[SOL-Method in Studies of Medium-Heavy
7. ~ N Nuclei

J. Huikari

Academic Dissertation
for a Degree of
Doctor of Philosophy

To be presented, by a permission of the
Faculty of Mathematics and Natural Sciences
of the University of Jyvaskyla,
for a public examination in auditorium FYS-1
of the University of Jyvaskyla on December 12, 2003
at 12 o’clock noon.

ISBN 978-951-39-3148-3
URN:ISBN:978-951-39-3148-3



Preface

The experimental work for this thesis has been carried out during the years 1998-2003
at the IGISOL facility in the Accelerator laboratory of Jyvaskyla and at the ISOLDE
facility in Cern, Geneva. I would like to thank the whole staff of the Department of
Physics in Jyvaskyla for creating an inspiring working atmosphere. Especially, I want
to thank the workshop and cyclotron crew for their professional support which has
made the experiments succesful and the secretaries for their readiness to help.

The IGISOL group has been an endless source of motivation for completing this
work. I want to thank my supervisor, professor Juha Aysto, for confidence at the
beginning and encouragement and guidance at the end of this project. The guidance
and infinite patience of Dr. Peter Dendooven during my early years at IGISOL helped
me to learn about the nature of the ion guides. Working with Dr. Arto Nieminen, Mr.
Sami Rinta-Antila, Dr. Markku Oinonen, Dr. Andrey Popov, Dr. Kari Perajarvi, Dr.
Heikki Penttila and Dr. Ari Jokinen has been both productive and lots of fun. Their
calm style and sense of humour has created pleasent working conditions during these
intensive years. In addition, there would not have been spectroscopic data available
for analysis without Dr. Pete Jones whose contribution is gratefully acknowledged.

Finally, I want to thank my parents for their support and especially my wife Kristi-
ina for her love and my daughter Aino for kindly reminding that there is a life outside
the target hall.

Jyvaskyla, December 2003
Jussi Huikari



Abstract

The 3 decay of ™Rb, ®Sr and 3°"Y was studied by means of 3-delayed v-ray and
proton spectroscopy. The experiments were performed using the mass separator fa-
cilities at ISOLDE at CERN in Geneva and at IGISOL in Jyvaskyla. Production
rates of radioactive ions at IGISOL were studied extensively. A new interpretation of
the ion guide efficiency dependence on the primary beam intensity is presented. The
experimental results show that placing a ring electrode between the nozzle and the
skimmer removes the earlier measured square root dependence. The first y-y coinci-
dence measurement was carried out for ““Rb where the 1198 keV transition was found
to be in coincidence with the 456 keV ground state transition. The measurement of the
branching ratios to excited states of “Kr allowed the improved determination of the
intensity of the analog 3 decay. Therefore, the value for the total Coulomb correction
Sc = 2.4(3) % could be extracted. The study of ™Sr resulted in an improved half-life
88(3) ms. Also, the first -delayed ~ transition was detected. The measurement of
the B-delayed proton intensity allowed the determination of the Gamow-Teller strength
distribution. The shape of the Gamow-Teller distribution suggests prolate deformation
for the ™Sr ground state. The accurate conversion coefficient measurement for *™Y
confirmed the spin and parity of this isomer to be I" = 17. As a consequence, during
rp-process 2°7Zr 3 decay populates the isomeric state. Thus, the proton capture takes
place in the isomer, not in the ground state as previously assumed.
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1 Introduction

The nucleus can be characterised by several quantities. Some of these are the number
of protons Z, the number of neutrons N, mass A = N + Z, isospin T, = (N-Z)/2, the
total angular momentum J, and the decay @-value which is the mass difference of the
parent and daughter nuclei. The study of these properties has advanced from the nuclei
close to the valley of stability towards the so-called driplines, where the nuclei are no
more stable against proton or neutron emissions. The exact location of the driplines
is not certain as the predictions are based on the extrapolations from known nuclei.
Various models have been developed for these predictions and these predictions differ
considerably from each other. In addition, new phenomena are expected to occur in
the nuclei far from stability. The changes in the shell structure have been predicted,
and first hints of this have already been detected in the light nuclei for N = 20 and 28.
Furthermore, a wide variety of different shapes of the nuclei has been discovered.

Fundamental interactions have presently been described by the Standard Model of
electroweak interactions. Precise measurements of the nuclear 3 decay can be used
for testing these interactions and symmetry laws. One of these tests is the unitarity
of the Cabibbo-Kobayashi-Maskava quark-mixing matrix, which is one of the corner
stones of the Standard Model. This test requires a very precise determination of half-
lives, decay @)-values and branching ratios of superallowed (3 transitions. The required
precision has been reached in a lower mass region up to **Co. Present efforts in this
field are directed towards a deeper understanding of the quality of the isospin mixing
corrections by extending the study to non-analogue transitions in higher-7 systems
where the charge-dependent effects should be larger.

The nucleosynthesis in stars and during explosive stellar events like supernovae and
X-ray bursts produces the elements which make up the universe. A complete descrip-
tion of the nucleosynthesis requires detailed knowledge of the nuclei and reactions in
which they are involved. The astrophysical process which leads to the nucleosynthesis
of proton-rich light and medium-mass nuclei is called the rapid proton capture (rp)
process. The rp-process proceeds close to the proton dripline up to the tin region. The
decay properties of the nuclei involved in the rp-process are reasonably well known be-
low 7 = 35. The nuclei with Z >35 are known to be rich of isomers and deformations.
As the isomers affect the effective half-lives and deformation affects the level structure,
the theoretical predictions of the properties of these nuclei differ significantly.

The present work investigates nuclei near the N = Z line in order to obtain infor-
mation on the superallowed 3 decay of “Rb, mirror decay of Sr as well as on the
isomeric state of 8Y, all located on the main rp-process path. In addition, as the 3
decay of ™Sr has a sizeable Gamow-Teller part feeding the high lying states of Rb it
is a promising case for deformation studies.

As the nuclei studied in this thesis have short half-lives and they are located far
from the valley of stability, advanced techniques are needed to produce them. For the



purposes of the present study, the Isotope Separator On-Line (ISOL) system originally
developed in the 1960s for producing rare isotopes was used. In the ISOL system
nuclei are produced, stopped, accelerated to an energy of a few tens of keV, and mass-
separated in a continuous process.

As both the acceleration stage and mass-separation by a magnetic field require
ions, the ion source is the most important device determining the ISOL performance.
The ISOL concepts can be classified according to the way the reaction products are
stopped. A schematic description of different ISOL concepts is presented in Fig. 1.
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Figure 1: Different Isotope Separator On-Line (ISOL) concepts.

If the recoil range of the reaction products is small compared to the target thickness
most of the reaction products are stopped in the target. When the targets used are
thin most reaction products recoil out from the target. These recoils can be stopped
in a solid catcher as in the GSI isotope separator [Roe03] or in a gaseous catcher as
in IGISOL [A1]. If the target used is thick reaction products are stopped inside the
target material. Two facilites using this technique are ISOLDE [ISO00] and TRIUMF-
ISAC [Bri99]. Recently, the possibility to stop ions in liquid helium has been studied
in the accelerator laboratory of Jyvaskyla [Hua03]. Off-line experiments carried out
show that ions can be extracted from liquid to vacuum as ions. This research is at its
early stages and finding the means to transport ions to the accelerator stage is under
investigation.
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The reaction products stopped in solid material are released through diffusion and
transported to an ion source. An efficient release of reaction products from solid
material requires heating. Due to technical limits related to this method it is unsuitable
for refractory elements. Furthermore, total separation times of less than one second
are difficult to achieve, which has restricted the study of very short-living nuclei. Two
different types of isotope separator were used to produce radioactive isotopes for the
research discussed in the present thesis. These were IGISOL, where a gas catcher
approach was used and ISOLDE, where a thick target approach was used. These
isotope separators will be introduced in the following chapters.
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2 Experimental methods

2.1 IGISOL

The ion guide technique was developed in order to overcome the limitations related to
the standard ISOL technique, namely the long delay time and a need for an ion source.
The first system that can be called an ion guide isotope separator according to today’s
standards was developed at the Department of Physics in Jyvaskyla. The first results
were published in 1981 [Arj81—1]. In this article, the term ion guide was introduced
and the feasibility of the technique was shown off-line using a ?*"Ac a-decay recoil
source. The first on-line results, although without mass separation, were presented
later in the same year at the EMIS-10 conference [Arj81—2]. The first on-line mass
separation was reported in 1983 [Arj83—1] and was shortly followed by an application
to nuclear structure physics [Ays84]. A general review of the ion guide technique in
physics research is presented in [AysOl]. The development of the ion guide technique
in Jyvaskyla has led to three main types of ion guides: light-ion ion guide, heavy-ion
ion guide (HIGISOL) and fission ion guide. The differences in their structure arise
from the differences in reaction kinematics. The light-ion ion guide and HIGISOL are
discussed in detail in the enclosed article Al. For a more detailed description of the
fission ion guide, see Ref. [Tas89, Den00].

In the ion guide method, the projectile beam hits the thin target and product nuclei
recoil out from the target as ions into a chamber filled with a stopping gas, which is
usually helium. The charge state is proportional to the ion velocity. While the speed
of the ions slows down their charge state changes continuously via charge exchange
processes with the gas atoms. For most elements the second ionisation potential is
lower than the first 1onisation potential of helium. Therefore, in a pure atomic helium
gas ions can only reach a 2% charge state in collisions with helium atoms. However,
impurities such as Og, Ny, Ne and H50 often present in the system lead to charge
transfer reactions with doubly charged ions. Thus, most of the ions end up in a 17
charge state. In addition, the ionisation of helium by the projectile beam increases
the neutralisation rate due to a 3-body recombination between 17 ions, electrons, and
helium atoms. Some ions are lost in the chamber due to diffusion to the chamber walls.
The continuous helium flow carries thermalised reaction products out from the target
chamber through the nozzle and the skimmer into the mass separator. The method
is fast (sub ms) and chemically non-selective. Therefore, the refractory elements can
also be mass separated. The present layout of the IGISOL facility is shown in Figure
2.

A typical feature with the ion guide has been a large energy spread, of the order of
100 eV, of the 40 keV mass separated beam. This has increased the background in the
form of neighbouring masses as well as the reduction of the yield as the transmission
efficiency through the separator decreases. In order to overcome this problem, the use



Figure 2: IGISOL facility.

of a sextupole ion guide, SPIG, has been studied with the fission and heavy-ion ion
guides. The measured results show that the mass resolving power, M/AM, can be
improved to 1100 when replacing the traditional skimmer with the SPIG. Moreover,
there does not exist long tails in the mass peak. The production rates of the radioactive
nuclei of the heavy-ion ion guide are slightly increased and the yields of the fission ion
guide show significant improvement. The transportation capacity of the SPIG was
measured to be of the order of 10'* ions/second.

When using the light-ion ion guide the efficiency has been dependent on the square
root of the primary beam intensity. It was found out in this thesis that this square
root dependence has been due to a decrease of the transportation efficiency between
the exit hole and the skimmer. As a solution, the effect of a ring electrode between the
skimmer and the ion guide exit hole was studied. The conclusion from these tests was
that with the ring electrode the transmission efficiency between the skimmer and the
exit hole can be maintained despite the large current flowing out from the ion guide.
As a result, production rates improve as the efficiency does not drop when increasing
the primary beam intensity.

In order to understand the processess inside the ion guide stopping volume, a ***Ra
a-tecoil source was used to produce the 2'?Rn beam. These studies consisted of delay
time and efficiency mesurements as a function of ion guide pressure, source-to-exit-hole
distance as well as buffer gas purity. The mass resolving power and absolute efficiency



of the ion-guide-SPIG system were also studied using the *?Rn beam. The result was
that the buffer gas composition should be matched to the chemical properties of the
ion-of-interest. The proof of this is the measured charge state distribution of evacuated
ions which can be influenced by the amount of impurities in the buffer gas.

The *#3Ra a-recoil source was used to test the idea of injecting electrons inside the
stopping volume and, thus, improving the evacuation efficiency. An off-line test carried
out showed that a factor of 10 increase of the efficiency can be achieved. However, on-
line tests are required to measure whether this positive effect is present also with the
presence of the plasma created by the ionising radiation.

2.2 ISOLDE

At the ISOLDE mass separator facility, radioactive nuclides are produced in a thick
high-temperature target via spallation, fission or fragmentation reactions. The reaction
products are released from the target via diffusion and effusion and guided through a
tube to an ion source. This transfer tube can be cooled or heated depending on the
properties of the element of interest. The target thickness is typically of the order
of several g/cm?. The target can be heated resistively up to 2400 C° depending on
the materials used. The targets are placed in the external proton beam of the proton
synchrotron booster, PSB, which has an energy of 1 or 1.4 GeV. PSB delivers a 2.4-pus-
long proton pulse every 1.2 seconds. The intensity is 3.2:10'® protons/pulse. Usually
6 pulses out from a 14.4 s supercycle are available for ISOLDE, which provides an
average beam intensity of 2.1 pA. [ISO00] Figure 3 presents the layout of the ISOLDE
facility.

The ISOLDE facility can presently offer three types of ion sources, namely laser
ionising, surface ionising and plasma ion sources. A detailed description of the ISOLDE
facility can be found from the ISOLDE laboratory portrait [ISO00].

The thickness of the Nb-foil target used in the present study to produce Sr and
Rb was 50 g/cm? The “Rb and "Sr ions were ionised using a surface ionisation ion
source. In the case of ™Sr, CF,; was added in order to suppress all the other elements
except Sr from the mass separated beam. Thus, strontium was accelerated and mass
separated as StFT ions. Figure 4 presents Rb and Sr production rates at ISOLDE.
The yields for “*Rb and “®Sr are from the present work and the rest are adopted from
[ISOLDE]. The ™“Ga yield during the Rb experiment was 1 atom/uC. No isobaric

background was detected during the Sr experiment.
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2.3 Detector set-ups

For the purposes of this thesis, the 3 decay of “Rb, ™Sr and %Y was studied by
means of 3-delayed «, conversion electron and proton spectroscopy. The topics of
interest were 3 decay half-life, 3 decay energy and transition intensities to the excited
states of daughter nuclei. The schematic drawings of the detector set-ups used in the
experiments are presented in Figure 5.

For ™Rb, three experiments were conducted. In the first one, the detector setup «
was used. It consisted of a 3 telescope made of a 2-mm thick plastic scintillator and a
planar Ge detector, a 70 % HPGe detector for y-ray detection and a charged-particle
detector telescope [Hon97]. This set-up was used to search for 3-delayed protons. The
set-up b was used in the second experiment for 3-delayed ~-rays. In this experiment,
a cylindrical scintillator with a 70 % efficiency was used as a trigger detector for 3
particles. The v -rays were detected with three 70 % Ge detectors. Each Ge detector
was equipped with a veto detector in front of the Ge crystal to reduce 3-y summing.

The set-up ¢ used in the third experiment on “*Rb 3 decay consisted of two 3-cluster
MINIBALL [Ebe96] detectors and a 70 % efficiency cylindrical scintillator as a trigger
detector for § particles. The purpose of this experiment was to measure 3-delayed ~
rays and look for -+ coincidences.

a) b)
1 gas-Si telescope B
2 veto scintillator
370% Ge 17— 5 7

4 planar Ge V\
5 70% cylindrical scint. 3
6 MINIBALL cluster Ge 3

7 implantation tape c) d)

Figure 5: Detector set-ups used in different experiments of this thesis. a) ™Rb 3
delayed protons, b) ™Rb 3 decay half-life, ¢) “Rb S-delayed v rays, d) St 3-delayed
v Tays.
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Conversion electrons were searched for using the magnetic conversion electron spec-
trometer ELLI (ELectron Lens for IGISOL) in coincidence with Si and Ge detectors.
ELLI is a two-coil magnetic transporter which can provide extremely clean background
conditions. The ions are implanted on the movable tape located on the first maximum
of the magnetic field. The liquid nitrogen cooled Sil.i detector is located on the second
maximum of the magnetic field. A schematic drawing of this set-up is shown in Figure
6. For more details on ELLI, see [Par91].

In the ™Sr experiment, the detection set-up used for the half-life and 3-delayed
v rays consisted of the 70 % cylindrical plastic scintillator for 3 particles and three
Ge detectors for 4 rays (d in Figure 5). The set-up for (-delayed protons and ~
rays consisted of the FUTIS array [Oin96] with 15 Si (300 pm) detectors, with a
transmission type Si (500 pm) detector and a 20-mm-thick planar Ge detector behind
the implantation position in close geometry. A drawing of the FUTIS array is shown in
Figure 7. In all the experiments discussed in the present paper, ions were implanted on
a aluminised mylar tape to be able to remove long living contaminants and daughter
activities away from the counting position.

Efficiency calibrations for the detector set-ups used were carried out using the
absolutely calibrated sources and on-line activities of known radioactive decays. The
B-y set-ups for “Rb and “Sr were calibrated using '""*Fu and 'Ba sources. The

absolute efficiency as well as the energy calibration for the ELLI set-up was obtained
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using "**Ba and "®'Ba calibration sources and “Kr, 7"Rb, "*Rb and ""Kr on-line sources
produced at ISOLDE. The FUTIS array was calibrated using an on-line source of **Na.
A ¥Ba source was used for the v detector used in this measurement. The 1633 keV ~
transition from *’Na decay observed in the Ge detector was used to obtain the absolute
efficiency of the FUTIS array. The Qgc value for St 3 decay was deduced from the
[ energy spectrum of the Ge detector. The energy calibration for this was determined
using %?Ga, "°Mn and ?°Na on-line sources. The slope of the linear calibration curve
was checked using neutron induced v rays detected in the Ge detector.

In the ®Y experiment, the detector set-up consisted of the ELLI spectrometer and
the planar Ge detector in the same ways as in the ““Rb experiment except that the Si
detector in front of the Ge detector was not used. The on-line source #Y and **Ba
calibration source were used determing the energy calibration and absolute efficiency
and 2*' Am was used to obtain the absolute efficiency for the Ge detector at low energies.

3 [ decay and nuclear structure

3.1 General features of allowed 3 decay

[ decay is a universal term for weak interaction transitions between two neighbouring
nuclear isobars. It occurs in three forms, 8%, 37, and electron capture (EC) decay. In
each case, a nucleon inside the nucleus is transformed into another and a neutrino is
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emitted. The maximum energy available for the 3 decay equals to the mass difference
of the mother and daughter nuclei. The three-body characteristics of 3 decay which
is caused by the presence of neutrino leads to a continuous energy spectrum for the
emitted 3 particles.

The (-decay probability depends on the energy released in the decay, the angular
momentum of the emitted particles, the nuclear charge and the nature of the initial
and final nuclear states. Fermi’s golden rule states that the transition rate between an
initial and final state is given by

2m , dn
y= T, ()
where F is the energy available for the final state products, dn/dFE is the density of
the final states and M is the matrix element. The term dn/dF is often referred to as
the phase-space factor. [Lil01]

The Hamiltonian for the 3 decay consists of vector and axial-vector terms. In the
approximation for allowed transitions the vector part of the interaction reduces to the
unit operator I and the axial-vector term to the spin operator o. In addition, the
isospin raising/lowering operator {y has to be present as a proton is converted to a
neutron in the 8% decay. Both the vector and axial-vector interaction can contribute
simultaneously. Hence, the # decay transition probability can be written as

Ao GE (M) 4+ G4 (Mar)?, (2)

where Gy and G4 are the vector and axial-vector coupling constants, respectively.
[Bru77]

The squared matrix element M? for the Fermi 3 decay is

A
(Mp)* = (1)* = (JyMTy Mr|1 Y (k)| J:MTiMr:)*, (3)

k=1
where J is the total spin, M is the magnetic quantum number, T is the isospin quantum
number and M7 is the isospin projection. The subscripts ¢ and f refer to initial and final
states of the decay, respectively. The operator for the Fermi decay, 1 S 4_, ty(k) =1Ty,
does not change the spin or parity. The Fermi transition affects only the isospin
orientation. The model independent form of the Fermi matrix element can be obtained

by normalisation of the wave functions and it can be written as

<1>2 = T(T + 1) — MTiMTf- (4)
The squared matrix element for the Gamow-Teller 3 decay is

1

Yo NI MyTMrg| Y o (k)b (k)| JMT:Mzi)*. - (5)

(Mar)® = (o7)* =
2Ji +1 mM; M k=1
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The spin operator o,, does not change the sign under parity operation. The Gamow-
Teller matrix element cannot be expressed directly in terms of the total isospin as in the
case of Fermi decay. However, the simplest form for the Gamow-Teller matrix element
can be obtained by assuming an inert core with J=0, T=0 and a single active nucleon.
As a result, an extreme single particle estimate (ESP) for the squared Gamow-Teller
matrix element can be written as

(o7)? = 6(24; + 1>{ A } (6)

where {...} is the 6j symbol, which is tabulated in [Bru77], for example.

Conservation of angular momentum and parity and the properties of the initial and
final states determine the type of 3 decay that can occur. In Fermi decay the emitted
positron and neutrino have antiparallel spins (S=0), and, therefore, no orbital angular
momentum is carried away. In the Gamow-Teller decay, positron and neutrino spins
are parallel (S=1), and one unit of angular momentum is carried away. Thus, the
transitions must satisfy the following vector addition rules:

Iy = L+ 1L for Fermi transitions
Iy = L+L+1 for Gamow-Teller transitions

The reduced ( decay strength is often written as a comparable half-life, ft, where
f 1s the statiscical rate function dependent on the daughter Z and the decay energy.
In this equation, ¢ is a partial half-life of a corresponding transition, t = A/In(2).
The Fermi and Gamow-Teller matrix elements and the transition strengths in allowed
decays are related as

C

(14 60p)ft= (1 = d0) 1 (2_3)2<UT>27

(7)

where g is a radiative correction and d¢ a correction due to the isospin impurity. In
the present work, the following values were used for these corrections:

(1+6r) = 1.026 [Ewa81]
(1-6c) = 0.997(3) [Wil7§]

C = 6145(4) [Tow95]
Ga/CGyv| = 1.266(4) [Sch95]

The log ft values can be used for classifying different types of 3 decay. Table 1
suminarises the selection rules for spherical nuclei. The transition probability decreases
with increasing L.

The allowed Fermi or mixed Fermi and Gamow-Teller transitions which have log
ft-values between 2.9 and 3.7 are called superallowed transitions. Particularly, the log
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Table 1: The (-decay selection rules for spherical nuclei [Kan95]. Transitions which
are not possible if either I; or Iy is zero are given in parenthesis. The limits for log ft
values are from [Did94]

Transition log ft L Fermi Gamow-Teller
type Al An Al Am
Allowed <59 0 0 No (0),1 No
st forbidden  >8.0 1 (0),1 Yes 0,1,2  Yes
2nd forbidden >10.6 2 (1),2 No ,3 No

Jt value between the isobaric analog states for 0% — 07 (T = 1) transition is known
as 3.49. The Fermi matrix element (1)? vanishes unless Ty = T; and My = Mp; + 1,
where M is the isospin projection. Thus, the allowed Fermi decay occurs only between
the isobaric analog states and it is the only possible decay mode for the 0t — 07
transitions between analog states.

3.2 Quasi-particle Random-Phase Approximation (QRPA)

The model based on single particle estimates has turned out to be too simple to describe
nuclei between closed shells. Therefore, more sophisticated and elaborate methods are
needed for theoretical predictions. Presently, the use of shell model calculations is
limited by computing capacity to lower mass nuclei below the fp shell. The theoretical
predictions used in the interpretation of the results from the “Sr 3-decay work are
based on pnQRPA calculations using a deformed selfconsistent HF+BCS basis with the
Skyrme force SG2 and including consistent spin-isospin residual interactions [Sar01-1,
Sar| and deformed HF-BCS with Skyrme interactions [Ham99].

QRPA has been succesful in the description of spherical and deformed nuclei within
the valley of stability. In this method, the Skyrme interactions are determined by
fits to global properties of spherical nuclei over the nuclear chart. Next, the gap
parameters of the pairing force and the coupling strength of the residual neutron-
proton pairing force are specified. Therefore, there are no free parameters left. Both
the residual interaction and the mean field are obtained from the same two-body force.
Therefore, this method can be considered suitable for extrapolations to the unstable
nuclei approaching driplines.

The solution for the HF equations was based on the McMaster procedure, which
assumes time reversal and axial symmetry. The single particle wave functions were
expanded in terms of the eigenstates of an axially symmetric harmonic oscillator in
cylindrical coordinates. The method also included pairing between nucleons in the BCS
approximation with fixed gap parameters for protons and neutrons which were deter-
mined phenomenologically from the odd-even mass differences through a symmetric
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five-term formula involving the experimental binding energies.

For odd-A nuclei, the fields corresponding to the different interactions were obtained
by doing one iteration from the closest even-even nucleus selecting the orbital occupied
by the odd nucleon according to the experimental spin and parity. For those cases
where this experimental assignment was not well established the orbital closer to the
Fermi level was chosen.

In order to describe Gamow-Teller transitions, the spin-isospin residual interaction
was added to the mean field. This interaction contained two parts: particle-hole (ph)
and particle-particle (pp) interactions. The (ph) part is responsible for the position
and structure of the GT resonance. The (pp) part is a neutron-proton pairing force in
the J™ = 1T coupling channel.

Theoretical predictions using the methods described above have been shown to
reproduce experimental results reasonably well. A comparison between the calculations
and experimental results can be found in [Sar01-1]. For example, the calculated Qgc
and Gamow-Teller strength agree very well with the measured values in the case of
6Sr as well as in the case of light Kr isotopes [Urk98, Ham99).

3.3 Superallowed 07 — 0% § decay

According to the conserved vector current (CVC) hypothesis, the matrix elements of
the superallowed Fermi (3 transitions between the (J7,T) = (0%,1) states should all
be equal, independent of the nuclear structure apart from the small terms for nucleus
dependent radiative correction and Coulomb correction. Therefore, the experimental
ft values corrected with the above mentioned terms allow an accurate determination
of the weak vector coupling constant Gy. The corrected ft value, denoted Ft, and Gy
are related as

B K g
2GR (1 + AR)’ ®)
where K/(%ic)® = 2 m3In2h /(m.c*)® = 8120.270(12) -107'Y GeV~* s, f = statistical rate
function, ¢ = partial half-life, dr = calculated radiative correction, 6 = total Coulomb

correction and A}, = nucleus independent radiative correction. [Tow(02]
The precise determination of Ft, together with the muon decay data, provides a

Ft = ft(l + 5R)(1 — (Sc)

value for the up-down quark mixing matrix element V,4; in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix.
K
Vi = — 9
“TGL(1 + AR )

where GF is a weak coupling constant from muon decay: Gy= GrV,s. The F1 is
an average F1 value obtained from precisely known superallowed decays. Presently,
the largest part of the uncertainty in the value of the V2, is due to the calculated

u
corrections, mainly from dg and dc.
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The value for VZ, can be used to test the unitarity of the first row of the CKM
matrix:

V;fd_l_v;?s_l_vfb: L, (]0>

where the values V,, and V,; are obtained from the K_.; decay and B meson decay,
respectively. The result, 0.9740(5)*40.2196(23)*40.0036(10)*=0.9968(14) fails the uni-
tarity test by 2 standard deviations. Recent measurements suggest that the adopted
value for Vs may be too low [She03]. This new value for Vs = 0.2272(23) restores
the unitarity, 0.9999(16). Since the failure in the unitarity of the CKM matrix would
imply new physics beyond the standard model it is important to eliminate possible
trivial explanations for the discrepancy.

The leading term in the sum, V2, includes calculated corrections. In order to
restore unitarity, the radiative corrections should either be shifted downwards as much
as one quarter of their current value or the Coulomb corrections should shift upwards
more than one half of their current value or a combination of these two. However, the
leading terms in radiative corrections are very well founded. Therefore, the attention
has been focused on the Coulomb corrections. Although smaller than the radiative
corrections, the Coulomb corrections are sensitive to nuclear structure because the
Coulomb and charge dependent nuclear forces destroy the isospin symmetry between
the initial and final analog states in superallowed 3 decay. [Tow02]

The total Coulomb correction can be separated into two terms:

Sc¢ = 8Jar + Sro, (11)

where 07, = Coulomb mixing component and dro = radial non-overlap of the wave
functions. The dpo is due to the fact that the radial wave functions of the converting
proton and the corresponding neutron differ because their binding energies are not
identical. The d},, is caused by different degrees of configuration mixing in the wave
functions of the members of the isospin multiplet. For a superallowed 07 — 07 3 decay
the analog initial and final states are both subject to isospin mixing due to the presence
of charge dependent forces. The mixing permits vector 3 decay to non-analog 0% states
which are forbidden unless those states contain an admixture of analog configuration.
Thus, the magnitude of such non-analog branches reflects the information of the isospin
mixing correction d},,. [Hag94]

The value of §},, can be extracted by measuring the non-analog transition strength
and corresponding Q-values for analog and non-analog transitions. In the case of a
single non-analog transition, the relation between these quantities is

sl Job1
™ fi+ foby’

where by is the non-analog branching ratio and fy and f; are statistical rate functions
for analog transition and for non-analog transition, respectively [Hag94].

(12)
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The required precisions for meaningful tests for the half-life, decay Q-value and
branching ratio are 5:107% 107* and 1072, So far, high enough precisions have been
reached in nine decays, 1°C, 110, 2™ Al 24Cl, *"K, **Sc, %V, °Mn and **Co. Re-
cently, a decay study reaching such a precision has been published on **Mg 3 decay
[Har03]. The half-life for “*Rb has been measured with high enough precision but the
branching ratios are not yet known accurately. The main source of uncertainty is the
expected strong feeding of 17 levels in “Kr, only a part of which has been observed
experimentally. For more details, see chapter 5.1 in this work and [Pie03].

3.4 Mirror decays

The mirror 8 decay between My = 1/2 and -1/2 states provides an ideal laboratory for
studying fine details of nuclear properties. In the mirror decay, initial and final states
should have identical wave functions due to the charge symmetry of nuclear forces.
These decays are characterised by fast Fermi and Gamow-Teller decays and short half-
lives caused by high decay energies determined by Coulomb energy differences. As these
transitions are strong, they can be easily identified and, therefore, the comparison of
experimental and theoretical Gamow-Teller strengths of individual transitions becomes
possible [Mar96]. So far, mirror decays have been studied with high precision only up
to *Zn. (See [Oin97] and the references therein.)

In the A = 70-80 region, the breaking of isospin symmetry starts to play a signif-
icant role. It has been suggested that it may even alter the ordering of the low-lying
states [Urk98, Oin97]. Furthermore, the deformation effects may drastically affect
the Gamow-Teller strength distribution [Fri95, Sar01-1]. The role of deformation on
Gamow-Teller strength can be summarised in two types of eflects. Firstly, due to
deformation, the Gamow-Teller strength distributions corresponding to deformed nu-
clear shapes are more fragmented than the corresponding spherical ones. Secondly,
the levels of deformed orbitals coming from different spherical shells cross each other
in a manner depending on the magnitude of the quadrupole deformation and oblate
or prolate characteristics of the decaying nucleus. In some cases, this level crossing
may lead to sizeable differences between Gamow-Teller distributions corresponding to
different shapes of the parent nucleus. The mirror decay of °Sr measured in this work
is the heaviest mirror system in which a detailed decay study has been performed so
far. In addition, as the Gamow-Teller decay to the high lying excited states of Rb
turned out to have an intensity of some percent, this nucleus is a highly promising case
for studying deformation effects via GT [ decay.

3.5 [} delayed proton emission

[ decay of proton rich nuclei to the excited states is followed by either a 4 emission
or a charged particle emission. Far from stability where decay energies are high 3
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decay can lead to high lying states above the proton separation energy. Also, proton
separation energies are not high for nuclei far from stability.

The particle emission is a strong interaction process and, therefore, a faster process
than the v emission. Furthermore, the partial widths for the y-ray emission are small
for the levels above the proton separation energy. This is why the -delayed particle
emission is expected to dominate when approaching the proton dripline. The selec-
tion rule for a (-delayed proton decay follows from the conservation of the angular
momentum and can be written

|']z'_']f|j:%§l/§-]i+-]fj:%,
1
respect?vely. The parity of the final state is given as mp = m;(=1)".

In heavy nuclei (A >60), the density of final states for 8 decay is so high that
the individual transitions cannot be distinguished. Therefore, the 3 delayed proton
spectrum has a nearly continuous bell-shape. Furthermore, the level structure of the
daughter of the proton decay may not be well known. This is why the measured proton
intensities can only be used to discuss average features of the decay in question. For

example, the Gamow-Teller strength distribution can be extracted as has been done

where 2 is the proton spin and subscripts ¢ and f denote for initial and final states,

for the Sr decay in this work. However, this statement has to be treated with caution
due to the limited sensitivity of y-ray detection.

4 Astrophysical rp-process above Z = 32

In the extreme temperature and density conditions prevailing in X-ray bursts and
supernovae, nuclear reaction time scales can be of the order of tens of seconds. The
reaction flow in these conditions is called explosive hydrogen burning. In relatively
low temperatures and densities the reaction flow can proceed up to the HCNO cycle.
When the temperature increases due to energy relese in nuclear reactions, a rapid
proton capture process is ignited and can proceed in suitable conditions up to the Sn
region [Bro02]. Figure 8 presents a calculated rp-process path.

In addition to nuclear structure studies, the experimental data on the decay prop-
erties and masses of proton rich nuclei can be used in astrophysical reaction flow calcu-
lations. Recently, Schatz et al. [Sch98] have performed an extensive study of reaction
parameters for the rapid proton capture process above 7 = 32 up to the A = 100 region.
Due to lack of experimental information on proton rich nuclei the calculations have
been performed relying mostly on theoretical values of masses and half-lives. However,
these calculations clearly indicate the need for complete reaction network calculations
for reproducing the observed abundance patterns of elements in astrophysical objects.
In particular, Schatz et al. emphasize the role of a two-proton capture in bridging the
waiting points of the rp-process towards A = 100 [Sch98].

The 36 <Z <40 region is known to be rich in isomers and deformations. Compared
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Figure 8: The rp-process path [Bro02]. The thick solid line represents a flow rate
higher than 10 %. The thin solid line shows 1-10 % flow rate whereas the dashed line
shows a flow rate of 0.1-1 %. The figure also points out the most important waiting
point nuclei.

to spherical nuclei deformed nuclei have different single particle levels and additional
collective degrees of freedom which increse the level density. The deformation is an
important parameter in mass models. As the level density, single particle levels and
mass are needed to calculate 3-decay half-lives and nuclear reaction rates, the defor-
mation has to be taken into account. In addition, the statistical rate function (eq. 7)
depends on the excitation energy as (Qs — E)°. As the different mass models show
increasing deviations from each other when moving towards more exotic systems, mass
measurements are necessary in this region. Furthermore, -decay half-lives are crucial
as they determine the time structure of the reaction flow as well as the abundance
pattern. The large number of isomers in this mass region have a significant role as
they affect the half-lives and proton capture rates.

The nuclei studied in this work; ™Rb, Sr, and ™Y are located on the main

rp-process path. As ™Rb and "Sr have short half-lives, 3 decay dominates their role
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in the rp-process. In addition, the intensity of the 3-delayed proton decay of "Sr
is relatively small. Therefore, the speed of the reaction flow in this region is mainly
determined by “®St, a possible waiting point nucleus. Furthermore, as 8 Nb is proton
unbound [Sch98], the main reaction flow proceeds through ®°Zr as well as through
80mY The proton capture rate on 8"Y is possibly enhanced compared to that of the
ground state of Y.

5 Results and discussion

51 ™Rb

The level sructure of “Kr is known well only for the low lying states. Spins and parities
for these states have originally been identified in in-beam studies of "™Kr. The first
evidence of a 0% isomeric state at 508 keV was published by Chandler et al. [Cha97].
Becker et al. measured y-e~ coincidencies. They detected 495 keV conversion electrons
and 694 and 1233 keV + rays in coincidence, and proposed two 2% states above the
0t isomer [Bec99]. Bouchez et al. also measured conversion electrons and ~-rays in
coincidence with implanted “Kr ions. This experiment resulted in an improved half-
life for the 508 keV isomer and relative intensities for the conversion electrons and a
456 keV ~ transition [Bou03].

The attached article [A2] describes the half-life and non-analog branching ratio
measurements of “*Rb. In addition, the possible 3-delayed proton branch was searched
for and as no protons were seen the branching ratio was deduced to be smaller than
5-107% per ™Rb decay. No v transitions were reported. However, a careful re-analysis
of the data showed a weak 456 keV transition. No other 5 transitions could be found
from the data. Therefore, a separate measurement using 2 MINIBALL germanium
detectors and a cylindrical scintillator was carried out in 2002. As the v efficiency
was higher and the yield better than in the previous experiment, the E2 branching
ratio could be determined. In addition, two other v transitions were assigned to the
"™Rb decay. As there were 6 Ge crystals in use, a search for y-y coincidencies was also
possible.

Figure 9 shows the v spectra observed for the “Rb decay in the 2002 experiment.
The gating with the cycle TDC strongly reduced the long living daughter activities
as well as the only isobaric contaminant, the “*Ga activity. Due to the lack of veto
detectors in this set-up, the background was still fairly high even at the 1.2 MeV region.
Therefore, transitions weaker than 4-107* per ™Rb decay were not seen. Furthermore,
the 52 keV transition de-exciting the 508 keV state to the 456 state was below the
threshold of Ge detectors. Recently, the branching ratio for this transition has been
measured in a fragmentation experiment in Ganil [Bou03]. The result, bga/bro = 1.2,

differs significantly from the results obtained in a 3 decay work: bgq/bgg = 0.7 [Pie03].
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Figure 9: 7 spectrum of “Rb decay. The long living background has been subtracted
from the tdc-beta gated spectrum. As can be seen, this reduces the “Ga activity
significantly.

In the present work, the 1198 keV transition was found to be in coincidence with the
456 keV E2 transition. The peak intensities for the 1198 keV line in the -y spectrum
and in the v-y spectrum are similar within errors after efficiency corrections. Thus, the
1198 keV v transition leads to the ground state via the 2% state at 456 keV. However,
the initial state cannot be fixed with this data. Figure 10 present a v spectrum which
is a result of gating by the 456 keV transition.

Figure 11 presents the decay scheme of “Rb based on the experimental information
of this work and references [Pie03, Bou03]. A significant fraction of the intensity of the
456 keV E2 transition is due to 3 feeding to high lying states of ™*Kr. The TRIUMF
result showed that the 456 keV v rays are in coincidence with low energy [-particles
corresponding to (3 feeding of levels around 4 MeV [Pie03]. Such a scheme is supported
by the shell model calculation which predicts more than 400 1% states at high energies
[Har02]. These states are favourably fed in allowed GT transitions. Furthermore, v
ray intensities are not in balance in the decay scheme shown in Figure 11, showing
that the 456 keV 2% state has to be fed by presently unobserved transitions from the
higher lying levels.

The existence of another excited 07 state at 1654 keV shown in Figure 11 is not
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Figure 10: A y-ray spectrum peak in coincidence with the 456 keV transition. It shows
a clear 1198 keV transition in the ™Rb decay.

confirmed. It is even possible that the 1198 keV transition results from a higher lying
state and the de-exitation proceeds to the first 2 state via several intermediate states.
Thus, there would be several 4 transitions on the way and as they are weak, they are
lost in the background. However, there is evidence that most of the 1198 keV v rays
are due to 8 feeding to levels at about 2 MeV [Pie03]. Additional support for this
assignment is provided by the shell model calculations which predict a 07 level at 1918
keV [Pie03]. No other clear 4-v coincidences were detected. The (- and -7 spectra
showed several weak "peaks” which, however, could not be assigned to any transition
in the known level scheme. Table 2 presents transition intensities as measured in this
work and in [Pie03].

The measurement of the non-analog branching ratio allowed the determination of
the magnitude of the Coulomb mixing component d&},,. The upper limit obtained
in this work using the branching ratios presented in Figure 11,6},, <0.08 %, is only
slightly larger than what has been measured for lower mass nuclei. The calculated
values 1.4 - 3.1 % [Orm95] seem to be unrealistically large when compared to the
present experimental upper limit.

As pointed out in chapter 3.3 the largest individual uncertainty of the average
F't value is due to the total Coulomb correction d. In the absence of the required
precision to test the CKM matrix, the present results can be used to extract information
on §c. Assuming the validity of the CVC hypothesis and using the adopted Ft value
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Figure 11: ™Rb decay scheme. The transition intensities shown in units of 107° per
™Rb decay and the half-life are the weighted averages from this work and [Pie03]. The
existence of a 0T level at 1654 keV is not confirmed. The Qgc value was measured
in a separate experiment using the ISOLTRAP [Her02]. The half-life and the E2/E0

ratio for the 508 keV 0% isomer were recently measured in a fragmentation experiment

[Bou03].

of 3072.2(8) and the experimental results presented in this thesis, the value for d¢ can
be calculated using equation 8. The result, 2.4(3) %, is in agreement with the value
presented in [Kel02] but as the information on branching ratios has improved since the
uncertainty is smaller by a factor of 3. In addition, this value is in agreement with the
theoretical prediction which suggests that the total Coulomb correction should increase

to about 2 % for A >60 nuclei [Har98].

22



Table 2: The B-decay of ™Rb.
Energy [keV] Assignment Intensity per 10° “Rb decay
this work TRIUMF [Pie03]

52 0+ — 2+ <16" 32(7)
456 2t 0+ 180(30) 250(14)
508 0t — 0t 37(11) 48(5)
696 2+t -5 0t <107 8(5)
748 2+ 5 2t <107 19(5)
1198 (0t —2%)  50(20) 52(5)
1204 2+ -5 0t <10" 26(14)
1233 (2+) = 0% 40(20) 29(4)
1286 2+ 5 2t <10" 9(5)
4244 (1t = 0t) <207 12(2)

n = no visible peak, upper limit

5.2 Sr

The 3-decay half-life of Sr measured in this work, 88(3) ms, is in agreement with the
previously published results, 7177} ms [Bla95] and 80155° ms [Kie01]. Its uncertainty,
however, is smaller by an order of magnitude.

The present experiment measured the S-delayed v ray de-exciting the ™Rb level
for the first time. The transition intensity for a 144 keV ~ ray was measured to
be 4.5702%. The asymmetric errors are due to possible internal conversion. This
transition was assigned to be a (5/27) level of ®Rb de-exciting to the ground state.
The log ft values deduced for the 144 keV level and the ground state are 5.0 and
3.7, respectively. The stronger transition to the ground state suggests a superallowed
character. Therefore, J™ of the ground-state of St has to be the same as that of the
Rb ground state. If we adopt spins and parities from [Gro97], the "Sr ground state
must have J™ = (3/27). The theoretical work by Hamamoto [Ham99] supports this
assignment. The 3 + EC delayed proton decay branching ratio was measured to be
5.2(9)%.

The measured Qpc-value, 10.60(22) MeV, supports the value obtained from the
FRDM calculation, 10.7 MeV [Sch98], and from the mass systematics from [Aud95],
10.64+0.3 MeV.

Among the isospin multiplets Qg can be estimated using the relation

AEc = M(T,Mr) — M(T, Mz + 1) + Axy = Qrc + Ann, (13)
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Figure 12: Sr decay scheme.

where A E¢ is the Coulomb displacement energy, M's are the masses of the neighbouring
isobaric analog states and Ayp is the mass difference between neutron and hydrogen.
Figure 13 presents the Coulomb displacement energies for T = 1/2 ground states. The
value for "Sr is from the measurements of the present work. The rest are from [Ant97]
except °"Cu, *9Zn and % As which are taken from [Aud95], ! Ga from [Wei02] and " Kr
from [Oin97]. The solid line is a fit with the following function

7
A = 1348.5(1)—7 — 644.9(2), (14)

3

where A is the mass number and 7 is the average charge of the elemental pair [Ant97].
The agreement between the measured values and values obtained from the systematics
is excellent. Table 3 presents the A F¢-values calculated using equation 14.
According to the theoretical calculations which assume prolate deformation for “>Sr,
the |(o7)| is expected to be larger than that for "' Kr. For Sr 3 decay, the calculated
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Table 3: Coulomb displacement energies.

Isotope AFE¢ [keV] Reference
Calculated Measured
61Ga 9804 10037(50) [Wei02]
Ky 10917 10920(320) [0in97]
Sy 11348 11380(220) this work
Element
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Figure 13: Coulomb displacement energies for T = 1/2 ground states. The literature
cut-off date for [Ant97] data is Oct. 1. 1996. Therefore, ®*Ga, "' Kr and "Sr were not
included in the fit of equation 14 in [Ant97].

|(o7)| values are < 0.54 and < 0.44 for the mirror transition and for the transition to
the first excited state, respectively [Ham99]. The |(o7)| values measured in this work
are 0.35(5) and 0.20100; for the ground state and the first excited state (eq. 7). The
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Figure 14: Gamow-Teller strength. Due to low statistics, the uncertainties on the
values extracted from the proton spectrum are as high as 30-50 %. The |(o7)| extracted
from the ~-ray spectrum represents a sensitivity limit as no transitions were observed.

|(o7)|-value for the ground state transition follows the systematic trend measured for
the lower mass nuclei [Oin97]. This can be expected as the |(o7)|-value is expected to
reach its minimum in the middle of the closed shells due to the collective effects.

Figure 14 presents the Gamow-Teller strength distribution obtained in the 7St
experiment. The values deduced from the ~-ray spectrum have to be taken as the
upper limits as no other transitions except 144 keV were seen in the experiment. The
calculation of the theoretical curves [Sar] and points [Ham99] follow the procedure
described in chapter 3.2.

The low-energy part of the GT strength distribution in odd-A N~Z7 nuclei is due
to l-quasiparticle excitations involving the single odd neutron [Sar01-2]. The higher-
energy part is mainly due to more collective excitations and can possibly be used to
distinguish between oblate and prolate deformations of a nucleus [Sar01-1]. The exper-
imentally observed -delayed proton spectrum seems to probe the high-energy part of
the GT-strength distribution which directly populates 3-quasiparticle induced states
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in Rb. The trend of the measured GT-strength seems to favour prolate deformation.
However, the interpretation of these results is limited by low statistics in the proton
spectrum.

The gap seen in the experimental curve is caused by the [ background in the
FUTIS array which prevented the identification of protons below 0.7 MeV and which
corresponds to the excitation energy of 3.1 MeV. However, the gain of the Ge detector
used for v rays was set to cover the region only up to 2.2 MeV. Furthermore, the
Coulomb barrier reduces the emission of low energy protons.

5.3 %Yy

The rp-process nucleosynthesis is generally delayed by the 3 decay of even-even N =
7 nuclei. In particular, the 3 decay of 8Zr controls the reaction flow towards the A
~ 100 region as the proton capture is hindered due to the negative binding energy of
proton unbound ®'Nb [Res00]. This is why the half-life of the 3 decay daughter of
8071, 8% has a significant role.

The lifetime of ®Y is small during most of the rp-process due to fast proton capture
reactions. When the temperature starts to decrease it becomes a critical parameter as
proton capture rates are lower. During freezeout, the ®Y 3 decay and proton capture
are competing, thus, determining the amount of A = 80 nuclei in the rp-process reaction
flow and also the number of stable ®*Kr produced in the rp-process.

The discoveries of the isomers in Y, a 4 us 2% state at 312 keV [Reg97] and a
4.7(3) s 17 state at 228 keV [Dor98] have increased the interest on this nucleus as the
isomers play an important role in the rp-process. The proton capture rates and the 3
decay life-times can significantly differ for the isomers and for the ground states.

80Y studied in the present work was produced using the HIGISOL-SPIG system.
The reaction used was **Fe(*?S,3p3n )*°Y. The beam energy was 150 MeV and the
thickness of the enriched **Fe target was 2.7 mg/cm?. In order to obtain a clean sample
of #Y, the SPIG was used with a low dissociation voltage, e.g. voltage between the
SPIG and the stoppping volume. Therefore, ®Y was accelerated and mass separated
as YOT ions, appearing at mass 96. This provided a factor of 24 suppression on the
isobaric background. The production rate of #™YQO was 3.6 atoms/second.

In the present experiment, a confirmation was obtained that the 84 keV isomeric
transition is located above the 228 keV state. In addition, the 228 keV transition was
confirmed to be an isomeric transition in **Y using 3-v and e~ — v coincidencies. The
internal conversion coefficient was determined from the e~ /v ratio and from the KX/
ratio measured using ELLI and a Ge detector. The weighted average of these two
measurements gave a value of ax = 0.50(7) for the K-conversion. This is consistent
with the M3(4E4) multipolarity for the 228 keV isomeric transition and results in [™ =
1~ for this state. The half-life for the isomer was determined as a weighted average of
the 228 keV ~ ray, yttrium X-rays and conversion electron measurement. The result,
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Figure 15: 3™Y decay scheme. EC 4+ 3% decay branching ratio for the isomer decay
is from [Dor98].

5.0(5) s, is also in agreement with the earlier result 4.7(3) [Dor98]. The weighted
average of these two values for the half-life is 4.8(3) s.

The ground state of ®Y has been assigned to have I" = 4~ and the #Zr ground
state has been assigned as I" = 0T state. Therefore, the 3 decay of ®Zr will lead
exclusively to Y. Thus, the proton capture will occur in the isomeric state and
not in the ground state as previously assumed. The partial # decay half-life for the
isomer is 25(4) seconds. Therefore, the effective *Y 3 decay lifetime is reduced by <17
%. The effect of the isomeric state and 3 decay half-life reduction on the rp-process
reaction flow depends on how different the proton capture rate of the isomeric state is
compared to that of the ground state.
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6 Summary

The present thesis studied the 3 decay of “Rb, "Sr and 8°"Y by means of 3-delayed
~-ray and proton spectroscopy. The experiments were performed using the mass sep-
arator facilities at ISOLDE at CERN in Geneva and at IGISOL in Jyvaskyla. In
addition, test experiments both on-line and off-line were performed using the IGISOL
facility. The purpose for these tests was to improve the understanding of the processes
involved in the ion guide efficiency.

In order to overcome the problem with the large energy spread of the mass separated
beam from the ion guide, the use of a sextupole ion guide, SPIG, was studied with the
fission and heavy-ion ion guides. The measured results show that the mass resolving
power can be improved significantly when replacing the traditional skimmer with the
SPIG. The production rates of the radioactive nuclei of the heavy-ion ion guide were
slightly increased and the yields of the fission ion guide showed significant improvement.

The effect of a ring electrode between the skimmer and the ion guide exit hole
was studied using the light-ion ion guide. The conclusion from these tests was that
with the ring electrode the transmission efficiency between the skimmer and the exit
hole can be maintained despite the large current flowing out from the ion guide. As a
result, production rates were improved as the efficiency did not drop when increasing
the primary beam intensity.

The global properties of the ion guide system were studied using a ***Ra a-recoil
source. These studies consisted of delay time and efficiency mesurements as a function
of ion guide pressure, source-to-exit-hole distance as well as buffer gas purity. The
result obtained was that the buffer gas purity should be matched to properties of the
ion-of-interest. The proof of this is the measured charge state distribution of evacuated
ions which can be influenced by the amount of impurities in the buffer gas.

The ?**Ra a-recoil source was used to test the idea of injecting electrons inside the
stopping volume and, thus, improving the evacuation efficiency. An off-line test carried
out showed that a significant increase of the efficiency can be achieved. However, on-
line tests are required to measure whether this positive effect is present also with the
presence of the plasma created by the ionising radiation.

The superallowed 3 decay of ™Rb was studied in order to measure the intensity
of the allowed Gamow-Teller decay to the high lying excited states of ™Kr as well
as the non-analog branching ratio to the first excited 0% state. Furthermore, the v-v
coincidence measurement was conducted for the first time. As a result, a 1198 keV
transition was confirmed to belong to this decay and de-exciting to the ground state of
™Kr via the first excited 2% state at 456 keV. The measured non-analog branching ratio
allowed the estimate of the magnitude of the Coulomb mixing component. The result
was significantly smaller than theoretical predictions. The total Coulomb correction
dc = 2.4(3) % deduced using the experimental results presented in this thesis agrees
with the theoretical predictions, suggesting that the radial overlap part of the Coulomb

29



correction is larger than expected.

The heaviest mirror system studied so far, the 3 decay of Sr, extends the system-
atics of mirror decays to a region of large deformations. The (-delayed v transition
belonging to the 3 decay of ™Sr was detected for the first time. The half-life of “Sr was
measured with improved accuracy and the (3-delayed proton intensity was confirmed.
The measurement of the proton spectrum allowed the estimate of the Gamow-Teller
distribution of this decay. In addition, this result supports the prediction of prolate
deformation for *Sr ground state.

The conversion electrons de-exciting the #™Y were measured and allowed the de-
termination of the spin and parity of the isomeric state. In addition, it was confirmed
that the 84 keV isomeric transition is located above the 228 keV isomeric transition in
the decay scheme. These results show that the 3 decay of ®Zr leads to the population
of the isomeric state of ®Y. Consequently, the proton capture during the rp-process
takes place in the isomer, not in the ground state as assumed earlier in the reaction
flow calculations.
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