential,

[%+%M0)2r)¢(r) = Ed(r), (2.9)



can be solved analytically resulting in the eigenstates of the harmonic oscillator
E, =(2n+1-4)hw, which are equally spaced and degenerate corresponding to different

orbital angular momentum I values.

Inclusion of a phenomenological /2-dependent term leads to the so called modified harmonic
oscillator, which is flattered at the bottom of the potential. Due to that, energy levels with high
l-value are lowered in energy as compared to the degenerate levels. However, this is not
enough to reproduce all of the observed magic numbers. Only the inclusion of an attractive
spin-orbit interaction reproduces the experimentally obscrved magic numbers 2, 20, 28, 50,
82, and 126. This interaction lowers the states with a total angular momentum j=I+1/2 and
raises the states with j=I-1/2. The magnitude of the splitting depends on the /-value and the
mass A of the nucleus. Experimentally observed splitting of the states with j=/+1/2 is written
approximately [Sol76]

AE, =—201-sA”* MeV. (2.10)

The resulting eigenstates are characterized by », /, and j quantum numbers, which are
conserved in the spherical potential.

A more realistic radial dependence of the nuclear potential is given by the Woods-Saxon
potential. Its radial dependence follows the nuclear matter distribution with almost constant
depth. In sect. 2.1.7 the Woods-Saxon potential is applied in the calculation of the single-
particle levels in deformed potential.

2.1.5 Collective properties of the nucleus

Although the shell model can reproduce many properties of light nuclei, it has not been used
very much in medium and heavy nuclei. This is related to the computational difficulties of the
model when applied in multi-j configurations, which lead to the extremely large matrices.

Two approaches have been used among the heavy nuclei. A collective modcl of Bohr and
Mottelson [Boh75] is concentrated on macroscopic motions and excitations of a nuclcus.
Another approach follows the idea of the shell model, but uses potential having deformed
shape. The latter one is known also as the Nilsson model [Nil55]. Both the collective model
and the Nilsson model include the non spherical shape of the nucleus.

The shape of the nucleus is often taken as a an ellipsoid of revolution. In the simplest case, the
shape is distorted in one direction either by elongating or compressing it. The first case
corresponds to a prolate (American football like) deformation and the latter one is called
oblate (disc like) deformation. Both of these are examples of the axially symmetric shapes. A
commonly used presentation for the shape of the nucleus is the so called (3; parametrization,

where the ! denotes the muitipole of the spherical harmonics. Inclusion of the highcr ordcrs



than 2, which corresponds to the already discussed quadrupole distortion, results in more
complicated shapes, but the axial symmetry remains.

The axially asymmetric shapes are also possible. The so called By-parametrization of the shape
of the nucleus includes also axially asymmetric shapes. The shape of the nucleus is presented
with two parameters, quadrupole distortion B and axially asymmetry parameter . In the
convention used in [Cha91] prolate and oblate shapes correspond to >0 and y-deformation
either y=0° or y=60°, respectively. In the case of the non-zero B-deformation and the vy-
deformation other than 0° or 60°, the shape of the nucleus in non-axial. In the model of
Davydov et al. [Dav58] the nucleus has a stable axially asymmetric shape. Another extreme,
the total instability in the y-direction, corresponds to a y-vibration 'of the nucleus having the
quadrupole deformation . The former model is called Davydov model and the latter one is the
Wilets-Jean model [Wil56]. Among the experimental data, there is no evidence for the rigid
triaxiality, but rather triaxiality is associated with y-softness [Cas90].

2.1.6 Deformed shell model

In the shell model picture the spherical shape of the potential was assumed. As a result of the
obvious need for the non-spherical shape, the shell model was improved by Nilsson [Nil55] by
describing the motion of particles in a potential with non-spherical shape. The potential had
the form of an anisotropic harmonic potential, which also contained the 12-dependent term and
spin-orbit coupling. Due to the deformation the (2j+1)/2-fold degeneracy of the shell model
states is broken over |m|-values. Resulting state is still doubly generate corresponding to +m-
values. A total angular momentum j is no longer good quantum number, but the states are
characterized by their energy, parity and projection K of the total angular momentum against
the nuclear symmetry axis. However, K an 1t do not fully characterize the resulting states. The
asymptotic quantum numbers are needed to complement them. In the original paper of
Nilsson, the states were labeled by the quantum numbers [NIAZX] corresponding to the
spherical harmonic oscillator basis, but the [Nn,AZ] presentation corresponding to cylindrical

harmonic oscillator basis, is also used.

In this thesis the single particle levels in the deformed potential are calculated using the
computer code WSBETA reported in [Cwi89]. It is based on the axially deformed Woods-
Saxon potential reported in Ref. [Dud79]. For the axial shapes, the nuclear surface can be

written as

R(cose,B) = c(ﬁ)Ro[l + Eﬁxym(cose)} 2.11)

A2

where Y, (cosB) are the spherical harmonics. A deformed Woods-Saxon potential is defined

as
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(2.12)

where distz(r, [3) equals to the distance between the point r and the nuclear surface

represented by equation (2.11). Depth of the potential is given by the V|, and a is a surface
diffuseness.

The spin-orbit potential is written as

V(P’B)=x(2flc) V1+cxp[dis‘t/;(r,~)/a] (rxp). (e

where A is a strength of the spin-orbit potential, G is a vector operator composed of Pauli
matrices and p is a linear momentum operator. The Coulomb potential for protons
corresponds to the uniformly distributed nuclear charge equal to (Z-1)e inside the nuclear
surface X. It is computed by using the expression given in Ref. [Hil53].

The depth Vj, for the central potential and spin-orbit-potential is parametrized as

= N-2Z +  for protons
V= V(lix ) ,where (2.14)
N+Z —  for neutrons

The single-particle energies and the wave functions are calculated by using the harmonic
oscillator basis. Hamiltonian including central, spin-orbit and Coulomb potentials was
diagonalized in the axially deformed harmonic oscillator basis and then the deformed WS-
potential was generated numerically at a deformation specified. The details of the solving the
Hamiltonian are presented in [Cwi87]. The calculated single-particle states in the vicinity of
110Ry (66 neutrons and 44 protons) are presented in Figs. 2.1 and 2.2 The asymptotic
quantum numbers in cylindrical basis Q*[Nn,A] are presented in the right side of the figures.
Spherical shell model states are also labeled.

Parameters of the central potential are equal to those given in Ref. [Ros68]. More important
than the parameters of the central potential, is the choice of the parameters for the spin-orbit
potential. In this work, a "universal set" of parameters given in Ref. [Cwi87] was applied. This
set has its basis on the high spin studies in the 208Pb-region [Dud81] and in the 148Gd nucleus
[Dud82]. This set is appropriate for the transitional region below Z=50. According to the
extensive study of different parametrization in Ref. [Pen92], use of the other values do not
improve the results in the region of interest. This set has been applied also in Refs.
[Ryk89,M6190,Vir90]. The values of the universal parameters are collected in Table 2.3.
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Table 2.3  "Universal" parameter set for Woods-Saxon potential.
Parameter N P
Depth of the central potential V [MeV] 49.6 49.6
Radius parameter of the central potential r [fm] 1.347 1.275
Diffuseness parameter of the central potential a [fm] 0.7 0.7
Strength of the spin-orbit potential A 350 36.0
Radius parameter of the spin-orbit potential rg, [fm] 1.310 1.20
Diffuseness parameter of the spin-orbit potential a, [fm] 0.7 0.7
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Figure 2.1 Neutron single-particle states in the deformed shell model around N=66.
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Figure 2.2 Proton single-particle states in the deformed shell model around Z=44.

2.1.7 Beta decay matrix elements

Extreme single particle shell model.

In a single particle model, an inert core with J=T=0 and a single valence nucleon outside the
core is assumed. Thus a beta decay involves the transformation of one nucleon from the 4j;
initial state to the Igs final state. The simple expression for the matrix element of allowed beta

decay in that case is obtained,

1+ 7
(MGT>:.p.=6(2jf+1){'. ’ l} (2.15)
Ji Js
which reduces to the equation
2j,+1
(Mer),, == (2.16)
i

in the case of B~ decay from j; = - Y2 state to jr= ! + Y2 state [Bru77].
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Deformed shell model

In the deformed case, the intrinsic matrix element of beta decay can be written as

2
(Mg):, = 2[2 az’.‘A.anf‘K,‘z:.} 2.17)
1

with K being the smaller of K; and Ky Amplitudes af, ; are taken from the nuclear model

calculations. In the asymptotic limit only one wave function component dominates with af,\‘z

close to unity. As a consequence, the value of the matrix element approaches to 2 [Boh75].

2.2 Macroscopic-microscopic model

As the other macroscopic-microscopic models the total energy of the nucleus is calculated by
summing the contributions from the macroscopic and microscopic parts:

E,(B)=E,,(B)+E,.(B) (2.18)

A shape of the nucleus is obtained by minimizing E, in an appropriate deformation space
denoted by B in the equation above. The deformation space of the present version of the
model is limited to the axially symmetric shapes. The microscopic part in the equation (2.18)
includes the shell correction and pairing terms. The shell correction is based on the Woods-
Saxon potential described in the previous chapter.

2.2.1 Liquid drop mass equation

The macroscopic part of the model is taken either from the liquid drop model of Myers and
Swiatecki [Mye66] or from the Yukawa-plus-exponential mass formula of Moller and Nix
[Mo181]. In this work the former one has been used. The macroscopic energy of the nucleus

with Z protons and N neutrons is written
z’ z?
B, =17.9439A°T —15.4941AT + 0.7053—=—-1.152596— (2.19.a)
A A
where

2
T= 1.0—1.7826(%—2) (2.19.b)

is an isovector term. The liquid drop model has been the most extensively used approach for
the parametrization of the bulk energy of the nucleus. After its invention various refinements
have been added to it but it is still widely used in the original form, too.
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2.2.2 Pairing corrections

The pairing was treated in the Lipkin-Nogami extension [Lip60,Nog64,Pra73] of the BCS-
approximation [Ogl71]. The pairing gap A and Fermi energy A and the occupation

probabilities v? are obtained by solving the coupled nonlinear equations

N, =2Y v +2(n-1) (2.20)
k=n
LIS, - - 2.21)
G k=n 82 + Az .
. (Y- k=nn+l,..m (2.22)
2 g +A
with a definition
g, =¢,—A. (2.23)

& denotes the shifted single particle energies according to the equation

g, =€, +(4A, -G  k=nn+1,...m (2.24)

where A, is a number fluctuation constant. The pairing strengths G for neutrons and protons
are obtained from the average pairing gap energies of A.S. Jensen et al. [Jen84], which were
multiplied by 0.9 as suggested by K. Rykaczewski [Ryk90].

2.3 Theoretical calculations within the macroscopic-microscopic model

In the study of the decay of Pd-isotopes, the QRPA-model of J. Suhonen et al. was applied
[Suh92,Suh88]. Use of this model in the case of Ru-isotopes showed that the spherical
approach could not reproduce the decay properties of these isotopes. However, the
macroscopic-microscopic model [Cwi87], which was presented in section 2.2, could
reproduce the experimental decay energies of 108-114Ry and the distribution of Gamow-Teller
strength [Jok91,J0k92,J0k93] in 108-112Rh isotopes. This model was also applied in the study
of Pd-isotopes [Kop89,Jan93], in the decay of 106,108Mo-isotopes[Jok94] and in neutron-
deficient Sn-isotopes [Dob88].

2.3.1 Even-even parent nucleus

The ground state shape of the beta-decaying parent nucleus was obtained from the energy
minimum of the potential energy surface in two-dimensional deformation space (f3,,84). In
each (B,,B4)-point of the (B,,B4)-grid the potential energy of the nucleus was calculated by
using the single-particle spectrum generated at the corresponding deformation including
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pairing. These were combined with the macroscopic part by using Strutinsky's shell correction
method [Str67,Str68]. The (B,,B4)-grid of the calculations were chosen in a following way:

B,=-0.4,(0.04),40.4 B, =-0.1,(0.02),+0.1, Cd, Pd, and Ru isotopes
B, =-0.48,(0.04),+0.48 PB,=-0.1,(0.02),+0.1 Mo, and Zr isotopes

Figure 2.3. presents the contour maps of the potential energy surfaces of the ground states of
118-124C(, 112-120pq, 106-114Ry 102-110M\fo, 100-1047; and 98-1025¢ isotopes.

Figure 2.3 Contour maps of the ground state energies of even-A Cd, Pd, Ru, Mo, Zr and
Sr-isotopes. Maps of the isotopes are organized as isotopes appear in the chart
of nuclides. The B,-deformation is presented in horizontal axis from -0.48 to
+0.48 and vertical axis corresponds to (4 deformation in the range from -0.1 to
+0.1. Separation of the contour levels is 750 keV.

According to [Sol76] deformation energy Eg.f(B) is defined as a difference between the
potential energy in spherical shape and the energy minimum at deformation (. The obtained
deformation energies for Pd, Ru and Mo are listed in Table 2.4. It includes also the energy
difference of the oblate and prolate minima if both exist. The occupation factors u2 and v2 of
the single particle levels in the ground state minimum were extracted by using the Lipkin-
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Nogami extension for the BCS-method. These were later used for the pairing correction in the
calculation of the Gamow-Teller strength of each 0*—1* transition.

Table 2.4 The quadrupole deformations and deformation energies of Pd, Ru, and Mo
isotopes. Both oblate and prolate minima are included. The deformation energies
are given in MeV units.

B2 Eger(B) By Eger(B)
112pg -0.22 0.80 +0.16 045
114pq -0.22 0.90 +0.18  0.36.
116pd -0.22 0.72 +0.16  0.22
118pq -0.19 0.26 +0.11 0.06
120pq -0.01 0.08 +0.08  0.004
106Ry -0.22 1.22 +0.21 0.93
108Ry -0.22 1.58 +0.24 1.04
110Ry -0.23 1.91 +0.24 1.14
112Ry -0.23 2.04 +0.24 1.10
114Ry -0.23 1.87 +0.23 0.88
102Mo -0.20 1.26 +0.27 1.08
104Mo -0.22 1.72 +0.32 1.74
106Mo -0.22 2.11 +0.32 2.12
108Mo -0.23 2.45 +0.32 229
110Mo -0.23 2.58 +0.31 2.27

2.3.2 Two-quasi particle spectrum of the odd-odd daughter nucleus

Two quasi-particle spectra of the odd-odd daughter nuclei were calculated by summing the
obtained quasi-particle energies of neutrons and protons. Altogether 16 neutron states
originating from the shell model states dss, g7/2, 172, d3/2, and hyy/, and 14 proton states
originating from the fs;;, p3;, P12, 8972, and dsy, shell model states were included in
calculations. No residual pn-interaction was included, but pairing of the like-nucleons was
taken into account. The energy of each neutron-proton two quasi particle-state was minimized
in (By,B4)-grid. Thus, the resulting spectrum of excited states contains states with various
deformations. The individual quasi particle-energies, in turn, were calculated using the

equation
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€, =1/§i+A2 +2A,, k=nn+1,...,m (2.25)

Due to the selection rules of the beta decay, only 1* states are populated by the allowed decay
of the O initial state of an even-even parent nucleus. Thus, the main emphasis has been put on
the 2-quasi particle final states with spin and parity equal to 1*. The calculated 1+ final states
are presented later in Figs 5.11 and 5.12, where they are compared to the observed level
scheme.

2.3.3 Decay energies and half-lives in the macroscopic-microscopic model

The decay energies were calculated as the difference of the ground state energies of the even-
even parent nucleus and the odd-odd daughter nucleus. They are presented in Table 2.5. In
addition, the GT-strengths connected to each Ot—1* beta transition were calculated
according to the equation

2, if0*—>1*

Ban = YZ<I“K"1(Kf _K")‘Ifo>2R2 x{ 1, otherwise 220

where 2 = is an intrinsic matrix element between initial and final state as presented in Eq.
(2.17). R* =u’v? is a pairing factor, which takes into account the emptiness and fullness of

the final and initial states, respectively. Clebsch-Gordan coefficient and the multiplication
factor constitutes the statistical factor accounting for the summation over the final spin states

and averaging over the initial spin states in deformed nuclei [Sol76).

A total beta half-life was then calculated according to the equation

T,,(B7) = [EZQ 1 } (2.27)

i=0 t1/2(i)

where ty/5 is a partial half-life of the beta transition to a two-quasi particle final state at
excitation energy E;. Due to the existence of the two competing shapes, the half-lives were
estimated both for the oblate and prolate cases. Also the total GT-strength was calculated
separately for the oblate and prolate deformations. Additionally, the calculated excited spectra
were used to estimate the average energy of 1* states inside the decay energy window. The
weighting factor for averaging was taken from the calculated GT-strength of each transition.
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Table 2.5  Calculated beta decay properties of even-A Pd, Ru and Mo-isotopes.

Oblate deformation Prolate deformation

Qg[MeV]  Typls] B(GT) logfr  Typls] B(GT) logft

112pq 0.9 3600 035 4.05 586 1.01 3.58

114pgq 2.13 546 235 322 21.2 1.58 3.39

116pq 3.50 688 474 2091 2.04 222 324

118pd 4.94 257 456 293 0.26 263 3.17

120pq 6.21 044 2.87 3.13 0.25 1.14 3.53

106Ry 0.68 5460 0.66 3.77 3060 036 4.03
108Ry 2.03 21.1 093 3.62 48.0 071 3.74
110Ry 3.44 171 335 3.06 3.60 145 3.42
112Ry 4.75 048 534 286 0.62 223 324
114Ry 6.27 0.14 593 28l 0.16 2.80 3.14
102Mo 1.36 207 122 3.50 14410 0.08 4.69
104Mo 2.80 572 1.14 3.53 79.6 0.30 4.10
106Mo 424 0.6 356 3.03 2.88 0.67 3.76
108Mo 5.64 0.12 447 294 0.29 124 349
110Mo 7.25 0.052 6.38 2.78 0.064 238 3.1

2.4 Atomic mass calculations

A great effort has been put on the development of models, which can predict the binding
energies of nuclei. The latest compilation from 1988 edited by P. Haustein [Hau88] contains
eight different atomic mass predictions and since then at least three new sets of atomic mass
predictions have been reported. In the following the mass predictions are divided into four

separate classes, which are

1) Mass relations. They are based on the simple symmetrical relationship between the
unknown and the neighboring nuclei.

2) Mass equations. This category includes models, which use the simple phenomenological

approach to parametrize the known mass surface and local irregularities of mass surface.

3) Macroscopic-microscopic models. In these models the main part of the total energy is
calculated in the macroscopic model, which is often liquid drop model (LD) or droplet model
(DM) or their revised versions with finite range. Local irregularities of the mass surface are
treated in microscopic corrections, which include both the shell structure and the pairing

correlations.
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4) Self-consistent calculations. These are purely microscopic approaches. Due to the
computational limitations, especially in deformed nuclei, Hartree Fock calculation are normally

limited for the small mass region.

A common feature for all models is that mathematical expression of the mass surface is
parametrized in known mass surface and then the atomic masses are predicted up to the drip-
line and even beyond that. The predictive power of the models varies greatly. Some of the
models can reproduce the known mass surface with high accuracy but predictions do not
agree with new experimental results. This is often related to the large number of parameters,
which result in a good reproduction of input values, but may lead to diverging predictions in
the new regions. Additionally, one should bear in mind that oftén more important than the
absolute value is the overall trend of the mass surface. This can also tell how well the model
can predict atomic masses beyond the known mass surface.

Table 2.6  Summary of the atomic mass predictions mentioned in 1988 atomic mass
compilation edited by P. Haustein [Hau88]. Three new set of atomic mass
prediction are also included in the table.

#of | RMS-
Abbr. Year par. dev. | Short description of the model Ref.
PA 1988 271 | Mass relation based on the isobaric Pap88
mass equation
DCZ 1988 45 287 | Phenomenological model based on the Dus88
a-line systematics
MN 1988 26 849 | Macroscopic-microscopic model MoI88
MMST 1988 29 777 | Macroscopic-microscopic model Mo188
CKZ 1988 431 | Mass relation based on the Garvey- Com88
Kelson relation
SN 1988 238 456 | Mass equation based on the infinite Sat88
nuclear matter with local corrections
™YY 1988 281 538 | Empirical mass formula with proton- Tac88
neutron interaction
S 1988 12 512 | Modified Bethe-Weizséicker mass Spa88
formula with deformation and shell
correction
M 1988 928 343 | Mass relation based on the Garvey- Jéan88
Kelson relation
MJ 1988 471 346 | Mass relation based on the Garvey- Mas88
Kelson relation
w88 1988 Combination of the experimental data Wap88
and extrapolations
P92 1992 9 730 | Hartree-Fock method Abu92
M93 1993 37 669 | Macroscopic-microscopic model Mo193
AW 1993 Combination of the experimental data Aud93
and extrapolation
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Table 2.6 summarizes the main characters of the 1988 and the latest atomic mass predictions.
The list of table is not complete nor it can be, but it represents a set of atomic mass
predictions, which are widely used and referenced in the physics literature. In the following
chapters the experimental results are compared to the representatives of each category of
atomic mass predictions. Main emphasis have been put on the systematic behavior of the
different models far from the stability. The atomic mass predictions chosen for the comparison
are presented below.

Mass relation of J. Jdnecke and P. Masson

In the model of Jénecke and Masson, the atomic masses of nuclei with N>Z are predicted by
using the transverse Garvey-Kelson relation [Gar66,Gar69]. According to the relation the
equation

M(N+2,Z-2)-M(N,Z)+ M(N+1,Z)-

(2.26)
M(N+2,Z-1)+ M(N,Z-1)-M(N+1,Z-2)=0

is the simplest non-trivial homogeneous mass relation. This relation cancels the role of the
effective pp-, nn- and pn-interactions and single-particle energies assuming that these
quantities vary slowly with mass number A. If this relation is presented in a homogeneous
third-order partial differential equation, one obtains the general solution
M(N,Z)=G,(N)+G,(Z)+G,(A) (2.27)

The mass parameters G(N), Go(Z) and G3(A) are arbitrary point functions of their arguments
and they can be constructed uniquely by minimizing the difference M (N,Z)-Mexp(N,Z) [J4n88].

Phenomenological model of T. Tachibana et al.

The atomic mass predictions of T. Tachibana et al. [Tac88a] serve as an example of the purely
phenomenological approach. It is an improved version of the Uno-Yamada mass equation
[Uno81,Uno82]. A ground state mass of a nucleus consisting of Z protons and N neutrons can
be expressed with three terms:

M(Z,N)=M,(Z,N)+M,,(Z,N)+ M (Z,N) (2.28)

The first term is a smooth function of N and Z, which describes the general feature of the mass
surface. It is quite similar to the conventional liquid drop formula, although there are few
differences. The second term, Mg, takes into account the odd-even effect and the third term
includes the deformation and shell structure. The third term is a purely phenomenological one,
which is formulated to take into account the mutual support of nuclear magicities and co-
operative deformation effect [Tac88a].
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Macroscopic-microscopic model of P. Méller et al.

This model has its roots in a study of fission phenomena and especially in the study of the
shape of the fission barrier. In the model, the collective behavior of the nuclei is combined with
shell structure. The total potential energy of the nucleus with Z protons, N neutron and generic
shape S is a sum of the macroscopic term corresponding to spherical shape and the
microscopic term

E, (N,Z,8)=E, (N,ZS)+E

mic

(N,Z,5) (2.29)

In their latest set of ground state masses, Mdller et al. include two different models for the
macroscopic part, namely the finite range droplet model (FRDM) and finite range liquid drop
model (FRLDM), of which they prefer the former one. The latter one was used in their atomic
mass prediction in 1981 [Mol81]. The former one was reported in their midstream atomic
mass evaluation in 1988 [Mo188], which included many unresolved questions solved in Ref.
[Mo193].

In addition to collective properties, the non uniform distribution of the single particle levels
requires the microscopic treatment. The microscopic part is a sum of the shell correction and
pairing terms

E

‘mic

(N,Z,5)=E,, ,(N,Z,5)+E

pair

(N,Z,5) (2.30)

These terms can be taken from the single particle states calculated in deformed potential of the
folded-Yukawa type [Bol72]. The calculation of shell correction is based on the Strutinsky
method [Str67,Str68], which allows the calculation of the nuclear potential energy for the
arbitrary shape of the nucleus. The pairing term is calculated with the Lipkin-Nogami
approximation [Pra73] for BCS-theory. The macroscopic-microscopic model of P. Moller et
al. provides a state-of-art-model of the DM-based models and is often referenced, when other

approaches are compared to DM-models.

Hartree-Fock method of J.M. Pearson et al.

This approach, of which the latest version is reported in [Abu92] and which is developed in
Refs. [Dut86,Ton87,Pead1], has a completely microscopic background. It is based on the
Hartree-Fock method for a Skyrme-type force with a Strutinsky integral (SI) shell correction.
The enormous computing time needed for the Hartree-Fock calculation is reduced by using a
semi-classical approach, the so called extended Thomas-Fermi (ETF) approximation.
Underlying Skyrme-forces and 8-function require only 9 parameters, which are fitted to 1492
masses above A=36. Rms-deviation among the known masses is 0.73 MeV, which is
comparable to the best DM-based mass formulae.
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Atomic mass extrapolation of G. Audi et al.

The atomic mass tables of H. Wapstra and G. Audi have provided a widely used standard for
atomic masses since "The 1971 Atomic Mass Evaluation" by A.H. Wapstra and N.B. Gove.
The atomic masses are mainly based on the experimental data, but in the case of clear
disagreement between an experimental result and smooth behavior of the mass surface the
experimental value is replaced with the rounded value. Smoothing of the mass surface relies
on the variety of systematic diagrams. These diagrams include the separation energy of two
neutrons (S;,,) or two protons (Szp), the decay energy of double beta decay (Qpp) and decay
energy of alpha decay (Q). A common feature is that they cancel the pairing effect.

2.5 Half-life calculations

Half-life predictions of the various decay modes play an important role in the explanation of
the synthesis of the elements in the universe. Various theories have been developed to predict
the decay rates of nuclei far from stability. In the following the summary of the most common
[-decay rate predictions are given.

2.5.1 Gross theory of beta decay

The first version of the gross theory was formulated by Takahashi, Yamada and Koyama and
their first half-life predictions were reported in [Tak73]. This model is based on the averaging
of the beta strength distribution in the daughter nucleus. It does not include shell effects
except via the mass predictions. However, it takes into account both the allowed and first-
forbidden transitions. In the early version of the gross theory, the atomic masses were taken
from the mass theory of Myers and Swiatecki [Mye66]. In thc model, the strength function for
beta-transitions of the type-2is given as

|M( E)|2 = j“ DQ(E,e)W(E,a)%';—‘de (2.31)

where E is the energy of the final nuclear and € is the nuclear single-particle energy state,
dn, /de is the single-particle level density according to Fermi gas model and Dq(E,¢) is the
single-particle strength function. W(E,€) is the weight function, which takes into account the
Pauli principle.

Tachibana et al. have reported improvement for the gross theory of beta decay [Tac88], which
was used to calculate new half-life predictions. Their improvements include the better
treatment of pairing, which takes into account the retardation of the beta transition from the
unpaired nucleon (odd-A or odd-odd cases). The second improvement modifies the cut-off
energy of the single-particle strength function so that the non-energy-weighted sum rule for

the Fermi transitions is better fulfilled. The third improvement concerns single-particle strength
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function itself, which has been modified to reproduce the observed shape of the strength

function.

2.5.2 TDA-approach of H.V. Klapdor et al.

This model is based on the microscopic theory and it provides a more realistic: description of
the beta strength function as compared to previous model. In the model Tamm-Dancoff
approximation is solved analytically by the use of the schematic model for a long-range
Gamow-Teller residual interaction. It can take into account the collective effects like the
observed hindrance of the GT-transitions and the existence of the GT giant resonance
(GTGR). Due to formulation of the GT-strength between the initial and the final states, this
model is totally independent of the mass predictions and their uncertainties. It also takes into
account deformation, although approximately, by calculating the wave functions in a deformed
harmonic oscillator potential. The choice of deformation relies on the general systematics. On

the contrary to the previous model, it does not include the first forbidden transitions.

2.4.3 QRPA-model of P. Moller and J. Randrup

The most refined models used for the half-life predictions are based on the quasi-particle-
random phase approximation (QRPA). In the model of P. Moller et al. intrinsic wave
functions are constructed by adding to a pure single particle model a pairing interaction and a
residual Gamow-Teller-interaction which is treated in the RPA-approximation. Due to the
flexibility of the model, various single-particle potentials can be applied. For the calculation of
the beta decay rates, a folded-Yukawa (FY) single particle model or Nilsson model has been
used as a starting point for the calculation. Pairing is treated in the BCS-procedure with global
pairing gap energy of 12J/A. A GT residual interaction is treated in random-phase
approximation with a coupling constant Y5 =23/A MeV. In the combination with (FY)-
potential, a "universal quenching parameter" equal to 2 was applied [M6190]. However, in our
calculations with Nilsson wave functions, this parameter was excluded, as was pointed out in
Paper III. The deformation and decay energies are taken from the mass models of Méller and
Nix [Mo188], Groote et al. [Gro76] or Hilf et al. [Hil76]. The present version of the model
requires equal deformations of the parent and daughter nucleus and it is restricted to allowed
beta transitions.

2.4.4 QRPA-approach of A. Staudt et al.

This model has a very similar background as compared to the previous one. The main
difference is in the treatment of the GT residual interaction [Sta90]. This model relies on the
GT residual interaction coupling constant, which is fitted separately using the known half-lives
for each element on the contrary to the global value of P. Moller and J. Randrup. In Ref.
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[Sta89] they have tested various mass predictions with the result that the mass model of
Moller and Nix [Mo188] should be used when the decay rates are predicted far from the
stability. However, among the known decay rates the best agreement is achieved when the

mass model of Groote et al. [Gro76] is used.



3 Experimental techniques

The neutron-rich nuclei studied in this thesis were produced in a fission reaction and mass
separated by using the IGISOL-mass separator at the Department of Physics, University of
Jyviskyla. The radioactive decay of the unstable fission products were recorded by using the
various y-, X-, B~ and e~ spectroscopic methods. Details of the experimental methods

involved are presented in the following sections.

3.1 Charged particle induced fission

In the study of the neutron-rich medium mass nuclei, fission reaction has been a rich source of
new information. The reaction applied has often been either a spontaneous fission or a thermal
neutron induced fission. In the former case, the fissioning source is typically one of the Cf-
isotopes. In the latter case, 235U has been the most typical fissioning target for thermal
neutrons due to very high cross section, even 20 bams for individual fission product [Rav89].
In both cases the fission process is characterized by the low excitation energy. Due to that, the
shell effects of the products tend to drive fission into an asymmetric mass division and the
higher amounts of nuclei with even Z and/or N are produced than the odd ones. All in all, the
low energy fission favors the separation into two different fragments instead of symmetric

mass division.

Due to the height and the shape of the fission barrier, the fission of elements below Z=90
results in the symmetric mass distribution of fission products. In the case of a higher Z-number
of fissioning nucleus, both asymmetric and symmetric mode of fission can occur in the same
time depending on the excitation energy and the shell structure of the fissioning nuclei
[Van73]. In the charged-particle induced fission, the excitation of the fissioning compound
nucleus is relatively high due to the high energy needed for overcoming the Coulomb barrier
between a projectile and a target. As a result of that, the mass distribution is broader and it is
peaked in a symmetric mode. The typical mass spectra of the low energy fission and charged
particle induced fission are presented in Fig. 3.1.

The charge division in the fission reaction is determined already in scission. The element
distribution of fission products in certain mass chains have been studied both in a thermal
fission [Wah88] and in a proton induced fission [Lei91,Jau94]. In the neutron induced thermal
fission the neutron-to-proton ratio follows the so called ECD hypothesis (Equal Charge
Division), where the difference between the most probable charge and the charge of the most
stable isobar of a certain mass chain is equal for the light and heavy fragment. On the contrary,
in the charged particle induced fission, the charge distribution of the products is found to
follow the so called UCD-hypothesis (Unchanged Charge Division), where the neutron-to-
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proton ratio of the products is identical to the target nucleus. Additionally, the charge
distribution of the latter reaction is broader as compared to the former one. This might be an
indication of the higher excitation, which results in a variety of fission channels.

FISSION YIELDS

ISOBARIC YIELD I[mbarn]

: 1 Il i
80 100 120 140 160
MASS

Figure 3.1 A mass distribution of the proton-induced fission and thermal neutron induced
fission [Wah88].

Although the fission reaction can typically produce a few hundred different nuclides, the
influence of the Q-value of the reaction leads to the production of only a few elements in one
isobar. Additionally, the large variation of the half-lives provides the possibility to use pulsing
of the experiment to further enhance the production of certain elements as compared to other
elements in the same mass chain. Experimentally one of the most important observables is the
total production rate. In addition to the mass and charge distribution mentioned above it
depends on the total fission cross section. In terms of a total fission cross section, the thermal
fission with its cross section exceeding 500 barns is superior as compared to the charged
particle-induced fission [Vol89]. Due to the low excitation, neutron evaporation channels are
weaker in thermal fission which implies the good production of neutron-rich nuclei. However,
a much better peak-to-valley ratio is observed for the proton-induced fission as compared to
the thermal fission, and the absolute cross sections in the valley region are comparable for both
reactions [Wah88,Bab71,Kar91]). Due to the symmetric division, a projectile and target
combination can be better optimized in the charged particle induced fission. An example of the
production yields of various elements at the IGISOL facility are illustrated in Fig. 3.2.
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Figure 3.2 Cumulative yields in saturation of Tc, Ru, Rh, Pd and Ag isotopes. Dashed
curves are drawn to guide the eye [Lei91].

3.2 lon Guide Isotope Separator On-Line

3.2.1 Ion guide method

In all experiments a setup of four 238U-targets was used. The thicknesses of the targets were
typically 15-20 mg/cm? and they were covered with an Al-layer to prevent oxide formation in
the uranium. The thickness of the Al-layer was about 0.2 mg/cm2. The fission targets were
situated inside of a small chamber filled with He-gas in about 100 mbar pressure. The
transport line of the He-gas was equipped with a LN-cooled trap to decrease the amount of
impurities in He-gas, which was standard industrial He-gas with a purity of 99.995 %. The
He-pressure and the beam line vacuum were separated with 1.8 mg/cm2 Havar-foils. The
purpose of the He-gas was to slow down the outgoing fission products and also to cool the
targets. The interaction between a proton beam and He-gas creates plasma conditions. To
avoid this, the fission products were stopped in a plasma-free sub-chamber which was
separated from the target volume with the Ni-foil having thickness of 0.9 mg/cmZ2. Due to the
high first ionization potential of He the fission products attain a 1+ charge state when
thermalized. Although the amount of impurities, mainly N, (< 10 ppm), H, (< 5 ppm) and H,0
(< 10 ppm), is rather low, the oxide formation of a few specific elements was observed as an
appearance of activities belonging to A=A-16 mass chain in some experiments. The singly
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charged ions were removed from the target chamber by a sonic helium flow through a nozzle
with diameter of 0.8-1.5 mm. An evacuation time of the radioactive products from the target
chamber was of the order of milliseconds. According to a test measurement referenced in
[Tas89], 3.2 ms is needed to remove 50 % of the produced activity out from the target
chamber. Figure 3.3 presents the schematic drawing of the target chamber. Outside of the exit
hole, the neutral He-gas and charged ions were separated by the combination of an electric
field and differential pumping. In the first phase, the bulk of He-gas was pumped by the Roots-
pump with a pumping capacity of 4000 m3/h and the charged ions were directed through the
hole in the tip of skimmer electrode by the electric field about -400 V. The distance between
the exit hole and the skimmer hole was adjustable from 7 mm to 13 mm. In this section, a
typical vacuum was of the order of 0.1 mbar. In the next section of the differential pumping,
the ions were first accelerated with 10 kV extraction voltage and the vacuum was improved by
using a diffusion pump with the pumping capacity of 2000 I/s. The vacuum inside the second
section of differential pumping was about 104 mbar. In the third section, the ions were
accelerated to the final energy of about 40 keV with an acceleration voltage of the order of 40
kV. In this section the vacuum reached the final value of about 10-7 mbar.
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Figure 3.3 Schematic figure of the target chamber. (1) U-targets, (2) Windows (3) Stopping
volume, (4) Exit hole, (5) Skimmer electrode.
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3.2.2 Mass separation

The accelerated ion beam was focused by a pair of Einzel lens triplets to provide a parallel
beam in the entrance of the mass separator. The mass separator was of the Scandinavian type
with a 55° dipole magnet. The mass resolving power of about M/AM = 430 was obtained with
a typical setting in the ion guide as illustrated in Fig. 3.4. The first pair of horizontal and
vertical slits was situated in the exit of the dipole magnet and the second one was situated
about half a meter upstream from the focal plane of the dipole magnet, which was also the
implantation point of the ion beam. The vacuum inside the separator was about 10-7 mbar and
was achieved with three diffusion pumps having the pumping capacity of about 1300 I/s. In the
end of the beam line the vacuum was kept on by applying a cold surface cooled down to the
temperature of liquid nitrogen. In connection with the conversion electron measurements an
additional ion optical element, namely the electrostatic X-Y-deflector, was added to the near
end of the beam line to guarantee an optimal beam transfer into the conversion electron
spectrometer. A movable, 1/4 inch wide tape was situated in the focal plane of the IGISOL-
separator. The maximum speed of the tape was about 600 mm/s and the operational design of
the tape drive included both the internal and external pulsing of the drive. The walls of the
narrow vacuum chamber surrounding the implantation point have plastic windows.
Transmission of the photons in a KX-ray region is about 90 % and the thickness of the
windows is capable to preserve a 10-6 mbar vacuum inside the chamber. A movable Faraday
cup was situated just before the implantation point. This was used to measure the current

129X e+ jons in the calibration procedure.
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3.2.3 Element identification

Due to the chemical non-selectivity of IGISOL, a whole mass chain of the isotopes is typically
observed in the focal plane of the separator. The intensities of the different isotopes vary
depending on the production yields and half-lives, but typically at least three different isotopes
belonging to the same mass chain are observed. Fortunately, the internal conversion process,
which is the source of a characteristic X-ray emission is favored in the region of interest, as
was pointed out by W. Reisdorf er al. [Rei71]. For the unique identification of the isotopes,
the characteristic X-ray emission has been used in combination with the mass separation. Use
of the K X-rays as a source of identification is sometimes complicated because of the overlap
of KX lines with KgX lines from Z=Z-2 elements. Fortunately, this is not a problem when
very neutron-rich nuclei are studied due to the negligible production of lower Z isotopes.
Figure 3.5 presents an example of the low energy region of photon spectrum at A=110. Three
different isotopes were observed in focal plane of the IGISOL-separator.
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Figure 3.5 Photon spectrum showing the K, X-rays observed at A=110.
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3.3 Spectroscopy methods

The analysis of beta feeding pattern is based on the intensity difference of the incoming and
outgoing transitions. This requires a detailed knowledge of the decay scheme. The decay
schemes of the studied nuclei are determined by using various experimental setups.

3.3.1 Basic setup for the beta-, gamma-, and X-ray spectroscopy

The aim of this setup is in the first case to identify new isotopes and the most intense Y-
transitions belonging to the decay of a certain isotope by means of a coincidence with the
characteristic X-rays. In the case of a pulsed experiment, a beta half-life connected to certain
Y-transitions can also be extracted. In a few experiments, also the time spectra between
different detectors were collected to measure the lifetimes of the excited states and to deduce
the partial gamma half-lives. This setup allows also the determination of the conversion
coefficients based on the fluorescence yield in a few favorable cases. In all experiments, the
beta-detector has been a thin plastic scintillator detector with the thickness of either 0.75 or
0.9 mm. In the first experiments an X-ray detector used was a planar Ge-detector with an
active volume of 1.4 cm3. Later it was replaced by a planar low energy Ge-detector having an
active area of 1000 mm?2 and thickness of 10 mm. Both of them possess good Wming
properties. Photons with higher energies were detected with a high-purity (HP) Ge-detector
with the nominal efficiency from 20 to 50 percents. TDC-parameter records all events as a
function of a time inside the measurement cycle. In addition to the energy signals and the
TDC-spectrum, the time spectrum between X-ray and beta detector was recorded in most of
the experiments. The time-spectra was analyzed by using a centroid shift method or a slope-
method if possible. Although the time spectra between gamma and beta alone cannot provide
the accuracy needed for the lifetime spectroscopy, it can be used for the identification of the
lifetimes in the range of a nanosecond or more. An example of the typical detector geometry is
presented in Fig. 3.6.a.

3.3.2 Conversion electron measurements

Due to the number of low-energy transitions characteristic for the level scheme of deformed
odd-odd nucleus, a conversion electron emission plays an important role among the possible
de-excitation modes of excited states. This also implies the importance of the determination of
conversion coefficients. Conversion electron measurements applied the novel electron
spectrometer, ELLI, which is specially designed for the IGISOL-separator [Par91]. It
combines the high transmission of the two-coil magnetic transporter to the good energy
resolution of a LN-cooled Si(Li)-detector. The original version of the ELLI-spectrometer was
supplied with a Si(Li)-detector with 4 mm thickness and an active area of 200 mm2. This
detector was later replaced by a 4 mm thick detector with an area of 300 mm?. Both of them

32



were used in the experiments of this thesis. The spectrometer is designed so that the ion beam
of the IGISOL-separator can be implanted into the movable tape, which is situated in the
central axis of the spectrometer inside one of the two coils. The emitted electrons are
transported to the Si(Li)-detector, which in turn is situated inside another coil. The distance of
the source and the detector reduces effectively the gamma-background due to the small solid
angle. A second detector can be placed behind the implantation point providing a reasonable
solid angle for another detector. Due to the magnetic field of ELLI-spectrometer a special
type of Ge-detector with a nominal intensity of 20 % have been applied in simultaneous
gamma and electron measurements. For beta and conversion electron measurements, the
gamma detector was replaced with a Si(Au) surface barrier-detector with an active area of 450
mm? and thickness of 500 wm. In some experiments, a time spectrum between the conversion
electron detector and another detector was collected.

Figure 3.6 The detector geometry used for the conventional beta-, gamma- and X-ray
spectroscopy (a) and for the decay energy measurements (b).

3.3.3 Data evaluation

In all experiments, the combination of a slow and a fast coincidencc was used. The slow
coincidence branch was used to trigger data acquisition duc to its superior energy resolution

as compared to the fast coincidence. This allows a precise tuning of the low level threshold for
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the trigger logic. A time window of an overlap coincidence was typically of the order of 2
microseconds. Besides the slow-coincidence, the fast coincidence was used to measure the
time spectra between different detectors. In the off-line analysis, the time spectrum provides
possibility to limit the coincidence window below 100 ns. However, this is not needed due to
the slow counting rate of IGISOL-experiment.

Due to the different half-lives of the different isotopes in certain mass chain, a pulsing of the
experiment plays an important role. The intensity of the wanted isotope as compared to others
in the same isotopic chain can be enhanced by a proper choice of the pulsing of the
experiment. In the simplest version, only the movable tape in the implantation point of the
IGISOL-separator was pulsed to remove long-lived activities from the vicinity of the
detectors. The IGISOL-separator itself can also be pulsed by using the electrostatic plates
placed before a dipole magnet of the IGISOL-separator. This allows the pulsed experiment,
where the collection of the activity in the implantation point is followed by the period, when
ion beam of IGISOL is deflected off and the decay of the activity is registered. The beam on
and beam off periods are repeated during the experiment. The ion beam of the cyclotron was
pulsed simultaneously with the IGISOL-separator to reduce the background related to the
proton beam.

In addition to the conventional half-life measurements, the pulsing of the experiments allows
the estimation of the half-life by comparing the intensities of the beta-gated transitions in the
in-growth and decay periods. Details are presented in the Appendix Al. Additionally, pulsing
of the experiment plays an important role in the estimation of the ground state branching, as

explained in Appendix A2.

In all experiments, data was collected in the event mode to magnetic tapes. The number of the
parameters was limited to seven with a maximum resolution of 4096 channels. The energy
parameters alone reserved two to four parameters leaving 3 to 5 parameters for the timing
purposes. Besides the primary collection to the tape, the data flow was controlled by the on-
line monitoring, which also included a few predefined gated spectra. Histograms of the on-line
monitoring were stored frequently to a hard disk, where they were available for further
analysis either during the experiment or afterwards. Additionally, all energy parameters were
collected in a single mode and stored to the hard disk by using a separate data acquisition
system. The events stored to the magnetic tapes included all energy signals and the time of the
occurrence of the event. This parameter was used to remove those periods of the experiments,
where something undesired had happened. It also provides an easy method for the gain shift
correction if needed. Whenever the pulsing of the experiment was applied, also the time of the
event inside the measurement cycle was recorded and stored. A block diagram of the
measurement electronics is presented in Fig. 3.7.
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Figure 3.7 A block diagram of the measurement electronics used in the typical B-, X-, y-,
and TDC-measurement. Figure also shows the clock used for controlling the
experiment. Following abbreviations are used: LA = linear amplifier, SCA =
single channel analyzer, TFA = timing filter amplifier, CFD = constant fraction
discriminator, LAd = level adapter, G&D = gate and delay generator, FiFO = fan
in - fan out, DEL = delay, ADC = analog-to-digital converter, I'DC = time-to-
digital converter.

3.4 Decay energy measurements

The decay energy measurements were done with a setup consisting of two high-purity (HP)
Ge-detectors and a AE-E-telescope for beta-particles. The detector geometry is presented in
Fig. 3.6.b. In the study of 108-114Ru-isotopes, HP Ge-detectors with a nominal efficiency of
20 % and 25 % were applied to gate signal from the AE-E-telescope. In the Mo and Zr
experiments, the 20 % Ge-detector was replaced with a 50 % HP Ge-detector to maximize
detection efficiency. At the same time with the decay energy data, gamma-gamma-coincidence
events were also collected. This setup provides also a possibility to energy selective beta-
gating. This method reduces efficiently the intensity of the transitions belonging to decay of
the lighter nuclei in the same mass chain. This technique has been applied for instancc in thc
study of the collective structure of 110.112Tc-isotopes [Ays90]. In the case of the decay energy
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measurements, the tape drive alone was cycled to remove the long-lived daughter activities.
The cyclotron beam as well as the IGISOL-separator were operated in the continuous mode to
maximize the yield of the nuclei studied.

The AE-E-telescope for beta particles consists of a Si(Au)-surface barrier detector and a BC-
400 plastic scintillator cube. The AE-detector rejects gamma-radiation and defines the aperture
of the telescope. The estimated geometrical efficiency of the telescope was about 6 %. The
AE-detector used was 500 wm thick and had an active area of 300 mmZ. The calculated energy
loss of beta particles in the AE-detector is about 190 keV along the trace perpendicular to the
surface of the detector. The E-detector has a cylindrical shape with the height of 60 mm and
diameter of 75 mm. Due to the size of the detector, the maximuin energy of beta-particles,
which can be stopped at the detector, is about 10 MeV. This is clearly more than the endpoint
energies measured in this thesis. The energy loss of beta-particles in the AE-detector and the
window material were calculated according to the equations of Ref. [Trz89]. The calculated
total energy loss was almost constant, of the order of 210 keV, in all material between an
implantation point and the E-detector. The energy loss in the AE-detector was about 190 keV
in the energy range from 600 keV to 6 MeV. The scintillator cube was capsulated inside of an
Al-cylinder having open ends. The plastic detector was coupled to a photo cathode of a RCA-
photo multiplier by using an optical grease and the other end of Al-cylinder was covered with
an Al-foil having thickness of 3 mg/cm?2. The photo multiplier was shielded with j.-metal from
the magnetic field. An energy dependent signal of photo multiplier was taken from the dynode.
The anode signal was used for timing purposes. The timing signals of the AE and E detectors
were used in off-line analysis to reduce the overlap coincidence window between AE and E-

detector to 40 ns.

The AE-E-telescope was calibrated with the activities produced at the IGISOL-separator. This
provides equal conditions as compared to the measurements of the unknown beta-spectra. The
calibration activities used were 125In, 1258n, 99Y, 99Zr, and 99Nb. In addition, the standard
beta sources of 106Rh and 90Y were used when tuning the detectors. Altogether 7 calibration
points were collected in the energy range from 2 MeV to 7 MeV. A list of calibration activities
is presented in Table 3.1.

The analysis of beta-spectra was carried out by using the shape fitting method described in
Ref. [Dav76]. In the fitting procedure the standard shape of the beta spectrum was taken from
the one-component beta-spectra of which endpoint energy was known with good accuracy. In
the fitting procedure the program varied two free parameters, which alter the height and either
stretch or compress the standard shape along the abscissa until the x2 minimum is reached.
After determining the standard shape, the fits were performed on the single component beta-
spectra of the other calibration activities. The linear least square fit was then used as an energy
calibration for the specified stretch factors. Due to the element and energy dependence of the
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shape of the beta spectrum, the calibration activities were chosen from the vicinity of the
studied isotopes. Additionally, energy dependence was taken into account by applying
different standard shapes in different energy ranges.

Table 3.1  The calibration activities of the decay energy measurement. All energies are
given in keV.

Qg Ey E* Eq Ref.

9y 7568(14) 930,1014 1589  5979(14)  [Gro92]
724 724 6844(14)

997; 4559(13) 56,546 1015  3544(13) [Gro92]

9Nb 3640(13) 98,137 236  3405(13) [Wap85]

125In  5480(80) 745,335 1363  4118(80)  [Ale78]
188 215  5445(80)

125sn  2350(8) 332 332 2018(8) [Wap77]
106Rh  3540(9) 622,1134 1134 2406(9) [Wap85]
0y  2282(3) . 0  2282(3) [Wap85)
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4 Experimental results

Experimental details of the decay studies of Ru and Mo isotopes are presented in Papers I and
III-V. They included a conventional -, y- and X-ray spectroscopy setup, decay energy
measurements and conversion electron spectroscopy. The obtained information, decay
energies, half-lives and decay schemes, were used for determination of the experimental beta-
strength according to equation

2 e .
BE(GT) - C{(g_A) zQ‘,f(Z»Qﬁ —Ei)tl/z(i)} ’ 4.1)
8v /) =0
where (ga/gy) is the ratio of the axial vector and the vector coupling constants. This was
taken as 1.263 according to Ref. [Tow85]. The value of the constant C of 6160 s was used.
The phase space factor f(Z Q-E) is tabulated in [Gov71]. Due to the very steep dependence of
f(Z,0-E) function from the beta energy available, an accurate decay energy is crucial for the
precise estimation of the experimental Gamow-Teller strength.

The individual partial half-lives of the beta decay were deduced from the equation

By T‘“I(B_), (4.2)

B

where Ip is a beta feeding of the excited state in question. Beta feedings of excited states, in
turn, are deduced from the intensity difference of the incoming and outgoing total transition
intensities.

The average energy of the 1% states, E,,.(1*), serves as a simple measure of the position of
the beta strength distribution if the weight of the averaging is taken from the individual beta
transition strengths. A corresponding equation for the beta strength weighted average of the
excitation energy E,(B) can be written as

Y. S.(B)E,

E,.(B) =W 4.3)

The value of E,.(B) is dominated by the energies of 1+ states due to the order of magnitude
higher beta strength associated to allowed transitions as compared to hindered transitions. As
aresult, an experimental E,(P) is used when compared to theoretical calculations.
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4.1 Previous results

4.1.1 Shell model Cd-nuclei and y-soft Pd-nuclei

Since neutron-rich Pd isotopes provide a less deformed reference for the studies of this thesis,
the experimental data concerning them are also briefly summarized in this chapter. The study
of beta decay properties was initiated at the IGISOL-facility by measuring the decay properties
of even-A 114-118p{ jsotopes [Kop89]. These studies were continued on !18:120Pd [Jan93]. In
addition, [Fog90] reports on the decay study of !13-116Pd. The decay energies of 114.116pd
are based on the latter reference. The decay scheme of !12Pd is based on that presented in
[DeF89]. The partial decay schemes of n-rich Cd-isotopes are already presented in Fig. 1.1.
They demonstrated one strong beta transition with very low logft-values. The decays of Pd-
isotopes reveal the role of the conﬂéuration mixing and residual interactions. Instead of the
one strong 0*—1* beta transitions, the decay of Pd-isotopes includes few O+*—1* beta

transitions having slightly higher logft-values as compared to Cd-isotopes.
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Figure 4.1 The final states of allowed beta decay of !!12-120Pd-isotopes based on the
experimental data in Refs. [DeF89,Kop89, Fog90,Jan93].

The collective properties of even-even nuclei are well characterized by their level schemes.
The excited levels in the neutron-rich Pd-isotopes were studied at the IGISOL-facility via the
beta decay of Rh-isotopes [Ays88]. According to Ref. [Ays88] neutron-rich Pd isotopes
possess large softness against deformation, but the question of the degree of the deformation
remains unanswered.
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4.1.2 Triaxial Ru-isotopes

The level schemes of the neutron-rich Ru isotopes have been studied by using the various
experimental methods. The beta decay studies of 106.108T¢ isotopes are reported in Ref.
[Siim80]. These studies applied the thermal neutron induced fission of 239Pu and a chemical
separation technique SISAK [Ska80]. In [Siim80], the experimental data was compared to the
various theoretical calculations. A similar study of the collective structure of 110.112Ry was
carried out at the IGISOL-facility [Ays90]. In addition, Ref. [Sta84] reports on the (Y)(y)
directional measurement leading to the assignment of the spins and parities of the most of the
excited states in 106,108Ru. In Ref. [Dur89] a Ge-array was applied in the study of the prompt
y-radiation from the primary products of the spontaneous fission of 252Cf. In this article the
rotational ground state bands were established up to spin 10+ for even-A 104-112Ry jsotopes.
Recently, a similar study has been done by using the EUROGAM Ge-array resulting in the
observation of the rotational ground state band in !14Ru [Phi94]. All these studies imply the
large B deformation for the neutron-rich Ru-isotopes. Additionally, increasing neutron number
seems to be connected to developing y-softness. All in all, the y-softness of the Ru-isotopes is

suggested rather than a rigid rotor.

4.1.3 Well deformed Mo-isotopes

Shapes of the Mo-isotopes have been a subject of various articles. In Ref. [Hot91] the
spontaneous fission source of 248Cm was situated inside the array of the Compton-suppressed
Ge-detectors and the rotational bands of the 102-108Mo were identified. In general, the
deformation of the even-A Mo-isotopes was observed to increase with the increasing neutron
number so that the maximum is reached at the neutron number N=64. The obtained rotational
bands were observed to exhibit the characteristics of a good rotor up to the highest observed
spins. The shapes of the 102.104Mo isotopes were studied in [Lia91] via the beta decay of
102,104Nb isotopes. They also measured the lifetime of the first 2+—0* transition leading to
the quadrupole deformations B of 0.28(1) and 0.31(2) for 192Mo and 104Mo, respectively.

4.2 Decay studies of even-A 108-114Ry and 106-110Mo isotopes

The decay studies of even-A Ru-isotopes are reported in Papers I and III. Prior to this work,
the experimental information of !10Ru included two gamma-rays [Fra78] and a half-life of
beta-decay [DeG83]. A beta half-life of 112Ru was reported incorrectly in [Fra78] and no
information concerning the decay of 114Ru was published. Studies of this thesis included the
construction of the decay schemes of 110.112,114Ry jsotopes and the decay energy
measurements of 108,110,112,114Ry jsotopes. The decay energies of Ru-isotopes are reported
up to A=109 in Ref. [Gra89]. The most neutron-rich Ru-isotope, whose decay scheme has
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been reported is 113Ru [Pen92]. Partial decay schemes of the 108,110,112,114Ry jsotopes as
obtained in this study and according to Ref. [Pie62] are presented in Fig. 4.2.
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Figure 4.2 The final states of allowed beta decay of 108-114Ry isotopes.

Beta decay of lighter Mo-isotopes, 102.104Mo are reported in Refs. [DeG79,DeF91,
Gra87,Bla91], which are a source of the experimental data used in this work. Decays of
106,108Mo were reported in Paper V and the decay of '0Mo was shortly discussed in the
same article. The decay scheme of 106Mo is reported in [DeF88] and decay energy of 106Mo
is measured by [Gra89]. Prior to this thesis, the decay scheme of 198Mo has not been
published. The decay energy of 108Mo was reported also by [Gro92], but no information was
given concerning the decay scheme or y-transitions used for the gating. Prior to this work,

there was no experimental information about the 119Mo-isotopes.
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Figure 4.3 The final states of allowed beta decay of 104-108Mo isotopes.
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4.3 Decay energies and half-lives

Since the first experiments using the fission reaction, the IGISOL-facility has produced a vast
amount of new half-life data in the Zr-to-Pd-region. Typically the half-lives are based on the
decay curves of the identified gamma-transitions in coincidence with beta-particles. Paper II
reports the newest half-lives measured at the IGISOL-facility, which are presented in Table
4.1. In these studies, the enhanced X-ray emission was applied by measuring the decay curves
of beta gated KX-lines. This provides both the unique element identification and the beta half-
life. In Paper IV, all new half-lives are included in the comparison to various half-life
predictions. Since 1991 experiments, a new experiment has been initiated at the improved
IGISOL-facility at the new Accelerator Laboratory. Due to the higher intensity and higher
energy of a proton beam, the production of 110Mo was increased by order of magnitude. The
analysis of the data was started when finishing this thesis. The preliminary results indicate that
the half-life reported in Paper II was slightly too short, although correct within error bars. A
new value of 300(40) ms is obtained and is also included in Table 4.1.

Table 4.1  New half-lives measured at the IGISOL-facility.

Nucleus Half-life [ms] Nucleus Half-life [ms]
105zr 100071220 110Mo 300(40)
107Nb 330(50) 13T¢ 130(50)
109Mo 530(60) 115Ry 740(80)

In addition to the new half-lives, many new decay energies of Pd, Ru, and Mo isotopes have
been measured at the IGISOL-facility. In the following Table 4.2, the decay energies of Ru
and Mo-isotopes, two neutron separation energies and mass excesses are listed. The decay
energies of Pd-isotopes are reported in Refs. [Kop89,Jan93] and details of the endpoint energy
measurement of Ru and Mo-isotopes can be found in Papers I, III and V and references there
in.

The main purpose of this work has been the study of beta decay properties. The experimental
details are presented in Papers I, II, IV and V. The decay properties of Pd, Ru and Mo
isotopes are summarized in Table 4.3 below. In addition to the obtained decay energies and
half-lives Table 4.3 includes the total beta strengths and effective log ft values. Additionally,
the experimental average energies of the excited states have been included in the last column
of the table.
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Tabled4.2 The decay energies of the neutron-rich Pd, Ru and Mo-isotopes. Decay energy
of 110Mo is extrapolated based on the relation between the half-lives and the
decay energies of even-A 102-108Mo-isotopes. All numbers are given in MeV.

Qg Soy Mass excess
114pd  1.451(25) 13.300(30) -83.494(25)
L16pq 2.62(10)  12.600(60) -79950(50)
118pq 4.1(2) 11.73(23)  -75.540(220)
120pq ~5.5(1) 10.9(10)  -70.270(1000)
108Ry 1.35(6)  14.13(12) -83.660(120)

110Ry 2.81(5) 12.63(26) -80.140(230)
2Ry 4.52(8) 11.62(56) -75.620(510)
114Ry 6.12(20) 11.42(74) -70.890(540)

104Mo 2.16(4)  12.920(60) -80.330(60)
106Mo  3.520(17) 12.630(90) -76.257(22)
108Mo 5.12(4)  10.69(15) -70.820(160)
110Mo ~6(1) 10.4(11)  -64.860(1080)

Table 4.3  Beta decay properties of neutron-rich Pd, Ru, Mo isotopes.

Nuclide Ty [s] Qg [MeV] log ft B(GT) E,..(B)
114pq 145(9)  1.451(25)  4.14(6) 0.28(4) 37
116pd 10.8(2) 2.62(10) 3.93(3) 0.45(4) 205
118pq 1.9(1) 4.12) 3.90(13) 0.49+1% 538
120pq 0.5(1) ~5.5(1) <3.97 >042  >504
108Ry 273(3) 1356) 417090  0.26+% 98
110Ry 11.6(6) 2.81(5) 4.18(6) 0.26+% 54
112Ry 1.75(7) 4.52(8)  4.23(5) 0.23(3) 135
114Ry 0.57(5) 6.12(20) 435 0.17 95
102Mo  687(12)  1.010(23)  4.09(5) 0.31(4) 77
104Mo 60(2) 2.16(4)  4.131§ 0.29(4) 382
106Mo  8.73(10)  3.520(17)  4.18(2) 0.258(13) 525
108Mo 1.09(2) 5.12(4)  4.14(3) 0.28(2) 396
110Mo 0.30(4) ~6(1)
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5 Discussion

5.1 Half-lives

A new half-life data measured at the IGISOL-facility is compared to various half-life
predictions in Fig. 5.1. The models were already presented in Chapter 2. The vertical axis
presents the ratio of the calculated and experimental half-lives. A horizontal axis corresponds
to the mass number A and the data points are grouped according to element number.

Predictions of the models are commented below.

Gross theory Tamm-Dancoff approximation
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Figure 5.1 Comparison of the experimental and theoretical half-lives. Figure presents the
ratio of theoretical and experimental half-lives for neutron-rich isotopes of
elements from Zr to Pd.

Gross theory. The oldest predictions based on the Gross theory of beta decay tends to
overestimate the half-lives in this region. The predicted half-lives are about three times too
long as compared to the experimental ones. Deviation is largest for the Ru and Rh isotopes
and smallest for the Zr-isotopes, which correspond to the well known proton subshell closure
Z=40. Similar results were also obtained among the very light fission products in the vicinity
of the proton p-shell closure at Z=28 [Ber90] and also in the heavy fission products at rare



earth region with A>150 [Gre88]. In [Ber90] half-lives of the neutron-rich Co (Z=27) and Cu
(Z=29) were overestimated, but the calculated half-lives of the Ni-isotopes (Z=28) agreed with
the experimental ones. Comparison in the Fig. 5.1.a and the results of [Ber90] imply that this
model is better suited for the nuclei near the closed shells, but it tends to overestimate the half-
lives between the closed shells. This in turn might be a result of excluding the collective effects
and detailed nuclear structure, which are important outside of the closed shells.

TDA model of H.V. Klapdor et al. Although this model was proposed to take into account the
collective effects better than the previous one, results imply just the opposite. Comparison in
Fig. 5.1.b indicates poor agreement in the midshell and all in all the deviation from the
experimental half-lives is relatively large. [Ber90] reports the overestimation of the half-lives
before the closed shell and underestimation above the closed shell. Among the heavy fission
products, this model mainly underestimates the half-lives [Gre88]. Summarizing, this model
seems to result in random variation without clear connection to, for instance, the shell
structure or collective properties of the nuclei.

ORPA-model of P. Moller et al. presents better agreement but the fluctuation is rather high.
The ratio in Fig. 5.1.c indicates serious odd-even staggering (of the order of one magnitude)
as related to the element number. However, for each element the ratio presented in Fig. 5.1.c
is almost constant.

ORPA-model of A. Staudt et al. Comparison of the QRPA-model of A. Staudt et al. and the
previous one illustrates the effect of the Z-dependent coupling constant of GT-residual
interaction. Odd-even staggering of the previous model disappears totally. However, one may
argue that the good agreement between prediction and experimental results has been achieved
with an artificial parametrization of the model.

The theoretical models above, except the TDA-model, have to rely on the mass predictions in
the regions where the decay energies are not known. According to power law [Tak73], the
relation between the beta decay energy and the fermi function is as strong as f=(Q-E)3. This
rule implies that the modest change in the decay energy might result in large variation of the
half-life predicted. This is demonstrated in Fig. 5.2, which shows the ratio of the calculated
and measured half-lives of 110,112,114Ry-jsotopes with three different atomic mass predictions.
With a proper choice of the mass prediction, a relatively good agreement between theory and
experiment is achieved. When the same model is applied by using the decay energies of this
work, even better agreement is achieved. This implies the importance of the decay energy

measurements far from the valley of stability.
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Figure 5.2 Relation of the half-life predictions and decay energies. Figure shows the half-life
predictions of 110:112,114Ru with three different choice for the mass predictions
and same predictions when experimental decay energies of this thesis are
applied.

5.2 Binding energies

5.2.1 Decay energies

The decay energies listed in Table 4.2 agree nicely with the predicted decay energies as
illustrated in Fig. 5.3. However, in all cases (Z=46,44,42) the experimental results are
relatively low as compared to predictions near the stable isotopes. When going further from
the stability line, the experimental decay energies of each isotopic group possess steeper rise as
compared to the predicted decay energies. The ETFSI-approach of J.M. Pearson et al.
[Abu92] seems to follow best the steep rise observed. As a result, this model can be
recommended for the extrapolations in the region of this study. The DM-based macroscopic-
microscopic model of P. Moller et al. [M6193] reproduces the decay energies of lighter nuclei
for each element but fails to predict the heavier ones. This is evident for the Mo-isotopes,
where the prediction of this model changes drastically above neutron number N=66.

5.2.2 Mass excesses of various atomic mass predictions

The mass excesses of the Pd, Ru and Mo isotopes are compared to various atomic mass
predictions in Figs. 5.4, 5.5 and 5.6, respectively. In all figures, the difference of the calculated

calc.
(3

and experimental mass excesses, Am, =m."“ ~m™® are presented as a function of neutron

number. If the Am is positive (negative), then the predicted binding energy of nucleus is
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smaller (larger) than experimentally obtained binding energy. Experimental data in Figs. 5.4-
5.6 combine the results of this work and the mass excesses of lighter isotopes reported in Refs.
[Gra89,Gro92]. The mass excess of the daughter nucleus has been taken from the recent
atomic mass table of G. Audi et al. [Aud93].
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Figure 5.3 Comparison of the decay energies of certain predictions of the 1988 mass
compilation for Pd, Ru and Mo-isotopes. Shaded regions present the range of
the decay energy predictions in the 1988 atomic mass compilation [Hau88].

On the average, atomic mass predictions do not reveal any serious deviations except a model
of Satpathy and Nayak for the heavier Ru-isotopes, as illustrated in Fig. 5.5. The overall
agreement is more or less what can be expected due to fact that the studied nuclei are still
close to the nuclei, which are used for parametrization of the models. A large number of
parameters and short distance of the extrapolation should result in good agreement. On the
other hand, this condition might lead to serious divergence when predictions are extended
further away from known nuclei. The observed deviations are larger than the obtained ones for
Sn, In, and Sb isotopes in the vicinity of doubly magic 132Sn nucleus [St590). This indicates
that the predictions are more reliable near the closed shells. Due to the fact that shell
corrections are negligible near the closed shells it is evident that the macroscopic part of the
binding energy is understood well in the models and the deficiencies far from the closed shells
come mainly from the shell correction or pairing terms. This is also supported by the decay
studies in the rare-earth region, where larger deviations are also observed [Gra86,Gra90].
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Figure 5.4 The experimental and predicted mass excesses of Pd isotopes. Difference of the
calculated and experimentally obtained mass excesses are presented as a function
of the neutron number.
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Figure 5.5 The experimental and predicted mass excesses of Ru isotopes. Difference of the
calculated and experimentally obtained mass excesses are prescnted as a function
of the neutron number.
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Figure 5.6 The experimental and predicted mass excesses of Mo isotopes. Difference of the
calculated and experimentally obtained mass excesses are presented as a function
of the neutron number.
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5.2.3 Two neutron separation energies

Two neutron separation energy is smoothly varying with the neutron number except in the
vicinity of the closed shells. Discontinuities in the S(2n) systematics are reliable indicators of
the sudden changes in the binding of the nucleus. This, in turn, reveals the changes in nuclear
structure. Figure 5.7 presents two neutron separation energies of the nuclei studied. The figure
demonstrates the neutron subshell closure N=56, which is indicated by the sudden decrease of
S(2n) values between neutron numbers N=56 and N=58. In Ref. [Gra89] it was explained as a
mutual support of the subshell closures N=56 and Z=40. The figure shows also the increase of
the S(2n) values at neutron number N=60. This increase is especially strong for Zr-isotopes
[Pah84]. This indicates the onset of the deformation for isotopes: with N260. Irregular
behavior of the S(2n)-values with 37 < Z < 39 is associated to complicated nuclear structure
effects, which are obtained in various experiments [Bal92]. In Ref. [Gra89] the onset of
deformation was related to all nuclei below Z<45. The studies of this thesis indicate that the
filling of N=66 neutron shell do not play any role for the Ru-isotopes. This is based on the
continuos decrease of the S(2n)-values for heaviest Ru-isotopes as illustrated in Fig. 5.7. In
the case of Mo-isotopes, the S(2n) systematics shows a kink upwards after N=66. This implies
that the filling of the N=66 subshell closure is still important in the case of Mo-isotopes.

Two neutron separation energies

41 <72 <47

S(2n) [MeV]
o

48 52 56 60 64 68 72 76
Neutron number

Figure 5.7 Two neutron separation encrgics from Nb (Z=41) to Cd (N=47) with Z=48-74.
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5.3 Beta decay properties and deformation

In order to study the relation of the beta decay and deformation, the macroscopic microscopic
model was applied. The calculated average energy of 1* final states inside the decay energy
window and the experimental average energy of excited states are presented in Figs. 5.8-5.10.
The calculations are divided into the oblate and prolate cases. For Pd-isotopes, also spherical
calculations were performed due to the small deformations and deformation energies as
presented in Table 2.4. Figures 5.11 and 5.12 present the calculated two-quasi particle 1+
states and GT-strengths for the 110-114Ry and 104-108Mo isotopes, respectively. The figures
on the left represent the oblate final states and on the right are the calculated prolate final
states. The figures in the middle column contain the experimentalIbeta-strcngth distributions.
In addition, calculated distributions are supplied with sensitivity limits, which correspond to

0.5 % beta feeding. In the following, the results are commented isotopic-wise:

Palladium isotopes. Calculations for the Pd-isotopes are presented here for the reference for
the Ru and Mo-isotopes. The experimental data of the Pd-isotopes are based on the Refs.
[Kop89,Fog90,Jan%94]. Due to the fact that the deformation energies and deformations are
relatively small, also the spherical calculations are included. As far as average energy is
concerned, the spherical calculation reproduces the observed systematics of E, () especially
in the case of 112-116pd. Above 116Pd, calculated E,.(1*) shift upwards rapidly due to the
strongly fed states in the top of the calculated decay energy window. In the case of 118Pd, the
calculated states are lying above the experimental decay energy. When this is taken into
account, the high lying states do not contribute to the average energy E,,.(1%) and its value
decreases to the level of 1.3 MeV. In the light of this comparison the large oblate
deformations are excluded (B < -0.15). Most of the strength observed in small deformations is
related to g7, and ds/, shell model and ds;; and gg/, proton states. Especially, the coupling of
7/2[404] and 9/2[404] tends to drive the shape of the nucleus to spherical one. Same was
observed for the Ru and Mo-isotopes.

Ru-isotopes. Qualitative comparison in Fig 5.11 tells that calculation seems to produce more
oblate states than prolate states. In the case of Rh-isotopes, there is only one strongly fed
prolate final state. This results from the coupling of 5/2[413]ds;; neutron state and
7/2[413]gg,, proton state which results in an allowed unhindered-transition. If this would be a
real case, then it would have been seen in the experiment. Instead of one very strong beta
transition (order of magnitude faster than others) there appear at least two fast beta transitions
and few other relatively fast ones. This suggest that the oblate distribution of the final state
would describe better the experimentally obtained beta feeding pattern of the Ru-isotopes. In
addition, the prolate final states tends to move to higher excitation energies when neutrons are
added. Experimentally this has not been seen, which is against the assumption of the prolate
shape of the Ru isotopes. E,,.(1*) comparison in Fig. 5.9 implies that either prolate nor oblate
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calculations do not agree with experimental results. The deviation from the experimental
results is smaller for the oblate calculations. In fact, for 110.112Ru the prolate calculations
produces all 1+ final states above the experimental average energy. This suggest that prolatc
shape is not appropriate for the Ru-isotopes in question. In the case of 114Ru comparison is
complicated by the experimental difficulties related to the low production yield of very exotic
114Ru. Result obtained do not rule out the possible y-deformation. In the case of Y-
deformation, the shape-hinderness of beta decay is reduced largely, but still beta decay is
restricted between states having large shape deformation difference. It is also open question if
there exist well defined minimum or y-valley in a fy-plane. :

Mo-isotopes. In the case of Mo-isotopes, the situation reminds the' Ru-isotopes with the
exception that deformation energies are larger and deformations obtained are larger, too. On
the contrary to Ru-isotopes, E,(1*) comparison clearly favors the prolate calculation over
the oblate ones. In fact, the overall agreement between the experimental results and prolate
calculations is very good as far as E,,(1*) trend is concerned as shown in Fig. 5.10.
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Figure 5.8 Comparison of the average energy of 1% states in the decay energy window for
114-120pd- isotopes. Range of the oblate spherical and prolate 1* states are
presented by the filled rectangles and the average energies of the states in
different cases are presented by different lines as explained in the legend of the
figure.
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Figure5.9 Comparison of the average energy of 1* states in the decay energy window for
106-114Ru-jisotopes.
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Figure 5.10 Comparison of the average energy of 1+ states in the decay energy window for
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Figure 5.11 Calculated total GT-strength and observed beta-strength for !10-114Ru isotopes.
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6 Summary

The experimental part of this work was conducted at the Department of Physics, University of
Jyviskyld. A combination of the proton induced fission and the fast on-line mass separator
IGISOL was applied in the study of neutron rich fission products. The radioactive decay of
unstable nuclei was detected by using the beta-, gamma-, X-ray and conversion electron

spectroscopic methods.

The studies of this thesis provided a vast amount of new experimental half-life and decay
energy data for the neutron rich nuclei with 40 < Z < 46 and A=105-120. Altogether seven
new isotopes were identified. In the case of the even-even parent nuclei, beta decay properties
were studied in greater. As a result the new decay schemes of 110.112,114Ry and 108Mo were

constructed and the decay scheme of 106Mo was revised.

The gross properties of allowed beta decay were compared to macroscopic-microscopic
calculations as a possible indicator of the deformation of the nuclei. The Pd-isotopes are less
deformed and characterized by the small deformation energies, which implies the competition
of the different shapes. However, large values of an oblate deformation were ruled out in the
comparison. Although the applied model could reproduce the decay energies of the Ru-
isotopes reasonably well, the distribution of the Gamow Teller strength was not well
reproduced. The results imply that neither oblate nor prolate deformation alone can explain the
observed splitting and magnitude of the GT-strength. This leaves space for the y-deformation,
which is often associated to the Ru-isotopes. In the case of the Mo-isotopes, the comparison
of the experimental and calculated distribution of the GT-strength implies the well developed
prolate deformation of these nuclei.

The experimental results of fundamental beta decay properties were compared to various
global models. Regarding the half-life predictions, the best agreement between the predictions
and new experimental results was observed for the QRPA-model of Staudt e? al. In the case of
atomic mass predictions, all predictions agree reasonably well with experiments. However,
information on nuclei with few more neutrons is needed for the stringent test for the atomic

mass predictions presented in this work.
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Appendices

A1 Half-live analysis based on the intensity ratio of growth-in and decay
periods

In the case of a very low production yield, it is possible to estimate the half-life of the decaying
nucleus by using the ratio of observed intensities in a growth-in and decay period. The method
is sensitive to the choice of the length of the growth-in and decay periods compared to the
half-life of the decay. If a decay rate of the nucleus is A and the length of the growth-in period
is X and the length of the decay period is YX then the number of the observed decay events in
the first period is integral of the growth-in formula:

X
1, =JN(I-—exp(—?Lt))dt=NX+%(exp(—lX)—l) (AL.1)
0
In the decay period the corresponding integral is
T N
I, = [ Nyexp(-Ar)dr = T(exp(-mr) —1)(exp(-A¥X) 1) (Al.2)
0
The ratio of the above mentioned integrals,
AX +exp(—AX) -1

I -
7: " (exp(—AX) - 1)(exp(—AYX) —1) (A1.3)

depends only on the decay rate A and the lengths X and YX of the growth-in and decay
periods. The value of a ratio can be deduced from the gamma-spectra collected both in the
growth-in and decay periods. With this information, the decay rate A is obtained from equation
(A1.3) by iteration.

A2 Estimation of the ground state branching of the beta decay by using the
radioactive decay laws for the decay chain

Let's assume that nucleus 1 is produced directly by fission with production a yield ¥; and it
decays with a decay rate A;. Its daughter, nucleus 2, having a decay rate A, is also produced in
fission with a production yield of Y;. Additionally, nucleus 2 is produced via the decay of
nucleus 1. Due to the steep fall off of the production yield far from the stability, the
production of the parent of the nucleus 1 can be neglected, which simplifies the formulation of
the problem. The growth-in period starts at (=0 and ends at r=T". The decay period lasts trom
t=T'tot=T.
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Differential equations for the nuclei 1 and 2 in the growth-in period (0< < T') are

dN,

—L=Y -AN, ;N1 (0)=0 (A2.1)
dt
dN.
dtz =Y, +AN,—A,N, s N2(0)=0 (A2.2)

and similarly for the decay period (T'< < 7)

%— = —7\.11\71 ; N1(0) = ng; (A2.3)
fid}\;_z =-A,N,+AN, ;Ny(0)=ng I (A24)

with boundary conditions following each equations. All these equations can be solved
analytically leading to the following expressions of the activities observed.

Growth-in period:

A(1) = %[1-exp(-2,1)] (A2.5)

A, (1) = [1-exp(=1,0)] + 1;[1 - exp(-A,1)] -

A (A2.6)
Ty _211 [exp(=A,t) - exp(=A,1)]
Decay period:
A,(£) = ny, exp(—A,1) (A2.7)
MMy
4y (1) = Agy exp(=Dot) + Ay 22— exp(hyt) —exp(yr)] (A2.8)
1 2

where Ay = A (t=T) and A, =A,(t=T").

The values of Ag; and Ag; can be fitted for the decay of the daughter nucleus by applying Eq.
(A2.8). After fitting the Ag; and Ag,, the production yields ¥; and Y, of the nuclei can be
obtained from the Eqs. (A2.5) and (A2.6). When all variables are known the ratio of the total
number of decays of the nuclei 1 and 2 can be calculated by integrating the Eqs. (A2.5)-(A2.8)
over the measurement cycle. The total number of the decays of nucleus 1 is obtained by using
the ratio determined and the observed number of the decays of nucleus 2. The ground state
branching of the nucleus 1 is then obtained from the difference of the total number of decays
and the observed feeding of the excited states. This method has been used in this work for
example in the case of 112Ru in Paper I. Figure 4 of Paper I presents the decay curve of 777.5
keV transition in !12Pd during the decay period corresponding to Eq. (A2.8).
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