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Studies of very neutron-rich odd-mass nuclei with 109 < A < 119

Abstract

The structure of the odd-A nuclei 109Ru, 111.113Rh, 111,113,115,117pq, and 117.119Ag were
investigated via the beta decay of their parent nuclei. The B-decays of 109Mo, 111T¢, 113Ruy,
113,115,117Rh and 119Pd and isomeric decays of 113mpd and 117mpd were discovered.
The X-, ¥-, B- and conversion electron coincidence spectrocopies were performed on mass
separated sources produced with the ion guide technique. The experimental systematics of
both the normal and the intruder states were extended towards higher neutron excess.

Results are compared with the predictions of deformed macroscopic-microscopic model. The
coexistence of oblate and prolate shapes is suggested to explain the exceptional large hindrance
in the decay of isomeric states in odd-A Pd nuclei. New B-decay half-lives are compared with
the predictions of gross theory and QRPA calculations.
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1. Introduction

This study focusses on the nuclear structure of neutron rich odd mass nuclei with
A =109 - 119. The studied nuclei are shown in figure 1.1. Ten B-decay half-lives have been
measured for the first time or remarkably improved from the previous values. The low-energy
level systematics of very neutron rich Ru, Rh, Pd and Ag nuclei has been studied mainly via
the B-decays of their odd mass Tc, Ru, Rh and Pd parent nuclei.

The IGISOL technique developed in Jyviiskyld in early 80’s (Arj81a), (Arj81b), (Ays84),
(Arj85), (Ays87), (Arj87), (Tas89), provides a unique method to produce mass separated,
short-lived radioactive sources of any element. In this work the ion guide technique has been
used to study neutron rich fission products of proton induced fission of 238U, A remarkable
feature of this fission process is a strong symmetric component that results in relatively high
production of neutron rich nucleiin the A ~ 110 — 120 region. In addition, these neutron-rich
Zr, Mo, Tc, Ru, Rh and also Pd isotopes are very difficult to mass separate because of their
chemical properties and because of their short half-lives. Prior to the measurements performed
with the IGISOL, there was a noticeable gap in the data of fission products in this region.

The studied nuclei are located in the transitional region below the nearly spherical nuclei close
to Z = 50 shell closure. The presence of states of different origin results in high density of
states at low excitation energy and also isomerism. In odd-A Ag nuclei, having three holes in
the gos2 proton orbital, almost spherical shell-model states and their core-coupled configura-
tions are known to coexist with deformed states arising from the ds/2, g7/2 orbitals intruding
across the Z = 50 shell closure (Hey83), (Fog88), (Kaf88), (Rog90c). This situation results
in shape isomerism, leading to retardation of transitions between states of different shapes of
the nucleus. The situation is similar also for odd-A Rh nuclei, having five holes in the ggp
proton orbital (Rog88), (Rog90a). In addition, odd-A Rh nuclei are also predicted to have
states with broken axial symmetry (Fra87), (Rog90a). This is consistent with the recent re-
sults on neutron rich even-even Ru nuclei, in which evidence on triaxial deformation is found
(Ays90). Isomerism is also known in the odd neutron Pd nuclei. Here, in the middle of the
A= 4 neutron shell, the isomeric state is due to the unique parity hyy/; orbital. The excep-
tionally high hindrance of the decay of these isomeric states is an interesting feature, which is
not observed in transitional odd-A Xe isotones. The large hindrance may reflect the impor-
tance of large neutron excess in odd-A Pd nuclei in this region. It most probably results from
shape isomerism, possibly due to large oblate deformation connected with the hy . orbital.



Beta decay in the studied region is mainly mediated by the vg7,2 = nggp2 transformation.
Deformation results in splitting of these orbitals, but the p-decay still occur mainly between the
“Nilsson states™ originating from the vgyp, mggp spherical shell model orbitals. This relatively
simple spin-flip structure of B-decay in this region allows study of the Gamow-Teller strength
as a function of deformation. This, however, necessarily involves some experimental
knowledge on the location of the single particle orbitals. This knowledge is easiest obtained
from the odd-A nuclei in this region.

The purpose of the present study has been to investigate the evolution of the shell structure and
to determine the lowest quasiparticle excitations and to deduce the location of single particle
levels in this region. Since reaction studies are not possible for these very neutron rich nuclei,
the nuclear structure is studied mainly via B-decay properties. The isomeric states frequently
occurring in these nuclei also provide an useful way to probe the structure of these nuclei.

Beta decay usually populates states with relatively low spin in the daughter nucleus. On the
contrary, it has been known already for a long time that fission fragments may carry quite high
angular momentum and it is also known that isomeric states with angular momentum up to
27/ 2 can be populated directly in fission (Lhe86). However, observation of isomeric states
has been limited by their half-lives. The longest half-lives of isomeric decays observed in
prompt y-ray experiments have been typically of the order of several microseconds. On the
other hand, the shortest half-lifes of isomeric states observed in mass separated sources are
typically of the order of 100 ms or longer. As a rapid method, the IGISOL offers an
appropriate approach to investigate isomeric states populated directly in fission down to the
submillisecond region.

Use of the electron transporter ELLI (ELectron Lens for IGISOL) connected on-line with the
mass separator (Par91), has made it possible to identify transitions with isomeric nature.
Furthermore, ELLI was utilized in deducing the multipolarity of several transitions via
observation of their internal conversion coefficients. This data and the observed B-decay
properties have been used to deduce spins and parities of states.

Towards higher neutron excess, the data obtained in the present measurements become less
and less detailed. However, even though it does not provide much information of nuclear
structure and location of single quasiparticle states, it is not out of value. The data can be
used, for example, in determination of fission product yield distribution, as shown in (Lei91),
(Jau92). Additionally, the data on B-decay half-lives provide important information on the
reliability of B-decay models used for example in astrophysical calculations.
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Figure 1.1. The region of the nuclei studied in this work. Stable isotopes are marked with
black. The solid line shows the boundary of known isotopes prior to present study. The
isotopes found in the present study are shaded. The shaded isotopes in the “previously
known” region represent erroneously reported isotopes. Lighter shadow show the isotopes
previously identified indirectly but for which the present study represents the first direct
observation. Only the odd mass isotopes are shown.



The present work includes new results that are not published elsewhere. In order to completly
rewiev the studies on neutron rich odd-A nuclei with the ion guide, this monography is partly
based on the following published articles:

1) J. Aysts, P.Taskinen, M.Yoshii, J.Honkanen, P.Jauho, H.Penttili and C.N.Davids,
IDENTIFICATION AND DECAY OF NEW NEUTRON-RICH ISOTOPES !15Rh AND
116Rh, Phys. Lett. 201B, 211 (1988).

https://doi.org/10.1016/0370-2693(88)90214-6

2) H. Penttild, P. Taskinen, P. P. Jauho, V. Koponen, C. N. Davids and J. Aystﬁ, HALF-
LIFE MEASUREMENTS FOR NEUTRON-RICH Tc, Ru, Rh AND Pd ISOTOPES.
IDENTIFICATION OF THE NEW ISOTOPES !11Tc, 113Rh AND 113Rh, Phys. Rev. C 38,

931 (1988).
https://doi.org/10.1103/PhysRevC.38.931

3) P. Taskinen, H. Penttil4, J. Ayst6, P. Dendooven, P.Jauho, A. Jokinen and M. Yoshii,
EFFICIENCY AND DELAY OF THE FISSION ION GUIDE FOR ON-LINE MASS
SEPARATION, Nucl. Instr. and Meth. A281, 539 (1989).
https://doi.org/10.1016/0168-9002(89)91488-5

4) H.Penttild, J.Aystb, P.P.Jauho, A.Jokinen, J.-M.Parmonen, P.Taskinen, K.Eskola,
M.E. Leino, P. Dendooven and C. N. Davids, NEW NEUTRON-RICH NUCLEI AND
ISOMERS PRODUCED IN SYMMETRIC FISSION, Physica Scripta T32, 38 (1990).

https://doi.org/10.1088/0031-8949/1990/T32/006
5) H.Penttild, J.Ayst6, K.Eskola, Z.Janas, P.P.Jauho, A.Jokinen, M.E.Leino, J. Parmonen,

P.Taskinen, FIRST OBSERVATION OF THE BETA DECAY OF 117pd AND THE

DISCOVERY OF A NEW ISOTOPE 119Pd, Z. Phys. A 338, 291 (1991).
https://doi.org/10.1007/BF01288192

6) H. Penttild, P.P. Jauho, J. Aysto, P. Decrock, P. Dendooven, M. Huyse, G. Reusen,
P. Van Duppen and J. Wauters, IDENTIFICATION OF THE RARE NEUTRON-RICH

ISOTOPE 117Rh, Phys. Rev. C 44, 935 (1991).
https://doi.org/10.1103/PhysRevC.44.R935


https://doi.org/10.1016/0370-2693(88)90214-6
https://doi.org/10.1103/PhysRevC.38.931
https://doi.org/10.1016/0168-9002(89)91488-5
https://doi.org/10.1088/0031-8949/1990/T32/006
https://doi.org/10.1007/BF01288192
https://doi.org/10.1103/PhysRevC.44.R935

Previous results

The previous results in the studied mass region are, with only few exceptions, from three main
sources. The earliest results were obtained in prompt fission fragment studies of spontaneous
fission of 252Cf (Joh70), (Hop72), (Hop73), (Che79) or 248Cf (Hot91). These
multiparameter coincidence measurements between gamma- and X-rays and the fission
fragments were easy to perform for strongly fed nuclei, and were very suitable for detecting
directly-in-fission-fed, isomeric states with half-lives up to several microseconds. However,
the mass resolving power of such a system is rather modest. The mass assignment of the
fission fragments was based on the energy signals from fragment detectors and the width of
the deduced mass distribution was of the order of four mass units (Hop72). Results observed
with this method have lead to some misassignments of decays, especially among the odd-A
fission products.

The second group of studies was performed by the research group of the University of
Uppsala which employed the OSIRIS isotope separator in Studsvik (Rud76). Using the
plasma ion source ANUBIS (Jac87) located near the reactor core they were able to produce
mass separated sources of short-lived Pd isotopes up to 116Pd via thermal neutron induced
fission of 235U. For heavier Pd isotopes, short half-lives compared with the diffusion time of
the ion source made their investigations impossible. For odd-A Ag isotopes up to 115Ag they
have observed a beautiful systematics.

A few occasional studies concemning these nuclei have been performed via chemical means.
The only systematic series of studies in this region, which forms the third main source of
information, is the research collaboration in the University of Mainz, which utilizes a rapid
chemical separation technique SISAK for fission products of thermal neutron induced fission
(Ska80). This research has partly taken place simultaneously with the present work; the
decays of 109Tc, 111Ru and 117Pd have been observed independently in Mainz and at JYFL

(Alt90), (Rog90a), (Rog90b).

The fourth possible method to study nuclei in this region is the primary fission fragment
separation (Mol75), (Bor87). However, except one experiment (Gra89) performed at
LOHENGRIN fragment mass separator, studies at these facilities have concentrated on lighter
nuclei (see e.g. (Lhe86)).



A =109. The levels of 109Rh can be investigated via 110Pd(d,3He)109Rh reaction, and the
structure of 109Rh is indeed studied in detail via this reaction and via the B-decay of
34.5 s 109Ru (Kaf87).

The observation of the B-decay of 109Tc is based on chemical separation of Tc, and its half-
life 1.4 (4) s was determined from the growth-in component in the decay of the 206 keV
gamma transition assigned to the p-decay of 109Ru (Tra76). No gamma transitions assigned
directly to the decay of 109Tc was given. The half-life of 1.4 (4) s was also adopted in
(Gra89), in which 13 gamma transitions were connected with the B-decay of 109Tc. The
experimental B-decay energies connected to nine of these gamma transitions are also given.
The gamma transitions assigned to 109Tc p-decay are 194.6 keV, 137.7 keV, 295.7 keV,
331.9 keV, 531.3 keV, 628.2 keV, 964.6 keV, 1073.5 keV, 1159.2 keV, 1268.1 keV,
1502.6 keV, 1632.6 keV and 1964.3 keV.

The p-decay of 109Mo has not been observed, but in the measurements of prompt gamma rays
from fission fragments of 252Cf spontaneous fission five gamma transitions of 69.4 keV,
115.1 keV, 119.7 keV, 123.2 keV and 125.3 keV energies were assigned as transitions in
109Tc (Bla84). In the same studies gamma rays at 74.2 keV, 98.3keV, 131.8keV, 172.3 keV
and 374.2 keV were proposed as transitions in 109Ru (Hop72), (Hop73). A level scheme for
109Ru was proposed (Hop73) but it was never adopted by the evaluators of Nuclear Data
Sheets. Furthermore, gamma transitions of 60 keV, 96 keV, 98 keV and 132 keV have been
reported as transitions in 109Ru (Bla84). The 96 keV gamma ray is connected with a lifetime
of 550 ns (Joh70).

A = 111. The decay of 111Rh (Kaf84) is relatively well established since besides the p-
decay of a chemically separated Rh source (Kaf84) the levels of 111Pd can also be reached via
the reaction 110Pd(d,p)111Rh (Led78), (B1a90).

The decay of 111Ru has been observed only indirectly by chemical means. A chemical study
of Fettweis and del Marmol (Fet75) gives a half-life of 1.5 (3) s for 1!1Ru. Their result for the
half-life was based on delayed separation of Ru isotopes from fission of 235U and on beta
counting of their palladium granddaughters. Another chemical separation study of Matschoss
and Bichmann (Mat76) introduces a novel method, chemical separation of 252Cf fission
products in gas phase. In this study, a half-life of 2.1 (6) s for 111Ru was deduced from the
growth-in component of the decay curve of the 275 keV gamma ray in 111Rh decay. Franz
and Herrmann (Fra78) used rapid chemical separation of fission products from thermal
neutron induced fission reactions. They obtained a half-life of 3 (1) s from the growth-in



component of the decay curve of the 275 keV gamma ray in 111Rh decay. Thus, no direct
observation of the B-decay of 111Ru was reported prior to the present studies.

In a prompt fission-fragment gamma ray coincidence measurement gamma rays with energies
of 58.4 keV, 62.7 keV, 103.9 keV, 150.3 keV, 166.7 keV and 357.6 keV were reported as
possible transitions in 111Ru (Hop73) and also a decay scheme was proposed. In contrary to
the case of 109Ru, this level scheme was adopted by the evaluators of Nuclear Data Sheets.
The B-decay of 111Tc has not been reported prior to the present studies.

A = 113. The B-decay of 113Pd has been studied by Fogelberg et al. (Fog88). The isomeric
state expected to appear in 113Pd on the basis of the systematics was not observed, and a
question arises if it exists or not and what would cause this exception from the systematics of
isomers known for lighter odd-A Pd isotopes.

The decay of 113Rh was reported in a study of fission fragments produced in 252Cf
spontaneous fission (Wil69). The decaying source was produced in 252Cf spontaneous
fission with no separation. The half-life of 113Rh was based on a 0.91 (8) s decay of a
128.51 keV gamma transition, which was assigned to decay of Rh via X-ray coincidences
(Wil69).

The decay of 113Ru with a half-life of 3.0 (7) s was reported in a study performed by
chemical separation of fission products (Fra78). The identification was based on a 303.6 keV
gamma transition, which was assigned to A = 113 on the basis of fission fragment study
(Joh70). In fact, the mass assignment in (Joh70) was not exclusive since it also allowed an
A =112 assignment. The 303.6 keV gamma transition was assigned to the decay of Ru on
the basis of X-ray coincidences in another fission fragment study (Hop72).

A = 115. The B-decay of 115Pd was reported in (Fog88). In this study a B-decaying
isomeric state in 115Pd was also observed. This isomeric state was also observed to decay via
an 89.4 keV E3 transition to the ground state of 115Pd. From the p-decay properties of the two
B-decaying states in 115Pd the ground state was assigned with I* = 5/2+ (or 3/2%) and the
isomeric state with 11/2-(9/2-).

A = 117. The B-decay of 117p4 was for the first time indirectly observed by Weiss et al

(Wei68). The observation was based on chemical separation and the half-life 5.0_‘6(.]57 s was

deduced from the 117Cd activity after a delayed chemical separation of Pd. No gamma rays



were observed. In (Brii75) a 5.0 (4) s decay of a 247.1 keV gamma transition was reported,
and assigned to the B-decay of 117Pd or !18Pd on the basis of chemical separation of neutron
induced 249Cf fission products. No direct observation of the decay of !17Pd was thus
reported prior to the present studies.

Independently of the present work the Mainz group has assigned the 247.5 keV, 323.9 keV
and 402.5 keV 7Y-transitions to the B—decay of 117Pd on the basis of a rapid chemical separation

and determined a half-life 4.4 (2) s from the decay of these y-transitions (Rog90b).

A = 119. Prior to the present studies, the most neutron rich isotope with A = 119 was
119Ag, whose decay to the levels of 119Cd was studied in (Kaw75). In this work, only one
B-decaying isomer was observed. IT =7/2% was suggested for the observed state.



2. Theory

The atomic nucleus, although very small, is still far from being a point-like object. It has
dimensions in space, and its shape has significant effect on the properties of nucleus. This is
clear if one compares spectra of a nearly spherical nucleus like 128Sn and a prolately deformed
nucleus like 164Er. However, the shape of the nucleus is not invariant but rather one of the
dynamical properties of the nucleus. An excited nucleus can have a very different shape
compared with the shape in the ground state. This does not mean that the shape would be a
function of excitation energy: states with almost the same excitation energy can be related to
different shapes. This coexistence of shapes was originally suggested for 160 in the 50’s
(Hey83). The possibility of coexistence of shapes in heavy nuclei was also proposed, and it
was experimentally confirmed when complete bands of levels built on different shapes were
discovered in 72Se and 184.186,188Hg (Ham89).

The properties of a nucleus are described by two kind of models. In macroscopic models the
nucleus is treated as a droplet of continuous, incompressible nuclear matter. In microscopic
models the motion of individual nucleons is taken into account. A real microscopic
calculation, however, would require solving a quantum mechanical many-body problem
starting from the nucleon-nucleon interaction, which is not known exactly. Besides, such a
calculation requires huge computational capacity. The general approximation is known as the
single particle model. In this approach the single particle spectrum of an individual nucleon is
calculated by solving the Schridinger equation

H‘Pv =€y lpv (1)

in the average potential well which results from the interactions with the other nucleons. The
Hamiltonian H is assumed to be of the form

H = V@00 + %W )

h
where V(r,0,9) is the average potential and —m--vz represents the kinetic energy of a

nucleon with mass M. The solutions €y, ¥y depend on the potential V(r,0,0). The potential
used has been e.g. either the one with infinite walls like the harmonic oscillator (HO) or the
modified harmonic oscillator (MHO), or the one with finite depth like a folded Yukawa
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potential, or a Woods-Saxon (W-S) potential. Because the nuclear force has a short range, the
shape and the size of the average potential are assumed to correspond to the shape and size of
the nucleus. The possible deformation of the nucleus is included in the shape of the average
potential. A traditional parametrization of the nuclear shape is the use of spherical harmonic
functions Y3y, but other parametrizations of the nuclear shape exist (Nil55), (Pau73). In the
present work the shell model calculations are performed in an axially deformed Woods-Saxon
potential (Dud81), (Cwi87), as will be described in more detail below. In the W-S potential
the axial symmetry can also be broken (triaxially deformed W-S potential).

However, the calculated single particle spectra do not reproduce the experimental magic
numbers, as can be seen in figure 2.1. This is because of the velocity-dependent forces
present in the nucleus. These forces are taken into account by introducing a spin-orbit
correction term Vg in the potential V. This term is

Vso (r,0,0) =~ A LS 3)
where L is the angular momentumn and S the spin of the nucleon. Potential V(r,0,¢) then reads
V(r,0,0) = V(ry6,0) + Vso(r,8,0) + Veoul(r,6,9) 4)

where V¢ is the chosen central potential (HO, Yukawa, W-S), Vg, is the spin-orbit potential,
and V¢oyl is the Coulomb potential for protons. With these refinements the correct magic
numbers are produced, as shown in figure 2.1.

The strong spin-orbit force is a unique feature of the nuclear system, and its strength has to be
determined experimentally. It is immediately seen in figure 2.1 that the spin-orbit strength
parameter A is the most crucial to produce the correct order of single particle levels as well as
the correct level spacings. The dependence on the central potential V¢ is not that sensitive,
since the changes of the central potential depth or radius do not change the order of single
particle levels, as can be shown using variational calculus (Pau73).

In the single particle model particle orbits are calculated in an average potential. Deviations of
the average potential are treated as residual interactions. The most important residual force is
pairing. The nucleons filling time-reversed orbits, i.e. moving in the same orbit but in
opposite directions, are on the average closer to each other than to the other nucleons. This
results in an additional attractive force between the nucleons, which locally deepens the nuclear
potential. Because of the strong pairing force, all even-even nuclei have I* = 0+ ground states
without a single exception. The strong pairing also generates the 0*—2+*energy gap in the
even-even nuclei.
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The effects of deformation on the single particle motion was studied theoretically by
J. Rainwater (Rai50) and A. Bohr (Boh52). These studies were continued by S.G.Nilsson
(NilsS). In his calculations in an axially deformed harmonic oscillator potential, the
quadrupole deformation included. The deformed single particle model is also known as the
Nilsson model and the plots of single particle spectra as a function of deformation are known
as Nilsson diagrams. An example of a ”Nilsson diagram” is shown in figure 2.3. The Nilsson
model results in the breaking of degeneracy of the spherical shell model states. In deformed
nuclei, the quantum mechanical angular momentum j is not any more a constant of motion
whereas its projection Q on the symmetry axis of the nucleus is. This explained the ground
state spins and parities of well deformed odd-A nuclei in the rare earth and actinide regions
which could not be explained by the spherical shell model.

The coexistence of different shapes can be easily understood starting from the Nilsson model.
If the sum of the energies of the occupied single-particle orbits as a function of deformation
has two equal minima, coexistence of shapes corresponding to these minima may result.
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However, the single-particle energies do not represent the total energy of the nucleus. The
method of calculating the total energy of the nucleus is known as the Strutinsky shell
correction method (Str67). In this approach the microscopic and macroscopic models are
combined in such a way that the smooth part of the summed discrete single-particle energies is
replaced by the liquid drop energy of the nucleus. This procedure results in the total energy of
the nucleus. The coexistence of shapes can now be understood as minimization of total energy
of the nucleus, as is shown schematically in figure 2.2. If a Nilsson orbital, which energy
decreases towards larger deformation, is occupied by valence nucleons, the total energy of the
nucleus also becomes smaller at larger deformation. Since the energy of a liquid drop
increases with increasing deformation, a minimum value of the total energy is achieved at some
finite deformation.

In the present work neutron rich odd-A Pd nuclei are studied from this point of view using a
nuclear model described in some detail below.
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Figure 2.2. Schematic representation of the origin of shape coexistence starting from the
deformed shell model. The 7/2* state originating from the ggs, spherical shell model orbital
has minimum energy with nearly spherical shape, whether the 1/2* state originating from the
dsy2 orbital intrudes across the Z = 50 shell closure and has minimum at B3 = 0.25. The 1/2-
state corresponding to the spherical dj/, orbital has oblate minimum.
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Deformed macroscopic-microscopic model

The macroscopic-microscopic model calculations in this work are based on the Strutinsky
approach in which the total energy of an axially deformed nucleus is calculated as a sum of a
macroscopic term, a shell correction term and a pairing correction term:

Eot = Emacr + Eshell + Epair )]

Since the studied nuclei are located in the transitional region, they are expected to be soft
against deformation and small changes in the shell correction term can push the nucleus
towards different shapes. The concept of the calculations is to search for the minimum of the
total energy of the nucleus as a function of deformation for each (single-quasiparticle)-state
separately. The lowest value is expected to correspond to the ground state of nucleus.

The macroscopic energy term is calculated using the mass formula of Méller and Nix (M6188).
The shell energy corrections are based on single particle levels calculated in an axially
deformed Woods-Saxon potential using the computer code “WSBETA” (Cwi87).

Pairing is taken into account in the calculations using the BCS equations

Nstates 7
Np=2 Zl Vi (6a)
2 Nsmm_\l > s
2 1 €k - A
vy =75|1- (6¢)
k™2 Nistates

3 V(ek - A)2 + Ag?
k=1
where Nj, is the number of (free) nucleons, and Ngaees is the number of single-particle states
included in the calculation, vi and €x are the occupation number and energy of the k:th state,
A is the fermi energy and Gp and A, are the pairing strength and the pairing gap. In the present
calculations, equations are solved using the average pairing gap method.

The average pairing gap A is first calculated using the formulas given in (Jen84). In the
present work calculations are performed for nuclei with up to 14 neutrons more than the
nearest stable isotopes. Thus, no experimental data of odd-even mass differences for
calculating the pairing gap is available, and a scmiempirical formula of ref. (Jen84) has to be
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used. The average pairing gap can also be calculated from the formula of Madland and Nix
(Mad88). The difference between these two models in this mass region is less than 10 %.
The pairing strength Gy, is obtained by solving the BCS equations using the average pairing
gap A as A,. For the actual calculations, the pairing strength Gy, is fixed and A, Ap, and vy are

calculated at different deformations from the BCS-equations (6). The single-particle energies
gk are calculated for each deformation with in axially symmetric Woods-Saxon potential with

the computer code "WSBETA”.

The Woods-Saxon potential. The deformation of a nucleus can be defined by the nuclear
surface S through the equation

S(,6,B) = cB) R, [ 1+ x; B, Ym(cose):| @)
2

where B = B,,B3,B4,... is a set of deformation parameters 3, which are defined as expansion
coefficients of spherical harmonic functions in the above equation. Y;,(cos6) are spherical

harmonic functions, in which the axial symmetry of the studied nuclei is assumed.
Ry=1p A7 is the radius of the corresponding spherical nucleus, and c(B) is a scaling factor

determined from the condition that the volume of the nucleus is equal to the volume of
corresponding spherical nucleus independently of deformation (constant volume condition).

The Woods-Saxon potential used in calculations is of the form
Vo
1 + el8s(r, B)/d]

Vep) = ®)

where 8s(r, B) is equal to the distance between the point r and the nuclear surface defined by
the surface S, d is the diffuseness parameter and V, is the central potential defined as

N =2
Vo = V(l:tx———N+Z) ©)

where the + -sign holds for protons and the — -sign for the neutrons. The parameters V, k, the
radius parameter r (which can be chosen separately for protons and neutrons) and diffuseness

parameter d used in the present calculation are selected according to Rost (Ro68) so that
V =49.6 MeV, x = 0.86, ry(protons) = 1.275 fm, rp(neutrons) = 1.347 fm, and d = 0.70 fm.
The choice of the central potential parameters is “arbitrary” in the sense that the calculation of
single particle levels is not sensitive to minor changes of the central potential parameters. The
choice of proper spin-orbit potential parameters is very crucial instead, as will be discussed
below.
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The spin-orbit potential is assumed to be of the form

! \Y/
| (V 0 i 10
Vo =4 ( 2Mc ]z ( 1+ cxp[ssso(l‘, B)/dsol ) (exp) o

where A denotes the strength of the spin-orbit potential (Cwi87). Sso is an auxiliary surface

having similar shape as the nuclear surface and its location is determined by a radius parameter
(rp)so separately for protons and neutrons. The diffuseness parameter d is assumed to be the

same for the central and the spin-orbit potential. M is the nucleon mass. The vector operator ¢

is connected with the nucleon spin operator s by the usual relation s =% O, and p is the linear

momentum operator. This form of the spin-orbit potential arises from the fact that the only
possible orientation inside the nucleus is the direction of the gradient of nuclear density near
the nuclear surface. The effects and the selection on the spin-orbit potential are discussed
below and also in (Dud80).

In addition to these, a Coulomb potential for protons is taken into account. The Coulomb
potential is assumed to result from the nuclear charge of (Z — 1)e which is uniformly
distributed inside the nuclear surface S. Details of the method of solving the Schrédinger
equation in the described potential are given in (Cwi87).

An example of the calculated single-particle orbits is shown in figure 2.3. It is worth stressing
that even though the plot in figure 2.3 may be called as a "Nilsson diagram”, the
corresponding energy levels are not Nilsson states. Therefore they are not labeled with
asymptotic Nilsson quantum numbers Q7 [N nz A], but with QT and an ordinal number only.
Thus 7/2+(2) means the second lowest single-particle orbit with Q% = 7/2+ and so on. This
may be confusing, if one has used to the general custom to label states with asymptotic
Nilsson quantum numbers QT [N n; A]. However, the asymptotic quantum numbers
[N nz A] do not have physical meaning either, but are rather labels for bookkeeping. Anyway,
the actual wave function has to be calculated for each specified deformation. To demonstrate
this, the decomposition of the 5/2+(4) state is calculated at different deformations using the
Nilsson asymptotic wave functions as base functions, as shown in table 2.1. The state is
relatively well described with 5/2+[4 1 3] Nilsson state at large deformations, but the
amplitudes of 5/2+[4 1 3] and 5/2+[4 0 2] states are almost equal at lower deformations. The
fourth column shows how adding of hexadecupole deformation again effects remarkably on
the decomposition amplitudes.
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Table 2.1. Decomposition of the 5/2+(4) neutron state at different deformations. The non-
neglible amplitude of states from different main shells results from the potential.

Q=52+ =015 Pp=025 pp=035 B =0.35; B4 = 0.08

[202] -0.2679 -0.3053 -0.3023 -0.2922
[402] -0.6821 -0.7682 —0.7886 -0.7237
[413] -0.5414 -0.3342 -0.2411 -0.4258
[602] 0.3146 0.3923 0.4059 0.3945
[613] 0.1172 <0.1 <0.1 <0.1
[622] —0.1054 —0.1454 —0.1701 -0.1015
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Figure 23. A Nilsson diagram” in an axially deformed Woods-Saxon potential. The levels
are calculated to correspond to 114Pd using the universal” set of parameters of the computer
code "WSBETA”. The calculation to the left is for protons and the one to the right for
neutrons. The energy levels are labeled with Q7 and an ordinal number. For details, see the
text.
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The spin-orbit potential. Since the location of the single-particle levels critically depends on
the parameters of the spin-orbit potential, an effort was made to optimize these parameters in
the studied region. The computer code "WSBETA” includes the possibility to select between
five different parametrizations, most of which have been obtained by fitting calculated single
particle spectra to experimental data on spherical nuclei, mostly 208Pb. However, the code
allows parameters defined by the user as well.

Different parametrizations are optimal in different regions and for different purposes. The so
called "universal” set of parameters is generally accepted as the most reasonable choice,
especially if the single-particle energies are calculated for an unknown region (see e.g.
(Ryk89), (M6190), (Vir89)). The "universal” set of parameters is originally based on the
experimentally observed high spin states in the 208Pb region (Dud8 1) and fine-tuned in 146Gd
(Dud82).

In purpose to test the applicability of the universal parameters in the 50 SN <82,40<Z <50
region, comparison of the calculated single particle spectra to the experimental data of odd-A
Sn and Sb nuclei near Z = 50 and also of the N = 51 nuclei 89Sr and 91Zr was performed.
These nuclei are known to be almost spherical at least at their ground states. For example, the
experimentally determined electric quadrupole moments for the ground states of odd-A
115 - 1258b nuclei are < 0.4 e2b (Rag89). This corresponds to quadrupole deformation of the
order of B, = 0.02. In the comparison, only the spin-orbit strength parameter A and the spin-
orbit radius parameter were varied, since changes of the central potential have very small
effect. The spin-orbit potential was adjusted at the spherical limit mainly because there are
more experimental data on these nuclei available, and scarce experimental data on nuclear
deformation in the region of interest, the neutron rich transitional nuclei below Z = 50. The
use of experimental bandhead energies from well deformed nuclei results also in some
additional difficulties, that are described e.g. in (Rek76), in which reference the Nilsson model
potential parameters are adjusted in a similar way.

There are also very little data on the odd-A Sn and Sb isotopes. The average excitation energies
of the odd-A Sb nuclei were calculated as the weighted average of all states with the same I™.
The spectroscopic factors in one-particle transfer reactions from references (Bla87) for 117Sb,
(Aub79) for 119Sb, (Tam79) for 121Sb, (Tam80) for 123Sb, (Tam81) for 125Sb, (Has82) for
1275b, (Aub68) for 125,127,1295b were used as weights. Similar calculation was performed for
89Sr (Sie89) and 91Zr (Blo76), (Miil80). The average experimental excitation energies for
111-125§ were taken from (Rek76).
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The pairing correction for the single-particle levels was made using the equation

e;= \f(ek-k)2+An2 —Ap (11)

where e: is the excitation energy. The other symbols are as given above in the BCS-

equations (6). A, is taken from the average pairing gap A of (Jen84). The deduced
experimental single particle energies are presented in table 2.2 for 89Sr, 91Zr and for 111-1255n
and in figure 2.4 for 117-1298n,

As seen in figure 2.4, the experimental single-particle energies for the 117-1295b isotopes
behave in a peculiar way. In 121-1298pb the d3y; orbital comes far too close to its spin-orbit
partner dsy2. The 2d-orbit splitting can be compared to g7/2 and ggs2 spin-orbit partners,
which are separating further from each other with increasing neutron number. In 117.1195b the
d-orbital spin-orbit gap of about 2 MeV is reasonable. In these isotopes, the energy of the d3p
orbital is deduced as weighted average of four 3/2+ states populated in transfer reactions. In
121-129gb, only one 3/2+ state can be found in the litterature. It is thus obvious that the low
energy of the d3s orbital results from insufficient data. Therefore, the d3/; orbital is not
included in the calculations for the 121-1298b isotopes.

Table 2.2. The experimental single-partigle energies (in MeV) for neutrons at N = 51 and
N = 61 - 73 with Z = 50. The data is taken from references (Sie89) for 89Sr, (Blo76),
(Miil80) for 91Zr and (Rek76) for 111-123§n, The fermi energy in the BCS pairing calculation
is assumed to coincide with the last filled single particle state.

SP- ENERGY [MeV]

orbit 89sr| 91zr| 111gp | 113gn | 115§p | 117§n | 119§n | 121Sn | 1235y
gon -3.6

dsp 0.0 0.0|-097 -1.11 -222 -2.67 -239 -226 -230
S12 14 20 128 110 0.00 -1.10 -073 -0.77 -0.76
dap 2.4 33] 153 156 134 050 055 058 0.70
g1 2.8 35( 000 0.00 -1.82 -223 -199 -199 -2.16
h11p 321 222 192 125 0.00 0.00 0.00 0.00
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Figure 2.4. Experimental proton single-particle energies for odd-A Sb nuclei having one
proton outside of Z = 50 shell closure. See text for the references.
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Figure 2.5. The contour plots of an auxiliary function & , corresponding to the disagreement
between the experimensal and calculated single-particle levels.

The single-particle energies for a spherical nucleus were calculated with the code "SWBETA”
for each nucleus separately varying the parameters A and (rg)s,. The calculated single-particle
energies were compared to the experimental single particle spectrum using an auxiliary
function

5= calc _ .exp,2
(e g%

where 8 € and eexP

- are the calculated and experimental single-particle energies, respectively.

The calculation was performed separately for neutrons and protons. Figure 2.5 presents the
results of the calculations.
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As seen in figure 2.5, there is not a well-located minimum for the auxiliary function §, but
rather a relatively deep and narrow valley in the (A,(rp),)-plane. In practice this means that
the change of the spin-orbit strength can be compensated by changing the spin-orbit radius and

vice versa. This possibility is also discussed in (Dud81). From the figures one readily notices
that all the optional (l,(ro)so) parametrizations included in the "WSBETA” code lie in the

valley of the (X,(ro)so)-plane. For the neutrons near N = 50, the deepest minimum
corresponding to the best overall agreement between experimental and calculated single particle
levels was found at A = 36 and (tp)so = 1.3. Also, the odd-A Sn nuclei have local minima
roughly at the same values. Even better agreement is achieved with parameter values of A = 36
and (rp)g, = 0.8, especially for the heavier Sn isotopes. However, such a low value for (ro)so
is clearly unphysical and rather result from purely coincidental agreement of the calculated
single-particle spacings with the very limited number of experimental values; see also the

discussion on the potential parametrization in (Pau73). For the protons, the odd-A Sb nuclei
give the best agreement roughly with the values of A = 36 and (rp),, = 1.4.

The results show that no attempt to really improve the “universal” set of parameters can be
made with the incomplete experimental data available at present. However, the parameters of
the Woods-Saxon potential need to be carefully investigated and are worth of a separate study.
This is not meant to overlook the work in (Dud78), (Dud79), (Dud80), (Dud81), (Dud82), but
rather recommend a proper reinvestigation using the most recent experimental data over the
whole chart of nuclides and especially utilizing the remarkably improved calculation capability
of present computers. The parameter optimization performed in the present work shows no
reason to select any other parametrization but the universal” one for the present calculations of
transitional nuclei below Z = 50.

Calculations with the deformed macrocopic-microscopic model

The single-quasiparticle spectra were calculated for odd-A 103-115Rh, 105-117p( and 107-119A¢
nuclei. The quadrupole and hexadecapole deformations were taken into account in these
calculations. The quadrupole deformation was allowed to vary from B = —0.36 to B2 = 0.36
with steps APz = 0.04 and the hexadecapole deformation was varied from B4 = — 0.10 to
B4 =0.10 with AB4 =0.02. The macroscopic energy was calculated using the mass formula
of Moller and Nix (M6188) and the pairing from the BCS-equations (6) using the average gap
method and the mass formula from (Jen84). The single-particle orbits originating from the
2dsp, 1g772, 2d3p2, 3s12 and 1hjyp2 spherical neutron orbitals were taken into account for
odd-neutron nuclei, and the single-particle orbits originating from the spherical 2p3/, 2p1/2,
1g9y2, 2dsp, 1g772 and 2d3; proton orbitals for odd-proton nuclei.
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Figure 2.6. The calculated total energy surfaces in the (B2, B4)-plane for the neutron single-

quasiparticle states. The separation of the contours is 250 keV. Plots are grouped according
to corresponding spherical shell model state.

The calculated total energy surfaces in the (B2, B4)-plane for the neutron single-quasiparticle
states originating from the 2dsp, 1g7/2, 2d3/2 and 1hy ., spherical neutron orbitals in 111Pd
are shown in figure 2.6. A general feature of these calculations is the oblate minimum in total
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energy which appears to be roughly as deep as the prolate minimum for most states. In some
cases the prolate minimum totally disappears. Since the nuclei in the studied region are
supposed to be slightly prolate deformed, a question arises, if any states can be observed in the
experimental spectra corresponding to these oblately deformed states. Comparison with the
experimental spectra is done in chapter 5.

Triaxiality and core-coupled configurations

The macroscopic-microscopic model was used, because its concept is relatively straight-
forward and it is expected to be applicable to the transitional nuclei. The calculated states are
single quasiparticle states, or Nilsson states, in an arbitrary deformed Woods-Saxon potential
well. In well deformed nuclei there are always rotational bands build on these states. There
are no collective rotations in spherical nuclei, but collective vibrations can couple to the motion
of single nucleons. In transitional nuclei, where coexistence of shapes occur, both are
possible. An example of rotational structure is the K=1/2 intruder band in odd-A Ag and Rh
nuclei (Hey83), (Rog90). The low-lying 7/2* state in the same nuclei can be explained within
the Nilsson model, but its properties are probably best described as a three-hole cluster
coupling to the vibrational core (Paa73), (Hey86). The 7/2* state is also explained within the
interacting boson-fermion model ((Hey86) and references given therein). In general, the
collective excitations make the energy spectrum of these nuclei more complex, especially for
the odd neutron nuclei, where there are more valence nucleons available than in the 3 or 5
proton hole nuclei Ag or Rh, respectively.

In the present macrosopic-microscopic calculations only the axially symmetric deformations
were considered. However, it is experimentally known that axial symmetry is broken in
neutron rich Ru nuclei (Ays90). In a recent theoretical study (Cha91) the expected ground
state deformations in the transitional region were calculated. The lowest calculated total energy
was observed to correspond to triaxial deformation for neutron-rich Ru nuclei. The neutron-
rich Rh, Pd and Ag nuclei were calculated to have minimum total energy at axially symmetric
deformations. The breakdown of axial symmetry results also in calculations employing
nuclear supersymmetry, which means a unified treatment of odd-even, even-even and odd-
odd nuclei (Fra87). This breakdown results in lowering of the energy of the second 5/2-, 3/2-
doublet in these nuclei. These states can also be explained as coupling of pj proton to the 2;

state of the even-even core; the lowering of the 2'; state reflects the triaxiality of the even-even

core.



- 23 —

3. Experimental techniques

The main problem in the studies of radioactive nuclei produced in nuclear reactions is to
separate the product of interest from other nuclei formed at the same time in the target with
much higher yields. This is especially true for high-energy proton reactions, for fission and
also for heavy-ion reactions. One of the most efficient methods, which allows the studies of
particular product nuclei under sufficiently clean conditions, is the on-line mass separator.
Such an instrument consists essentially of a target, an ion source and an electromagnetic mass
analyzer coupled in series. An isotope separator operates on-line, when the production and the
separation of the studied nuclei are both continuously performed (Rav89).

On-line mass separation is especially suitable to study nuclei far from beta stability. In some
cases nuclei up to the nucleon drip-lines can be studied with on-line separators. However, the
short half-life of the studied nuclei may cause severe losses of nuclei due to their decay. The
reaction products formed in the target have to be thermalized in the system, transported to the
ion source from which they are injected into the acceleration stage of the mass separator. In a
conventional ion source the reaction products are stopped on a hot cathode or in a plasma and
areionizated by heating. The delay time in the ion source thus critically depends on the element
to be ionized. The decay losses can be kept reasonably small even for very short-lived isotopes
of some elements (Rav89), but in many cases the delay in the ion source dramatically reduces
the efficiency for nuclides with half-lives below 1 s. A direct recoil separation technique
(Mol75), (Bor87) removes these limitations. Such a separator is very fast; separation times are
on the order of microseconds. However, they suffer from low intensities and have rather
modest mass resolution.

3.1. The ion guide (IGISOL) method

The IGISOL, Ion Guide Isotope Separator On Line, is an approach that combines both of the
mentioned methods. In principle, it can be used for radionuclides of all elements with a
separation time of the order of a millisecond. The method is based on thermalizing the primary
recoil ions from the target as single charged ions in helium and guiding them with helium flow
and electric fields to a conventional mass separator. The idea of separating primary ions
stopped in gas is not new (Ste70) but the first successfully operating device was developed in



Jyviiskyli, first with a 227 Ac source (Arj81a), (Arj81b) and later in connection with the JYFL
MC-20 light ion cyclotron (Ays84), (Arj85), (Arj87), (Ays87).

The primary ions from nuclear reactions are thermalized in flowing helium. In helium the
initially high charge state of the ions is reduced via charge exchange reactions with helium
atoms. Within a few microseconds the thermalized ions possess a +1 charge state. The high
ionization potential of helium does not allow neutralization of ions in collisions with helium
atoms. The time the ions remain singly charged after thermalizing is experimentally shown to
be of the order of milliseconds or more (Tas89). The main neutralization mechanism is a three-
body collision with an ion, a neutral atom and an electron, which is produced by the projectile
collisions with helium atoms. Other neutralization mechanisms are diffusion into walls and
collisions with impurity molecules. Neutralization due to impurities has a remarkable effect on
the yield of +1 ions even though the impurity level in the He gas used at the IGISOL is only
tens of ppm, the main impurities being N2 (< 10 ppm), O2 (< 5 ppm) and H20 (< 10 ppm).
A simple gas purification trap based on a liquid nitrogen cooled surface and a carbon filter was
thus installed at IGISOL to lower the impurity level. The use of the purification trap improves
the yields of +1 ions on average by a factor of two.

After their thermalization, the singly charged ions are transported by helium flow from the
high-pressure region (pg, = 100 mbar) of the ion guide through an exit aperture (diameter

0.8 — 1.5 mm) into a low pressure region (pye= 0.1 mbar). In this area the charged ions are

guided by an electric field into the extraction stage of the mass separator through a conical
skimmer electrode. Neutral He-gas is removed by a Roots blower. The electric field is
typically S00 — 1000 V/cm, the distance of the skimmer and the exit hole is 5 — 15 mm and the
hole at the tip of the skimmer electrode is 1.5 = 2.0 mm in diameter. High vacuum at the
separator extraction and acceleration stages is achieved by high speed diffusion pumps.

The ion guide technique is very fast. The shortest-lived activity separated in test runs at the
IGISOL is that of 64 ps 204mT], The speed results from the very short delay time of the ion
guide, which is of the order of 1 ms. Other advances of the ion guide are the non-selectivity
with respect to chemical or physical properties of investigated ions and the operation at room
temperature. The latter property quarantees that the method is very stable, which allows runs
of the order of several days. This feature is important when nuclei produced with low cross
section are investigated. The simple construction contains no parts which need replacement
during the run.

The ion guide has been adopted in several experimental set-ups, covering a wide range in
nuclear spectroscopy. It has successfully been used in spectroscopic studies of short-lived
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mirror nuclei (Ays84), (Hon87), (Hon89), short-lived isomeric states (L6n84), p-delayed
particle emitters (Ays88c), and in the production of short-lived actinides from radioactive Th
targets (Huy88). The technique has also been used to mass separate fusion products in heavy
ion induced reactions in combination with a gas filled recoil separator (Nom88) and mass
separate fission producss in light ion induced fission (Tas89), (Ast91).

3.2. The ion guide method and fission

The applicability of the ion guide method for all elements and the short delay time make the
method an attractive approach to study neutron-rich fission products. The elements from Zr to
Rh are still not available with conventional isotope separator ion sources. In the studies
performed with the IGISOL the major drawback has been the low stopping efficiency for
fission fragments in 100 mbar helium pressure. However, even with this practical limitation
which is due to limited pumping capacity, a large number of new fission products have became
available as mass separated ion beams with the IGISOL.

The neutron-rich nuclei studied with the IGISOL are produced via proton induced fission
of 238U. The fission process results in both asymmetric and symmetric mass divisions and it
allows the study of the present frontier of the neutron rich nuclei between the mass numbers
A =80and A =160. Due to the high excitation energy of 25 MeV as compared to the thermal
neutron induced fission, the proton bombardment of 238U is a very competitive mean to
produce neutron rich nuclei in the mass region A = 110 — 120 which corresponds to symmetric
fission (Ays89).

Fission fragments differ considerably in their energy and angular distribution from the
evaporation residues produced in light ion induced fusion reactions, previously studied with
the IGISOL (Ays84), (Arj84), (Ltn84), (Arj85S), (Hon87), (Hon89). Thus, some redesign of
the standard ion guide described in (Ays84), (Arj85) was needed for the fission study
application. The release of the total kinetic energy for the fragments is as high as 170 MeV in
the proton induced fission of 238U. To first order, the angular distribution of the fragments is
isotropic (CohS55). Nearly isotropic angular distribution of fission fragments gives an
additional degree of freedom in designing the ion guide. In the ion guide the main reason for
the losses of thermalized +1 ions is the three-body collisions between ions, plasma electrons
and neutral atoms, which is needed to carry away the momentum. The reduction of the amount
of plasma electrons created by the projectile beam should raise the lifetime of ions in the helium
gas and improve the efficiency of the ion guide. In the fission ion guide the projectile beam is
isolated from the rest of the stopping chamber by a thin foil, as shown in figure 3.1. Some of



Figure 3.1. Design of the double
chamber fission ion guide. (1) Uranium
targets, (2) entrance and exit windows for
the proton beam, (3) nickel foil,
(4) stopping chamber, (5) exit hole,
(6) conical skimmer electrode.
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the isotropically distributed, initially very energetic fission fragments penetrate the 0.9 mg/cm?
foil and enter the stopping chamber of the ion guide.The low-energy fraction of fission
fragments is stopped in the helium gas in the stopping chamber. Since the helium in the
stopping chamber is not ionized by the projectile beam, the fission ion guide can have a
considerably larger effective volume than the standard design. To have a maximum opening
angle for fission fragments from the four 15 mg/cm?2 238U targets, a curved foil is used to
separate the targets from the stopping volume. A curved foil gives optimum laminar flow
conditions for helium entering the stopping chamber surrounding the target area. The normal
operating pressure of the IGISOL is about 100 mbar, giving a stopping efficiency of the order
of 103 for the fission fragments.

The isotope separator coupled to the ion guide is of the Scandinavian type with a 550 analyzing
magnet. The beam of the mass separated radioactive ions is directed either into a counting
station, consisting of a fast tape transport system and a conventional array of detectors for
radioactivity studies, or to the source position of the electron spectrometer ELLI (Par91).

The mass calibration and the mass resolving power of the IGISOL are determined by
introducing a trace amount of xenon in helium. The xenon atoms are ionized in collisions with
the fission fragments in the stopping chamber of the ion guide. The Xe* ions transferred
through the separator system give a perfect simulation to radioactive ions thermalized in the
collection chamber. The intensity of Xe* ion beam is high enough to be detected by a
conventional Faraday cup. The mass resolving power R=M /AM =B /2 AB = 330 at

FWHM is deduced from the A = 129 mass peak.
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To show the capability of the fission IGISOL to produce neutron rich nuclei, the yields of
neutron rich Rh isotopes are shown in figure 3.3. Prior to the studies with the IGISOL only
the decay of 110Rh was known in any detailed way.
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3.3. Spectroscopy methods

The radioactive decays of the produced nuclei are studied with conventional spectroscopic
methods. The collection station for gamma-ray, X-ray and B-particle spectroscopy consists of
a narrow vacuum chamber and a moveable 1/4" wide collector tape in which the mass separated
radioactive ion beam is stopped. The vacuum chamber has 10 mg/cm? thick plastic windows
for measuring B-particles and low energy photons. The window material has about 90 %
transmission for 20 keV X-rays and it is capable of holding a vacuum of
106 mbar. The windows are transparent, which makes it possible to check the collector tape
without breaking the vacuum. A moveable mini Faraday cup is placed in front of the collector
tape for final focusing of the separator beam with the Xe* ions.

The spectroscopy is performed at the point of implantation of the separator ion beam with
various detector combinations. Counting at the implantation point is necessary in order to
avoid decay losses of the studied radioactivity during the transportation of the source. The
small size of the collector chamber allows counting with high geometrical efficiency. This is
necessary, because the radioactive sources produced with the IGISOL are relatively weak. The
lowest observed production rates for the most exotic nuclei have been of the order of 1 atom/s.
The drawbacks of very close detector setups are summing of gamma rays and backscattering,
the latter especially when detectors are facing each others.

In the present measurements, several detector combinations were used. A 1.4 cm3, 7 mm thick
planar Ge detector, or a larger, 10.0 cm3, 10 mm thick planar Ge detector were used to observe
characteristic X-rays and low energy gamma rays up to 400 keV. Larger coaxial high purity
Ge detectors were used for gamma rays up to 2 MeV. The p-particles were detected with a AEg
detector, which typically consisted of 1.0 mm or 0.9 mm thick NE102 -type scintillation plastic
sheet. The detector geometries used in the coincidence measurements are shown in figure 3.4.
The set-up with the planar Ge detector, the large Ge detector and the AEg detector was used for
the elemental assignment of the observed radiations via the coincidences between characteristic
X-rays and gamma rays. The (y)(y) coincidences at higher energies were measured by
replacing the planar Ge detector with another large Ge detector, as is shown in figure 3.4. In
the third geometry shown, altogether three Ge detectors were used. In this geometry the planar
Ge detector was put as near to the source as possible, to reach maximum geometrical efficiency
for characteristic X-rays. Two large Ge detectors were used to improve the geometrical
efficiency for high energy gamma rays. An additional benefit was the lowered probability of
coincidence summing in the large Ge detectors. Moreover, the (Y)(y) coincidences between the
large Ge detectors were recorded in the same run, and the beam time used for (Y)(X)

measurement was maximized.
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Figure 34. The X- and gamma-ray detector geometries used in the measurements with the
fission IGISOL.

The scheme of a typical measurement is shown in figure 3.5. A sequence timer controls the
ion source of the MC-20 cyclotron and the separator beam deflection. The clock also controls
the tape unit and resets a time-to-digital converter (TDC) in the beginning of a collection cycle.
The time information from this TDC is used for the half-life analysis of the studied nuclei.
There is also another TDC, called a universal-time-TDC. This TDC is reset only in the
beginning of each measurement. The coincident events are recorded event-by-event viaa VME
bus on a magnetic tape and the singles spectra on a computer disk. The energy signals from the
detectors participating in the coincidence, and the readings of the two TDCs are written in each
event. The parameter given by the universal-time TDC is often useful in the data analysis. In a
run lasting several days one can expect difficulties such as separator high voltage or cyclotron
breakdowns. Using the universal-time-TDC parameter the events recorded during such
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Figure 3.5. The flow chart of an IGISOL experiment. TDC#1 refers to the universal-time-
TDC (see text).
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periods can be easily omitted. With the help of this parameter also the possible gain shifts of
detectors can be corrected in the off-line data analysis. The average yield of the mass separated
ions of specified mass number with 1 pA proton beam current is of the order of 104 ions per
second. This leads to counting rates of typically 10 — 100 coincident events per second.

There were only seven 4096 channel connections to the VME bus available. One of them was
occupied by the universal-time TDC. The energy signals from each detector were recorded,
which occupies three or four more connections. In addition, when the cyclotron and separator
beams were pulsed, also the other TDC was connected to the VME bus. Thus, though the
MM (®)- and B)(Y)(t) coincidence time spectra were usually measured, their recording on the
tape depended on the number of free connections to the VME bus.

The photopeak efficiency of the Ge detectors was measured in the counting geometry using
calibrated gamma ray sources at the source position of the counting station. For the energy
calibration of the Ge detectors, standard energy calibration sources as well as internal
calibration were used. The summing of p-particles with gamma rays in the large Ge detector
was avoided by setting the AEg detector and gamma ray detector on opposite sides of the

source. Absorbers for B-particles were used only in few cases.

Conversion electron spectroscopy. Internal conversion electron measurements are important
for many reasons. Transitions at low energies are often highly converted and thus difficult to
observe via other means. However, such transitions can be of key importance in constructing
level schemes. Internal conversion coefficients (ICC) are also valuable for the multipolarity
assignments of the transitions.

The short delay time of the ion guide allows studies of short-lived radioactive decays like the
1.50 (3) ms decay of 114mAg. Because of the short half-life also the conversion electron
spectroscopy has to be performed at the point of implantation. Any mechanical transportation
of such short-lived activities is out of question. Conversion electron measurements can be
performed with a Si(Li) detector positioned near to the collector tape, but the background
conditions are difficult. Atthe IGISOL facility this problem was solved by a magnetic electron
transporter spectrometer, ELLI (ELectron Lens for IGISOL) (Par91). The ion beam of the
IGISOL is implanted directly in the source position of the spectrometer.
A magnetic field is used to transport electrons from the implantation point to a Si(Li) detector
cooled to liquid nitrogen temperature. Since there is no need to mechanically transport the
activity, the excellent time characteristics of the IGISOL can still be profited.
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Elemental identification. The assignment of the gamma transitions to a specific nucleus was
based on coincidences with characteristic X-rays, as shown in figure 3.6. X-rays in
coincidence with gamma rays are produced via the internal conversion of other transitions in
cascade with the observed one. The presence of low-energy, strongly converted transitions in
the nuclei favors the use of the method in this region of transitional nuclei below Z = S0. The
measured average yield of characteristic K X-rays in neutron induced and spontaneous fission
in this region is 0.1 X-rays per fission fragment (Rei71). Other gamma rays can be assigned
via the (Y)(Y) coincidences, as shown in figure 3.6.c).

A significant limitation in the (¥)(X) coincidence method is that those gamma transitions which
are not in coincidence with any other gamma transition cannot be assigned. The first possible
such a case is a situation in which an excited state, populated directly in the B-decay, decays via
a single transition to the ground state. Typical examples are the 275.4 keV transition in the
decay of 111Ru and the 348.9 keV transition in the decay of 113Rh. Such gamma transitions
can be assigned trough the B-decay half-life if the half-life of the parent nucleus is otherwise
known. The second case appears in single transitions between an isomeric state and the
ground state. In both these cases the single transition can be identified in conversion electron
measurements via the coincidences of conversion electrons with the characteristic X-rays, as
shown in figure 3.6.d). X-ray coincidence is an effective method to assign conversion
electrons, since the emission of a conversion electron is usually associated with a characteristic
X-ray. The method is especially suitable for isomeric transitions, since those often have a high
multipolarity and thus a large ICC. In this work the 194.9 keV transition in 109Ru, the
348.9 keV transition in 113Pd, the 71.4 keV transition in 117Pd and the very important isomeric
81.3 keV transition in 113Pd were identified using (e-)(X) coincidences.

Beta decay half-life measurements. At the end of each implantation period the separator beam
was deflected away by electrostatic plates to allow for a decay period. The ion source of the
MC-20 cyclotron was also shut off for the decay period in order to lower the background due
to the neutrons. The long-lived background activities, partly produced and mass separated
simultaneously with the short-lived ones and partly being their daughter activities, were carried
away from the detector by moving the collector tape at the end of each decay period. The
B-decay half-lives were deduced from the decay of gamma rays observed in coincidence with
B-particles. In some cases the characteristic X-rays, produced via internal conversion,
provided the best statistics. In such cases the B-decay half-life was deduced from characteristic
X-rays observed in coincidence with B-particles.
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Figure 3.6. An example of elemental identification of - and converted transitions.

A typical X-ray spectrum detected in coincidence with y-rays is shown in figure a). This
spectrum at mass number A = 115 was recorded in 21 hours using the (y)(X) set-up shown in
figure 3.3. The 20 MeV proton beam was pulsed for the B-decay half-life analysis in cycles of
2.5 s on for producing activity and 5.0 s off for measuring the decay of the produced source.
The yield of 115Rh atoms was about 100 atoms/s during the beam on period, which leads to the
total intensity of 4500 counts in K¢ peak of the characteristic X-rays of Pd. The electron
spectrum and the y-ray spectrum seen in coincidence with the characteristic Ko X-rays of Pd
are shown in figures b) and c). The energy scale of the conversion electron spectrum is shifted
by 24.25 keV, the K-shell binding energy of Pd, to align the corresponding y- and conversion
electron transitions. More transitions are assigned via (y)(y) coincidence relations, as shown in
figure d). Note that the K-89.4 keV peak due to the isomeric E3 transition to the ground state
of 115Pd can be assigned only via (e-)(X) coincidences.
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Half-lives of isomeric decays. The half-lives of isomeric states were deduced from the gamma
rays assigned to the isomeric decay. The multispectrum method was usually used; in some
cases, however, singles gamma ray events with the TDC time information were recorded on
magnetic tape. For the shortest isomeric half-lives the decay and implantation periods were of
the order of 100 ms or less. In these cases it was not practical to transport the source away
with the collector tape at the end of each decay period. The source was moved away only from
one to four times per minute; the proper time interval depended on the half-lives and the
production rates of both the studied and the contaminating long-lived activities. Also, in the
experiments performed with a continuous separator beam, the collector tape was used to
transport the long-lived activities away to optimize the relative intensity of radioactive decay of
interest.

Lifetime measurements of excited states. The delayed coincidence spectra were normally
recorded in the measurements. However, some of the large Ge detectors had quite poor timing
properties for the electronic lifetime measurements, especially at low energies. A more serious
problem in lifetime measurements was the low production rate of the most exotic nuclei.
(7 (Y)(t) spectra have often extremely low statistics. Thus, in most cases the (B)(y)(t)
measurement provides better statistics and is used instead. Itis, however, more sensitive to
errors and requires a detailed knowledge of the decay scheme. Inthese measurements, it was
possible to deduce some lifetimes, but due to above difficulties, the results are not very precise.

ICC measurements. The measurements of internal conversion coefficients were performed
with the ELLI spectrometer by measuring the conversion electron spectra and the gamma ray
spectra simultaneously. The gamma ray detectors used for this purpose were a 20 % coaxial
Ge detector with a special design for the magnetic field, and the planar 1.4 cm3 and 10.0 cm3
Ge detectors mentioned above. Planar Ge detectors were in the first place used to observe
coincidences between conversion electrons and characteristic X-rays. However, they have
good energy resolution and their efficiency for low energy gamma rays is almost comparable to
the 20 % Ge detector; moreover, the planar Ge detectors are relatively small and hence
insensitive to both background neutrons and background beta radiation from the source. The
lower efficiency of the planar Ge detectors as compared with the 20 % Ge detector is thus
compensated by the favorable peak-to-background ratio at low energies. In most cases the
gamma ray spectrum used to deduce the the internal conversion coefficients was observed
using the planar Ge detectors. Even though their efficiency rapidly decreases above 200 keV,
it did not cause major difficulties in measurements of odd-A nuclei, because the highest
observed conversion electron energy was below 400 keV.
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The set-up has to be calibrated in each measurement, because the efficiency of the ELLI is very
sensitive to the position of the source (Par91). The focussing of the mass separator, achieved
with Xe* ions and a mini Faraday cup, was confirmed with the A = 99 mass having a
copiously produced 97.8 keV E2 transition in the decay of 9Nb (Mii186).‘ This, and three E2
transitions, 118.6 keV and 212.5 keV in 100Zr and 159.5 keV in 100Mo at A = 100 mass
(Sin90) were used to normalize the gamma ray efficiencies for the Ge detectors and the
conversion electron transmission for the ELLI. The experimentally known ax values, if
available, were used as internal calibrators to check the normalization in each run.

The ok values were in the first place deduced from simultaneous measurement of conversion
electron and gamma ray singles spectra. The K/L ratios deduced from the electron singles
spectra can be used to distinguish between L = 1 and L = 2 transitions. Especially the M1 and
E2 transitions can be separated this way. The background conditions can be significantly
improved using gated spectra. A B-gated gamma ray spectrum from another measurement often
gives much better statistics to determine the intensities of gamma transitions. Beta gated
conversion electron spectra were also taken in these measurements. When the converted
transition and the gamma transition intensities were measured separately, they had to be
normalized to each other using transitions with known ak values. Normalization has to be
made separately for each nucleus to avoid effects of different half-lives on the relative transition
intensity. Thus, at least one ax for each nucleus has to be measured in a simultaneous
measurement of conversion electrons and gamma rays.

The electron transition intensity can also be deduced from an electron spectrum gated by
characteristic K X-rays. The multiple lines in the singles electron spectrum can be separated in
this way. The normalization is then performed for each nucleus separately. In the use of
X-ray coincident electron spectra some care is needed. A characteristic X-ray in coincidence
with conversion electrons can be produced via another transition in cascade with the observed
one; the intensity of the electron transition is thus increased which has to be taken into account.
Also, the statistics in the X-ray gated gamma spectrum is low as compared with the B-gated
electron spectrum. Therefore, the X-ray gated spectrum was used only in the most difficult
cases.

The internal conversion of a transition can also be deduced from the yield of the characteristic
X-rays. The amount of X-rays produced by a transition can be observed by gating with a
proper transition in cascade with the studied one. The level scheme has to be known accurately
to separate all contributions to the observed intensity of X-rays in the gated spectrum. For
some transitions in this work the conversion coefficient ag was deduced using this method.
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Data analysis. The common analyzing programs available at JYFL were used in the data
analysis. The programs include standard matrix sorting and matrix gating programs as well as
programs for sorting spectra directly from the event tapes.

For the analysis of gamma ray and conversion electron spectra several programs were used. In
every program, however, similar fits were performed. For gamma rays, a gaussian shape fit
with or without tail was used. In conversion electron spectra the peaks have much stronger
distorted gaussian component, especially at low energies (Trz89). A shape fit with a gaussian,
a distorted gaussian and a step function components was thus used. The intensities of the
gamma transitions were deduced from a gamma ray spectrum observed in coincidence with
B-particles. The effects of (y)(y) coincidence summing to first order have been taken into
account. The adopted intensity values in this work are typically weighted averages of different
measurements with different gamma detectors. The intensity errors given in the tables include
statistical and fit error.

3.4. Experiment at Louvain-la-Neuve

The production rate for 116Rh, the heaviest known Rh isotope (Ays87) prior to the
measurement described below, was about S0 - 100 atoms/s normalized to 1 pA proton beam
intensity (Lei91). The studies of heavier isotopes were hampered by their low production rate.
The main difficulty was the limited beam intensity at the MC-20 cyclotron, which was of the
order of 1 pA at maximum with 20 MeV protons. Thus, the experiment to search for the 117Rh
decay was performed with the ion guide set-up of the LISOL facility located at the CYCLONE
heavy ion cyclotron laboratory in Louvain-la-Neuve.

The nuclei studied were produced with 23 MeV proton induced fission on 238U, Four targets
with a total thickness of 40 mg/cm? were used. The isobaric chain with A = 117 was mass
separated and implanted in a moveable collector tape. The radioactivity of the produced nuclei
was detected at the point of implantation with a 70 % n-type Ge detector, a 500 mm?2, 10 mm
thick planar low energy Ge detector and a 1 mm thick NE-102 type plastic detector operating as
a AEg detector for B-particles. Only double or triple coincidence events were recorded together
with the cycle time information from a TDC. The cyclotron beam was pulsed to create an
implantation and decay period. One cycle consisted of a 1.5 s implantation period followed by
a 3.0 s decay period. The background produced by the long-lived radioactive nuclei in the same
isobaric chain was reduced by transporting the source away after each ten collection cycles. In
this measurement the lower limit of the production rate of 117Rh was observed to be about
5 ions/s normalized to 1 pA proton beam intensity.
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4. Experimental results

Fifteen new isotopes have been found in the studies of fission products with the ion guide
technique. The decays of the new odd-A isotopes, shown also in figure 1.1, i.e. 109Mo,
109Tc, 111T¢ (Pen88), 111Ru, 113Ru (Pen88), 113Rh (Pen88), 115Rh (Ays88a), 117Rh
(Pen91b), 117Pd (Pen91) and 119Pd (Pen91), are reviewed in this chapter. The other new
isotopes with the even mass number, reported elsewhere, are 118,120Pd, (Kop89), (Jan91),
116Rh (Ays88a), 112,114Ry (Pen88), (Jok91) and 112Tc (Ays90). These isotopes were
discovered in Jyviskyld, with the exception of 117Rh, which was found at LISOL facility in
Louvain-la-Neuve, Belgium.

4.1. Elemental identification

The elemental identification of the produced radioactive isotopes was based on the X-ray
coincidence method, as described in chapter 3. (y)(X) coincidence measurements were
performed in the case of six odd mass numbers from A = 109 to A = 119 using the
experimental set-ups shown in figure 3.4. The acquisition time required for each measurement
varied from 20 hours for A = 111 to 48 hours for A = 119. The number of y-transitions
observed in coincidence with characteristic X-rays for different isotopes varied between one
and 22. A typical yield of Ko X-rays was 5 — 10 % of the amount of B-decays. The 7y-
transitions assigned using (y)(X) coincidences are given in table 4.1.

A series of conversion electron measurements was performed using the magnetic conversion
electron spectrometer ELLI (Par91),and (e~)(X) coincidence measurements were performed for
the same six odd mass numbers as the (y)(X) measurements. In these measurements 30 con-
version electron transitions were identified via their X-ray coincidences. These transitons are
given in table 4.1. Seven transitions were assigned only via their conversion electron decays.

The elemental identification in the (e-)(X) studies was limited to the characteristic K X-ray
coincidences. In the present measurements the applicable energy region begins 10 — 15 keV
above the K-electron binding energy of each element due to the noise level in the conversion
electron detector. However, highly converted transitions of low energy may become of key
importance in the structure of many nuclei. (e-)(L X) coincidence measurements would
provide a powerful spectroscopical tool at low energies. In future experiments, the possibility
of detecting L X-rays in coincidence with low energy conversion electrons should be carefully

investigated.
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Table 4.1. The elemental identification of the observed transitions (D stands for doublet).
The gamma ray energies are from the ()(X) coincidence spectra. The energies may, in some

cases, due to low statistics, differ up to 0.6 keV from the values determined from the
(Y)(B) spectra. The B-coincident Yy-transition energies are given in tables 4.3 —4.4, 4.6 —4.19

in chapter 4.2. K-conversion electron energies refer to the transition energy.

K-CONVERSION
ELECTRONS [keV]

GATE GAMMA RAYS [keV]

A =109 |Tc Ko }289.1
Ru Ko |58.4, 68.7, 69.1, 96.2, 98.5, 117.7, |69 (D), 96.2, 98.5,
122.5, 1287, 1382, 171.7, 1869, 128.7, 138.2, 186.9,
208.0, 267.3, 278.8, 289.6, 300.3, 195.0
323.7, 336.6, 376.7, 445.8, 490.1,
589.7
A =111 |Ru K, §267.0 147.1, 150.4

Rh Ko |78.5, 1145, 136.8, 189.4, 211.7, 78.4, 91.3, 136.8,
250.8, 280, 303.9, 1265.5, 1515.7 189.4, 211.7, 303.8

A =113 |Rh Ko |185.6, 206.0, 211.0, 227.6, 263.5,
338.3, 353.0

Pd Ko 794, 84.0, 116.3, 120.3, 135.2, 79.3, 81.3, 135.2,
137.1, 151.3, 157.0, 189.8, 217.2, 189.8, 348.9

220.8, 252.3
A =115 |Pd Ko |101.1, 125.6, 127.9, 179.9, 198.4, [89.4, 125.6, 127.9,
227.0, 270.1, 305.6, 340.5 179.9
A =117 [Pd Ko 1345, 97.1, 131.8, 168.6, 481.6 71.4, 168.6
Ag Ko 176.6, 247.1, 401.8, 521.8 76.5, 247.3, 323.1

A=119 |Ag K, {256.3
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4.2. The experimental p-decay half-lives

The B-decay half-lives were measured as described in chapter 3. Half-lives are usually based
on the decay curve of y-rays in a daughter nucleus observed in coincidence with B-particles. If
several transitions are used in the analysis, the final half-life is the weighted average of the
individual half-lives. In the cases of 109Mo and 117Rh the characteristic X-rays observed in
coincidence with the B-particles have beenused. The measured B-decay half-lives are given in
table 4.2. Each decay is discussed in more detail below.

109Mo

A 289.1 keV ‘y-transition appeared in coincidence with the characteristic K X-rays of Tc, giving
the first evidence of the p-decay of 109Mo. This y-transition was also observed in coincidence
with a 65.1 keV +y-transition. No sign of the previously reported 69.4 keV, 115.1 keV,
119.7 keV, 123.2 keV and 125.3 keV y-transitions in 109Tc (Bla84) were found. Instead,
¥-transitions with similar energies, namely 69.1 keV, 117.7 keV, 122.4 keV and 128.6 keV,

were observed to belong to the p-decay of 109Tc,
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Figure 4.1. The figure on the left shows the characteristic X-ray spectrum at mass number
A =109 observed in coincidence with p-particles. The figure on the right shows the decay of

the characteristic Ko X-rays of Tc, following the B-decay of 109Mo.
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Table 4.2. The observed B-decay half-lives for the studied odd-A nuclei.

Decaying T 1/2 [s] Deduced T 1/2 [s] Previous
nucleus from value [s]
109Mo 0.54 £ 0.06 |Tc K X-rays*)| 0.59 £0.11
0.53 £ 0.06
1097 0.87 £ 0.04 |96.1 0.83+0.08 (14104 1)
128.7 0.89 £ 0.09
195.0 0.87 £ 0.04
111T¢ 0.30+0.04 |150.4 0.30 £ 0.04
1Ry 2.11+0.08 |211.7 2.131+0.11 (22107 2
303.8 2.1010.10
113Ry 0.80+ 0.06 |88.3 092+0.13 |3.0£0.7 3)
211.7 0.66 £ 0.18
263.3 0.79 £ 0.06
113Rh 2.80+0.12 |84.9 2.68+0.44 |091+0.08 4
117.0 2.84 £ 0.29
137.5 3.00 £ 0.45
189.8 2.78 £ 0.25
348.9 2.79 £ 0.17
115Rh 1.0210.03 |127.9%) 0.99 £ 0.05
1.04 £ 0.03
117Rh 0.44 £ 0.04 |PdK X-rays | 0.44 £ 0.04
117pq 4310.2 247.3 43102 5004 5)
5077 6
119p4 0.92+0.13 |256.6 0.88 £ 0.18
326.1 0.95 £ 0.19

*) Values from two different runs.

1) (Tra78); 2)Value adopted by Nuclear Data Sheets; unweighted average of (Fet75), (Mat76)

and (Fra78); 3) (Fra78); 4) (Wil69); 5) (Brii75); 6) (Wei68).
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Unfortunately, a 289.6 keV Y-transition appears in the decay of 109Tc, and it was impossible to
separate the 289.1 keV and the 289.6 keV fY-transitions by any means for half-life
determination. Furthermore, the half-lives of 109Mo and 109Tc appeared to be so similar that
the 109Mo half-life cannot be separated in a two-component fit to the decay curve of this
doublet. The intensity of the 65.1 keV y-transition was too low for a half-life measurement.
Finally, the B-decay half-life of 0.54 (6) s was determined from the characteristic K X-rays of
Tc gated by B-particles, as shown in figure 4.1. The adopted value is the average of the results
from two different runs. Most of the characteristic X-rays are due to the internal conversion of
the 65.1 keV transition. Its E2 multipolarity was deduced from the yield of the characteristic
K X-rays. The internal K-conversion coefficient was obtained to be ax = 5 (3). This result
could not be confirmed by a conversion electron measurement, because of the low yield of
109Mo and the presence of the converted 69.1 and 68.7 keV transitions in 109Ru and the
68.1keV transition in 109Rh.

109T ¢

Altogether 22 y-transitions appeared to be in coincidence with the K X-rays of Ru. Nine
additional vy-transitions were assigned via their (y)(}) coincidences. The most intense transition,
195.0 keV, does not show up in coincidence with X-rays or other y-rays. Its belonging to this
decay was confirmed via (e~)(X) coincidences, as shown in figure 4.2. In (Alt90) this
Y-transition was reported to appear in coincidence with a 138 keV #y-transition, but this was not
confirmed in the present work. Three y-transitions with the best statistics in the B-coincident
spectrum were used for the half-life analysis. A half-life of 0.86 (3) s was adopted for 109Tc,
which is the weighted average of three half-life values shown in figure 4.4. The adopted value
clearly differs from the value of 1.4 (4) s observed indirectly by a radiochemical study (Tra76).

In (Gra89) 13 y-transitions were proposed to belong to the decay of 109Tc. The present work
confirms directly only the 137.7 keV and the 194.6 keV y-transitions. In addition, the
331.9keV, 1159.2 keV and 1268.1 keV y-transitions were assigned to the B-decay of 109Tc on
the basis of their decay properties, even though they could not be placed in the level scheme.
The 531.2 keV and 1073.5 keV ¥-transitions were not observed in the present measurement.
The 295.7 keV and 964.6 keV transitions were excluded to belong this decay on the basis of
the half-life analysis. The 295.7 keV transition probably belongs to the laboratory background;
964.6 keV is unknown, but it is very long-lived. The 1502.6 keV y-transition seems to belong
to the B-decay of 10%Ru (Kaf87). The 1964.3 keV 7-transition was not observed in the present

measurement, which might also be due to low counting statistics.
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Figure 4.2. The conversion electron spectrum of A = 109 fission products obtained in
coincidence with characteristic Ko X-rays of Ru. The L conversion electrons are seen in
coincidence with K X-rays because the 68.8 keV and the 69.1 keV transitions in 109Ru are in
cascade.
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Figure 43. The conversion electron spectrum of A = 111 fission products in coincidence with
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111T¢

In the (Y)(X) coincidence measurement at the mass number A =111 a 267.0 keV y-transition
and traces of 147.0 keV and 150.4 keV vy-transitions appeared in coincidence with characteristic
K X-rays of Ru. In the conversion electron measurement the K-conversion electrons from the
latter two transitions appeared in coincidence with K X-rays of Ru, as shown in figure 4.3.
Additionally, 103.9 keV, 175.0 keV and 368.0 keV vy-transitions were assigned to belong to
this decay on the basis of half-life analysis. The adopted B-decay half-life of 0.30 (4) s for
11Tc is based on the decay of the 150.4 keV y-rays as shown in figure 4.4. The other
mentioned y-transitions were observed to decay with a similar half-life.

111R gy

Ten y-transitions appeared in coincidence with characteristic K X-rays of Rh. Fifteen y-transi-
tions were assigned to this decay on the basis of their (y)(y) coincidence relations. The two
strongest Y-transitions, 211.7 keV and 303.7 keV, were used for the half-life analysis, as
shown in figure 4.4. The weighted average of 2.12 (7) s of the observed values was adopted.

The average value of the previous, indirect values (Fet75), (Mat76), (Fra78) agrees with the
present one. No direct measurement of the p-decay half-life of 111Ru has been reported prior
to the present studies. In fact, the gamma rays following the p-decay of 111Ru were observed
in a radiochemical study (Fra78), but the decay was erroneously assigned to the p-decay of
113Ry, as described below.

113Ru

Seven ¥-transitions were observed in coincidence with the characteristic K X-rays of Rh. Ten
additional y-transitions were assigned via their (y)(y) coincidence relations. The p-decay half-
life was deduced from the 88.3 keV, 211.7 keV and the 263.5 keV ¥-transitions. Their decays
are shown in figure 4.4. The weighted average of 0.80 (6) s was adopted for the B-decay half-
life of 113Ru.

This is the first time when the B-decay of 113Ru is observed. The previous half-life assigned to
113Ry, based on the 3.0 (7) s decay of a 303.6 keV y-transition (Fra78) is in error. The
303.6 keV y-transition belongs to the B-decay of 111Ru instead. In (Fra78) the 303.6 keV
Y-transition was assigned to the decay of Ru using chemical separation, but the A = 113
assignment which was based on an earlier study of prompt y-rays (Hop72), was in error.
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Twelve y-transitions and five K-conversion electron transitions were observed in coincidence
with characteristic K X-rays of Pd. Twenty-five additional y-transitions were assigned on the
basis of their (y)(y)-coincidence relations and six y-transitions on the basis of their decay
properties. For the B-decay half-life analysis five y-transitions, 84.9 keV, 116.8 keV,
137.5keV, 189.8 keV and 348.9 keV, were used. A two-component fit was used because of
the growth-in component due to the 0.80 s decay of 113Ru, as shown in figure 4.5. The
weighted average of 2.80 (12) s was adopted for the half-life of 113Rh. These results show that
the previous assignment of the 128.5 keV ¥-transition to this decay was in error. These y-rays
could result from the 127.9 keV transition belonging to the decay of 115Rh, as described
below. Thus, the B-decay of 113Rh was observed for the first time in the present

measurements.
115Rh

Nine y-transitions were observed in coincidence with the characteristic K X-rays of Pd. Three
of these transitions were observed in coincidence with K X-rays of Pd as conversion electron
transitions also. In addition, a K-conversion electron transition corresponding to the 89.4 keV
Y-transition energy was observed via (e~)(X) coincidences. This transition originates from the
decay of an isomeric state to the ground state in 115Pd with a half-life of 50 s (Fog88).
Thirteen other transitions were assigned via their (y)(y) coincidence relations. For the half-life
analysis, the 127.9 keV fy-transition observed in coincidence with B-particles was used. The
B-decay half-life of 1.04 (3) s was observed, as shown in figure 4.6. An earlier run resulted in
a half-life of 0.99 (5) s (Pen88). The weighted average of 1.02 (3) s has been adopted.
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117Rh

In the measurements performed in Louvain-la-Neuve for the mass number A = 117 five
Y-transitions were observed in coincidence with the characteristic K X-rays of Pd. The
34.6 keV, 97.1 keV, 131.7 keV and 168.6 keV y-transitions were previously observed in
connection with the decay of the 19.1 (7) ms isomeric state in 117Pd, as described below and in
(Pen91). The 481.6 keV y-transition has not been observed in the measurements at JYFL. In
the LISOL experiment, the 34.6 keV, 97.1 keV, 131.7 keV and 481.6 keV 9-transitions, as
well as the K X-rays of Pd, were observed in coincidence with B-particles, as shown in
figure 4.7. A half-life of 0.44 (4) s was determined from the observed decay of the p-gated
K X-rays of Pd, produced mostly by the internal conversion of the 34.6 keV transition. The
decays of the B-gated 34.6 keV and 131.7 keV transitions followed the same decay pattern. In
the vicinity of the 481.6 keV +-transition there is also a 482.2 keV 7-transition that results from
the B-decay of 117Pd. For this doublet, the total intensity as a function of time was fitted
assuming two components. The results obtained for the half-lives were = 5 s and = 0.5 s.
These half-lives are comparable to the obtained p-decay half-lifes of 4.3 (2) s and 0.44 (4) s of
117pd and 117Rh.
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Figure 4.7. The low-energy part of the gamma spectrum observed at mass A = 117 in
coincidence with beta particles.

117p 4

A 247.3 keV ‘y-transition was observed in coincidence with the characteristic K X-rays of Ag.
A conversion electron transition corresponding to the same y-transition energy was also

observed in coincidence with the K X-rays of Ag. In the measurements at JYFL two additional
y-transitions, 76.5 keV and 323.8 keV, were assigned to this decay. In the experiment at

LISOL, which was primarily devoted to the observation of the B-decay of 117Rh, 17 additional
Y-transitions were assigned to the B-decay of 117Pd via their (y)(X)- and (y)(y)-coincidence

relations.

The p-half-life of 4.3 (2) s for 117Pd was obtained from the decay of the 247.3 keV y-transition
observed in coincidence with B-particles. This was unquestionably the first direct observation
of the B-decay of 117Pd. The other assignments were based on chemical separation, but the
observed half-lives 5.0_;?37 s (Wei68), 5.0 (4) s (Brii75) and 4.4 (2) s (Rog90b) are not in

disagreement with the present result.
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119pg4

At the mass number A = 119 a 256.6 keV 7y-transition was seen in coincidence with the
characteristic K X-rays of Ag. A 69.9 keV +y-transition was observed in coincidence with the
256.6 keV y-transition. Both of these and a 326.1 keV y-transition, corresponding to the sum
of the the two, were observed in coincidence with B-particles. Additionally, a 129.9 keV
Y-transition was observed to decay with the same half-life as the transitions mentioned. Due to
the low production rate of of 1!9Pd, no conversion electron transitions assigned to this decay
were observable in the present measurements.

The B-decay half-life was determined from the decays of the 256.6 keV and 326.1 keV
Y-transitions, as shown in figure 4.6. The deduced values were 0.88 (18) s and 0.95 (19) s.
Their weighted average of 0.92 (13) s is adopted for the B-decay half-life of 119pg,
Additionally, a half-life value of 0.93 (7) s was observed for the 129.9 keV y-transition. No
evidence for an isomeric transition, which might be expected on the basis of the systematics of
lighter odd-A Pd isotopes, was observed for 119Pd.
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Figure 4.8. The beta gated low-energy gamma spectrum observed at mass number A = 119.
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4.3. The half-lives of isomeric decays

113mp g

A relatively long-lived isomeric state at low energy was expected to exist in 113Pd on the basis
of the existing odd-A Pd systematics (see chapter 4.4.). However, no isomeric state had been
found in the previous experiments (Fog88), (Pen90). A 0.4 (1) s isomer was discovered in the
(e")(X) coincidence experiment by observing a 57.0 keV K-conversion electron transition,
corresponding to the 81.3 keV transition energy, in coincidence with the characteristic X-rays
of Pd, as shown in figure 4.9. The half-life 0.4 (1) s for the isomeric state was deduced from
the decay of the 81.3 keV y-transition in the low energy singles gamma spectrum, as shown in

figures 4.9 and 4.10.

This isomer was not observed in (y)(X)- or (y)(y) coincidence experiments, because the
81.3 keV 7-transition is not in coincidence with any other y-transition. Neither the 81.3 keV
¥-transition nor the corresponding conversion electron transition was observed in coincidence
with B-particles, which implies the isomeric nature of the transition. The observed half-life
differs significantly from the B-decay half-life of 2.8 s of 113Rh, which implies that the
isomeric state in 113Pd is populated directly in fission.
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Figure 4.10. Low energy (Y)(B) spectrum at mass number A=113. The presence of 96Sr and
97Y contaminations is due to (SrOH)~- and (YO)—-ions, respectively. The isomeric 81.3 keV
M2 transition is not seen in the (Y)(B) spectrum. The inset shows a part of the y-singles
spectrum, in which the 81.3 keV transition is observed.

600 F 168.6 keV LR
'ggg: Typ= 19.1(7) ms 168.6
E Pd-x 600~ E
400 ]
400 1
n ' Gl :
et N -
e ]
3 ] :
o 200 .
: Ll : 4 L Ll T % ; j
2 S 0 2To[m5lno 60 ]
;_AJ ~97.1 1317 ;
of :
E 117de 1l7de 1
T e E. TR I R

0 50 100 150

Ey [keV]

Figure 4.11. Discovery of the isomeric decay of 117mMPd. The gamma ray spectrum seen in
coincidence with characteristic K X-rays of Pd. The inset shows the decay of the 168.6 keV

gamma rays.
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117mp g

Four low energy ¥-transitions, 34.6 keV, 97.1 keV, 131.7 keV and 168.6 keV were observed
in coincidence with K X-rays of Pd, as seen in figure 4.11. In the measurements at JYFL only
some traces of the 34.6 keV ‘y-transition were observed in coincidence with ‘B-particles. Later in
the LISOL experiment, the 34.6 keV, 97.1 keV and 131.7 keV ‘-transitions, and the K X-rays
of Pd, were found to appear in coincidence with B-particles, following the 0.44 s B-decay of
117Rh. The 168.6 keV y-transition, on the other hand, was not observed in coincidence with
B-particles in any measurement, which implies that the 168.6 keV transition is de-exciting an
isomeric state. The other mentioned y-transitions are more complex. They are de-exciting
states that are populated partly in the isomeric decay of 117mPd, partly in the B-decay of 117Rh.
A more detailed level scheme of 117Pd is given in chapter 4.4. The isomeric half-life was
deduced from the decay of the 168.6 keV ‘y-transition in the singles y-spectrum. The analysis
resulted in a half-life of 19.1 (7) ms. Since no longer half-life component was found in the
decay of the 168.6 keV y-transition, the isomeric state in 117Pd is deduced to be populated not
in the 0.44 s B-decay of 117Rh but directly in fission.

4.4. The level schemes

The level schemes of the studied nuclei were deduced on the basis of the intensities and the
(Y)(y) coincidence relations of the observed transitions. Figures 3.6, 4.16 and 4.22 show

some typical (¥)(y) spectra.

The deduced internal conversion coefficients were used for the multipolarity assignments of the
transitions by comparison with theoretical ICC values based on (R6s78). Since the original
computer codes were not available, the ok values were calculated from tabulated values using a
simplified computer code (Kan89).

In the presented level schemes, the internal conversion is included to the intensities of the
transitions. If the experimental conversion coefficient a is not available, but the multipolarity
of the transition can be deduced from the level scheme, the corresponding theoretical
conversion coefficient is used. If nothing else is known of the transition, M1 multipolarity is
assumed. This is because if a low energy transition has higher multipolarity than M1 or E2, it
would have been possible to determine its conversion in most of the cases. The difference
between the conversion of M1 and E2 transitions is neglible in the studied nuclei, if compared
to the overall uncertainties. Thus, no fatal error is made, if the total conversion coefficient
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corresponding to an M1 transition is used to calculate the total intensity of an E2 or an M1/E2
transition. The largest error results, if a low energy E1 transition is treated as M1. At high
energies, the conversion does not effect remarkably on the intensity of low multipolarity
transitions.

For the log ft values, experimental B-decay energies were available for the 109Tc and 115Rh
B-decays (Gra89), (Ays87). For consistency, the mass formula of Méller and Nix (M&188) was
used to calculate the unknown QB values. The log f values were taken from (Gov71). The
ground state branching of the B-decay was determined experimentally for the B-decays of
111Ry, 113Ry and 15Rh. In the other cases, zero ground state branching was assumed.

The level scheme of 109Ru

The level scheme of 109Ru was constructed on the basis of (Y)(y) coincidences given in
table 4.3. Altogether 40 transitions were assigned to the decay of 109Tc. Of these 27 were
placed in the level scheme shown in figure 4.12. The ok values were deduced for
11 transitions. These values are given in table 4.4. The K-68.8 keV and the K-69.1 keV
peaks are mixed in the conversion electron spectrum, but the fluorescence yield of K X-rays
shows the 68.8 keV transition to be a highly converted one.

The conversion of the 69.1 keV transition was, however, undeduceable. The K/L ratio was
measured for the 195.0 keV transition, and for the 68.8 keV transition with the assumption that
the conversion of the 69.1 keV transition is neglible. For the 68.8 keV transition, the value of
3.0 £ 0.2 implies L = 2 and multipolarity of E2; for the 195.0 keV transition, the value of
6.6 2.0 cannot distinguish between M1 and E2. The conversion for the 98.2 keV, 98.9 keV
doublet was ok = 0.26 (5), which corresponds to M1 multipolarity. However, the same ok
for this doublet results, within the experimental error, in an E1 assignment for the 98.9 keV
transition and M1 for the 98.2 keV transition. Because the M1 assignment for the 98.9 keV
transition would be in disagreement with the M1 assignment for the 195.0 keV transition, the
multipolarity of E1 was adopted.

The conversion electron measurement also confirmed the 195.0 keV transition belonging to the
decay of 109Tc. The 195.0 keV gamma transition did not appear in coincidence with any other
Y-transition. In (Alt90) this gamma transition was reported to appear in coincidence with the
138 keV fy-transition. This coincidence was not observed in the present work.

The 96 keV 7-transition had previously been connected to a half-life of 550 ns (Bla84). In the
present work two lifetimes of excited states were deduced from the (B)(y) TAC spectrum. The

time calibration of electronics was checked with the 380 ns half-life of 113 keV transition in
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Table 4.3. The y-transitions following the p-decay of 109Tc. The intensities are determined
from the (y)(B) spectrum and normalized to the 195.0 keV y—transition intensity.

~ Energy / keV Relative intensity  Coincident gamma rays/keV
35.7(2) 4.6 (3) 96, 98.2
58.2(2) 33 @ 68.8, 128.7
68.8 (2) 335 (19) 69.1, 118, 122, 129, 208, 289 1)
69.1 (2) 30.6 (15) 68.8, 118, 267
96.2 (2) 443 (9) 36, 98.2, 98.9
98.2 (2) 40 (3) 36, 96, 132
98.9 (2) 26 4) 96
117.7 (2) 8.3 (8) 68.8, 69.1, 138
122.4 (2) 19.0 (10) 68.8, 208, 323.7
128.7 (2) 45.0 (10) 58, 68.8, 208, 300 1)
131.8 (2) 52 (5 63.1 1.2), 96, 98.2, 195.4 1)
137.9 (2) 240 (14) 118,2891), 377
17203) 1) 2.5 (6)
186.8 (2) 13.3 (5) 68.8
195.0 (3) 100.0 (20)
197.4 (3) 6.8 (10) 208
20054 <2.0 (6) 178.1 1)
208.0 (2) 20.0 (9) 68.8, 92.4 1.2), 129, 197
2422(3) 29 (5) 58, 68.8, 69.1
255.6 (3) 7.2 (5)
267.7 (3) 3.6 (6) 68.8, 69.1, 138
27883 3.7 (6) 96, 98.2
2895(3) 1 9.3 (1) 68.8, 69.1, 138
30043 1 3.5 (5) 68.8, 129
324.0 (5) <18 (7)
33203 Y 28.5 (9)
336905) 1 1.2 (6)
376.7 (3) 19.2 (8) 68.8, 69.1, 96, 138
445.8 (2) 227 9) 68.8
490.2 (2) 19.1 (10) 68.8, 69.1, 138
514.5 (3) 253 (13)
589.7 3) 7.1 (D) 68.8, 69.1, 129, 138, 168.5 1.2), 208
627.9 (3) 6.0 (7)
7394 (5) 1) 6.6 (8)
804.0 (3) 6.9 (9) 68.8, 122
848.1(5) 1) 11.4 (10)
995.0 (5) 4.6 (8)
11587 (5) 1) 36.3 (16)
1267.8(5) 1) 22.3 (14)

1) Not placed in the level scheme.

2 Not seen in (Y)(B) spectrum.
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Figure 4.12. The level scheme of 109Ru. For the 514.5 keV, 627.9 keV and 995.0 keV levels
positive parity is assumed because of a log ft similar to the positive parity states at 68.8 keV
and 195.0 keV.
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Table 4.4. Internal K-conversion coefficients for transitions in 109Ru.
D: simultaneous measurement of conversion electrons and gamma rays;
X: electron intensity measured from the Ru Ky X-ray coincident spectrum;
FX: calculation based on the fluorescence yield of the characteristic X-rays of Ru.

Transition / keV ok (exp) Method ok (theor) Multipolarity
35.7 5.2 (14) FX El 2.193 Ml
M1 5.393
E2 23.26
58.4 0.6(3) X1 E10.564 El
M1 1.28
68.8 <2.5(5) D E10.355 E2
3.509) FX M1 0.801
E23.49
96.2 0.13(2) D El10.136 E1(M1)
0.22(11) FX M1 0.310
98.2 0.26 (5) D E10.128 M1 for 98.2 keV
and 98.9 M1 0.293 E1l for 98.9 keV 2)
E2 1.078
117.7 0.09 (5) X1 E10.0760 El
M1 0.176
E2 0.574
122.4 0.080(14) D E10.0677 El
M1 0.158
128.7 0.087(7) D E10.0587 El1(Ml1)
M10.138
137.9 0.084(10) D E10.0482 E1(Ml1)
M10.114
186.8 0.066(12) D E10.0206 Ml
M1 0.0512
E20.117
195.0 0.039 (4) D E10.0181 Ml
M1 0.0451
E2 0.0995
1) Normalized to the 128.7 keV and 137.9 keV transitions.

2) See the text.

109pd (Bar77), (Kan78) and the 1.6 ps half life of the 226 keV transition in 109Rh (Kaf88).
The results are given in table 4.5. If the half-life 0.5 (2) us is connected to the 68.8 keV E2
transition, the partial y-half-life for this level will be 3.1 (14) us. This corresponds to
3.7 Weisskopf units, which means that the lifetime is rather close to the single particle estimate.
The Weisskopf estimate for the 96.2 keV El1 transition is 0.34 ps which gives a hindrance
factor of 18 000, which is typical for E1 transitions.
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Table 4.5. The measured lifetimes of excited states in 109Ru. The value for the 69 keV
transition is rather connected with the 68.8 keV E2 transition from the 68.8 keV level than the
69.1 keV transition from 137.7 keV level.

Transition (keV) Level (keV) Half life (ns)
691 68.8 or 137.7 500 (200)
96 96 540 (170)

1) Doublet.

Spin and parity assignments.

The presence of E1 transitions implies both negative and positive parity states in 109Ru.
Assuming positive parity for the ground state on the basis of p-decay properties of 109Ru
(Kaf87), five states with negative and seven states with positive parity, shown in figure 4.12,
can be deduced. The assumed negative parity states also tend to have higher log ft values than
the positive parity states. If spin 5/2 is assumed for the ground state, again on the basis of the
B-decay properties of 109Ru, it becomes possible to give some spin assignments. The 5/2+
ground state assumption results in spin 3/2, 5/2 or 7/2 for all negative parity states except the
191.2 keV state, for which spin 1/2 and 9/2 cannot be excluded. If the first excited positive
parity state is labeled with spin 1/2 in analogy with the 1/2+ state with sy single particle
character in the isotone 111Pd, the spin of the most negative parity states becomes 3/2. The
68.8 keV state has a half-life that corresponds to about three single-particle units, implying
relatively large single-particle character. On the other hand, if 109Tc has the 7/2* ground state,
as expected on the basis of experimental systematics, the large branching in p-decay does not
support 1/2+ assignment for the 68.8 keV state. Furthermore, because 109Ru has an odd
neutron, the origin of the negative parity states has to be the hyy; orbital, which means that the
negative parity states are expected to have a high spin.

The ground state branching was not determined for the 109Tc decay. On the basis of
systematics, 7/2+ can be expected for the ground state of 109Tc. The strongest beta feeding
goes to the 195.0 keV level, for which spin and parity 3/2+, 5/2+ or 7/2+ were deduced
assuming 5/2+ ground state. Spin 3/2, 5/2 or 7/2 is then suggested also for the states with low
log ft in the B-decay of 109Tc, even though spin 1/2 or 9/2 cannot be totally excluded.

Comparison with the lighter odd-A Ru isotopes is difficult, since no spin and parity
assignments are reported for 105.107Ru (DeF86), (Bla91). However, some transition
multipolarities in 107Ru are reported: these are all either M1 or E2. The numerous El
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transitions were thus not expected, and an experimental error was suspected. The
renormalization of the ICC values for transitions in 109Ru by a factor of about 1.8 would result
in an internally consistent result with M1, M1/E2 and E2 transitions only. In fact, the
conversion electron experiment in question suffered very much from experimental difficulties,
and as mentioned in chapter 3, the conversion electron measurements are very sensitive to the
source size and position. However, the internal conversion coefficients deduced for transitions
in 109Rh in the same measurement are reasonable and seem to be rather a little bit too high than
too low (table 4.6). It seems that a new series of experiments, possibly including mass
numbers A = 105, A = 107 and A = 111 also, is needed to confirm the present tentative spin
and parity assignments and clarify the situation in the odd-A Ru nuclei.

The level scheme of 109Rh

A detailed level scheme of 109Rh is given in (Kaf87). This level scheme was deduced from the
decay of 109Ru and it includes 53 levels. In the present work the multipolarities were deduced
for seven transitions from the experimentally determined ak values, as shown in table 4.6. In
(Kaf87) only ox = 13 £ 4 for the 31.8 keV M1/E2 transition was measured, using the
fluorescent yield of K X-rays. This value could not be checked with a direct conversion
electron measurement because of the low energy of the transition. The fluorescent yield
measurement was repeated, but due to low statistics the previous value was not improved. The

present measurementresulted in ag = 17+_1g.

Table 4.6. Internal K-conversion coefficients for transitions in 109Rh. All the values are
from simultaneous measurement of conversion electrons and gamma rays. In the last column
the multipolarity assumed in ref. (Kaf87) is given.

Transition/ keV_ax (€xp) ok (theor) _ Multipolarity Ma in (Kaf87)
68.1 0.7 2) E1l 0.366 Ml Ml

MI170:828
E2 3.62

183.9 0.13 (3) M10.0524 E2 E2
E2 0.121

206.1 0.041 (7) M10.0389 M1 Ml
E2 0.0820

220.6 0.057(11) M10.0324 MI/E2 E2
E2 0.0655

226.0 0.062(11) M10.031 E2 E2
E2 0.061

245.1 0.07 (2) M10.0247 E2 Ml
E2 0.0452
M2 0.122

358.8 0.013(3) M10.0094 E2 M) E2
E2 0.0127
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The observed transitions in 111Ru

The y-transitions of 103.9 keV, 147.0 keV, 150.4 keV, 175.0 keV, 267.0 keV and 368.0 keV
were assigned to the decay of 111Tc. Their intensities are given in table 4.7. Only the
103.9 keV and 150.4 keV transitions were given in (Hop73). The internal conversion
coefficients ag =0.107 (13) for the 150.4 keV and ag = 0.12 (5) for the 147.0 keV transition
were deduced from the simultaneous measurement of gamma rays and conversion electrons.
The values imply multipolarity of M1 or E2 for both of the transitions. No level scheme can be
deduced from the present data.

Table 4.7. The y-transitions following the p-decay of 111Tc. The intensities are determined
from the (y)(B) spectrum and normalized to the 150.4 keV y-transition intensity.

Energy /keV Relatve intensity  Coincident gamma rays / keV
103.9 (2) 20 (3) 150
147.0 (3) 18 (4)
150.4 (3) 100 (5) 104
17503) 1 34 (4)
267.0(4) 2 18 (6)
368.03) 1 71 (6)

1) Seen only in the (y)(B)-spectrum.
2) Doublet resolved in low energy y-spectrum.

The level scheme of 111Rh

The level scheme of 111Rh was constructed on the basis of the (})(y) coincidence relations
given in table 4.8. Levels of 111Rh have been studied also in (Rog90a) via the B-decay of
111Ry, The B-decay properties of 111Ru are, however, not described in the study (Rog90a),
which was concentrated on the search for the intruder states in 111Rh. The level scheme of
111Rh given in (Rog90a) agrees with the present one, given in figure 4.13. In the present
measurement, three levels above 1 MeV were found. These levels were not given in ref.
(Rog90a). On the contrary, the level scheme of (Rog90a) has additional levels at 568 keV,
733 keV, 860 keV and 977 keV. Their observation in the (Rog90a) experiment but
unobservation in the present one is due to higher statistics in the chemical separation

experiment.

Multipolarities were deduced for the seven transitions in 111Rh the present work, see table 4.9.
The K-78.5 keV transition intensity was deduced from the (e~)(B) spectrum. The electron
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transition intensity for this transition could not be determined from the singles conversion
electron spectrum because the 59.8 keV E3 transition in 111Ag produced a huge amount of
L-conversion electrons, which were inseparable from the K-78.5 electrons. Fortunately, the
B-coincidence removed the conversion electrons due to the 59.8 keV transition from the
spectrum, and the ag for the 78.5 keV transition could be determined.

The ground state branching of 111Ru. The ground state branching in the p-decay of 111Ru can
be deduced from the growth-in component in 111Rh decay during the beam-off period (see
Appendix). The fit to the data, from which a 60 % ground state branching was deduced, is
shown in figure 4.14.

Table 4.8. The y-transitions following the B-decay of 111Ru. The intensities are determined
from the (Y)(B)-spectrum and normalized to the 303.8 keV 7-transition intensity.

Energy / keV Relauve intensity  Coincident gamma rays / keV
78.5 (2) 26.4 (9) 251, 304, 554 3), 1265, 1516, 1651
91.3 (3) 2.1 4 304

136.7 (3) 14.4 (10) 114, 223, 304, 1463
186.1 (3) 1y 4.9 (6) 304, 1274 3)
189.1 (3) 2) 16.6 (9) 189, 240, 295, 304, 342, 368
211.7 (2) 77.7 (15) 421, 827, 843, 1266, 1687, 1821
223.0 (3) 6.0 (6) 137, 304, 320
240.0 (3) 1y 2.1 (6) 189
250.5 (2) 22.3 (8) 79, 304, 382, 1266
303.8 (2) 100.0 (23) 79, 91, 137, 157, 172 3), 189, 207, 223,
251, 280, 368, 604, 1266, 1404 3), 1516,
1592, 1729
382.0 (3) 41.3 (15) 171, 251, 1266, 1516, 1651
395.0 (3) 5.4 (7) 172, 221, 269
421.1 (3) 129 (9) 212, 1266
632.8 (3) 8.7 (10)
843.7 (3) 27.7 (22) 212
1054.8 (4) 14.4 (30)
1108.3 (4) 1) 6.7 (16) 189, 304
1265.5 (4) 24.0 (40) 79, 212, 251, 304, 329, 382, 421
1400.8 (4) 11.0 (20) 212, 251, 382, 421
1463.3 (5) 1) 5.5 (11) 137, 304
1515.9 (5) 28.0 (30) 79, 304, 382
1651.0 (5) 9.1 (14)
1686.0 (5) 6.2 (11)
1730.5 (5) 7.1 (14)
1821.1 (5) 149 (15)
1897.5 (5) 5.8 (12)
1) Not placed in the level scheme.
2) Doublet.

3) Not seen in (7)(B) spectrum.



Table 4.9. Internal K-conversion coefficients for transitions in 111Rh.
D: simultaneous measurement of conversion electrons and gamma rays;
B: electron intensity measured from the B-coincident spectrum;
X: electron intensity measured from the Rh K X-ray coincident spectrum;
FX: calculation based on the fluorescence yield of the characteristic K X-rays of Rh.

Transition/keV o (exp) Method ak(theor) Multipolanty
78.5 0.78 (13) B3) E10.255 Ml
0.8 (4 X M1 0.612
0.6 (4 FX E2 2.320
91.3 0.9 (6) X M1 0.396 M1/E2
E2 1.399
136.7 0.12(3) DY) E10.0518 M1l
M1 0.129
E2 0.351
211.7 0.037 (3) D M1 0.0399 M1
0.039(12) X E2 0.0778
250.5 0.023 (10) D2 E10.0094 Ml
M1 0.0257
E2 0.0436
303.8 0.027 (4) D M10.0157 E2
E2 0.0228
382.0 0.011 (5) D M10.0087 E2Ml)
E2 0.0109

1) If the 136.4 keV transition is not present in the decay of 111Rh.
2) The L-230.8 (M1 in 111Pd) intensity is calculated and subtracted from the electron intensity.
3) The conversion electron intensity is normalized to the K-303.8 intensity.

Spin and parity assignments.

The ground state, The 7/2+ assignment for the ground state was deduced from the 111Rh
p-decay properties to the levels of 111Pd, discussed in the next chapter. The main feeding in the
111Rh B-decay goes to the 5/2+, L =2 level at 275 keV and 9/2+ (7/2+), L = 4 level at 412 keV.
For the spin and parity assignments of these levels, see the next chapter. If the ground state
branching is assumed to be zero, the log ft values for these branchings are 4.8 and 5.8. These
log ft values correspond to allowed transitions, resulting in the 7/2%+ assignment. The level
systematics of odd-A Rh nuclei also supports the 7/2* assignment. A triplet of 7/2+, 9/2* and
5/2% levels is expected to appear at low energy in the odd-A Rh nuclei also on the basis of
theoretical calculations (Bre89).
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Figure 4.13. The level scheme of 111Rh. The 1055 keV, 1898 keV and 2033 keV levels are
not given in ref. (Rog90a).

The 211.7 keV level, This level is connected to the ground state with an M1 transition. The
possible spin and parity assignments are therefore 5/2+, 7/2+ and 9/2+. 9/2+ is suggested
because similarity with the decay scheme of 109Ru (Kaf87) is expected. The 206 keV
transition to the ground state in 109Ru has multipolarity M1, and the log ft value for the
206 keV level in the -decay of 109Ru is of the same order as the log ft value of the 211.7 keV
level populated in the B-decay of 111Ru.
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The 303.8 keV level. The 303.8 keV transition to the ground state has E2 multipolarity. The

possible spin and parity values are 3/2+, 5/2+, 7/2+, 9/2+ and 11/2+. There is no transition
between the 303.8 keV and 211.7 keV levels, which may indicate large spin difference
between the corresponding states. Hence, 3/2+ is assigned to this level.

The 382.0 keV level. The multipolarity assignment of M1 for the 78.5 keV transition is based
on ag which was deduced from the conversion electron peak intensity in the B-coincident
electron spectrum. This assignment gives possible spin and parity assignments of 1/2+, 3/2+
and 5/2+ for the 382.0 keV level. For the 382.0 keV transition to the ground state a
multipolarity of E2 was deduced. With the 7/2+ ground state assignment, this observation
excludes 1/2* for the 382.0 keV level. No transition to the 9/2+ level at 211.7 keV was
observed, which would support a 3/2* assignment. The p-decay properties, on the other hand,
support a 5/2* assignment. Spin and parity 5/2+ are suggested in (Rog90a), which is also
consistent with the experimental systematics. Thus, spin and parity 5/2+* are preferred for this
level, but the 3/2+ assignment cannot be excluded.

The 395.0 keV level. A M1 or E2 multipolarity or their mixture was observed for the 91.3 keV
transition. The errors are too large to calculate meaningful mixing ratios. However, if there is
any M1 mixing in the 91.3 keV transition, the possible spin values for the 395.0 keV level
would be 1/2+, 3/2* or 5/2+*, but 7/2* would be excluded. Again, there is no observable
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transition to the 211.7 keV 9/2* level, which implies low spin for the 395.0 keV level. On the
other hand, low spin would hinder the transition to the 7/2* ground state. The ok of the
395.0 keV transition to the ground state corresponds to an E2 multipolarity, but M1 can not be
excluded with the present uncertainty of the ax value. Thus, 1/2+ can be excluded, but the
3/2* and the 5/2+ assignments seem to be equally justified.

In (Rog90a) 3/2* is suggested for the 395.0 keV level. This assignment is based on the
assumption that this state is the lowest member of an intruder band. Such a band is known in
109Rh and also in 113Ag. In ref. (Rog90a) the half-life of the 395.0 keV state is measured to

be 87 (8) ns. In the present measurement a half-life of 901';8 ns can be deduced from the

(B)(Y) TAC spectrum. The lifetime is one of the fingerprints of an intruder band. Hence, a
3/2+ assignment is finally adopted.

The 440.5 keV level, This level decays to the 3/2+ level at 304 keV via the 136.5 keV M1
transition. Decays to the other levels were not observed in the present measurements.
Therefore, a low spin value is expected. The 1/2+ suggested in (Rog90a) is thus adopted. The
level is a candidate for the intruder band member; because of the poor statistics the intruding
states and their nature could not be studied in this work.

The 492.9 keV and 682.0 keV levels. These levels result from a cascade of two 189.1 keV

transitions above the 303.8 keV level. Because no applicable crossing transitions to the
4929 keV level were observed, the transitions were inseparable. The conversion electron
transitions corresponding to these transitions were not observed with the present statistics,
which could imply multipolarity of El at least for one of the transitions. In (Rog90a) the
4929 keV and 682.0 keV levels are assigned to have spin and parity 1/2-and 3/2-,
respectively. These assignments are adopted in the level scheme.

The 632.8 and 663.5 keV levels, The 633.5 keV level is connected to the assumed 5/2(3/2)+
level at 382.0 keV via an M1 transition. The intensity ratio of the 250.5 keV, 421.1 keV and
632.8 keV transition supports 5/2+ assignment rather than an 1/2+ or a 3/2+ assignment. The
663.5 keV level is suggested to be an intruder band member (Rog90a).

The 1054.8. 1897.5 and 2033 keV levels: The low log ft values for these levels imply spins

and parities similar to the ground state. Thus, 5/2+, 7/2+ or 9/2+ is suggested for these levels.



The level scheme of 111Pd

Levels of 111Pd have been studied using the 110Pd(d,p)!11Pd reaction (Bla90). These levels
have also been studied via 111Rh B-decay in (Kaf84). However, the decay scheme given in
(Kaf84) is tentative. In the present work the level scheme of 111Pd was reconstructed using
the observed data given in table 4.10. In the present work also the multipolarities were
deduced for seven transitions on the basis of internal conversion coefficients. No experimental
multipolarity assignments existed prior to the present study. A simultaneous intensity
measurement of gamma rays and conversion electrons was possible for five transitions; for two
transitions the gamma transition and the conversion electron transition intensities were
measured separately and then normalized to the 275.4 keV transition. The K-conversion
electrons of the 71.0 keV and 72.3 keV transitions produced a doublet in the singles electron
spectrum. This doublet cannot be directly be resolved because of the 3.0 keV FWHM and
strong tailing of these two peaks separated only by 1.3 keV and also because of high
background compared to the peak intensities. Fortunately, the 72.3 keV transition was
observed to disappear in coincidence with beta particles. This level was assigned to the sj/2
single particle state, as an analogy to the 116 keV and 113 keV transitions in 107Pd and 109Pd
with half-lives of 0.85 s and 0.38 ps, respectively (Bla90). The Weisskopf estimate for a
72.3 keV E2 transition is 1.2 ps. The lifetime of this level could not be deduced due to poor
statistics. However, its lifetime was utilized in deducing the conversion coefficients. The
K-conversion of the 71.0 keV transition was deduced from the p-coincident conversion electron
spectrum,; the intensity of the K-72.3 keV transition was then taken from the electron singles
spectrum by subtracting the calculated contribution of the 71.0 keV transition in the
K-71.0/K-72.3 doublet. In order to determine the K-231.0 keV transition intensity, the
calculated intensity of the L conversion electrons due to the 211.7 keV M1 transition in 111Rh
was subtracted from the intensity of conversion electrons corresponding to the K-231.0
transition. In addition, the K/L ratio of 8.0 £ 1.3 was observed for the 275.4 keV transition,
which implies L = 1 for the transition. The ak values and multipolarity assignments are given
in table 4.11.

Five gamma transitions, 44.8 keV, 71.0 keV, 80.1 keV, 116.5 keV and 1202.2 keV, which
were not reported in (Kaf84), were assigned to the 111Rh decay. The 44.8 keV and 80.1 keV
transitions were only observed in (Y)(Y) coincidence and low energy singles spectra. On the
other hand, 15 gamma transitions reported in (Kaf84) were not observed, or their observation
was uncertain. This was mainly due to the low statistics, with a few crucial exceptions. In
(Kaf84), a 136.4 keV gamma transition with an intensity which is about half of the intensity of
the 123.0 keV gamma transition was proposed to this decay. In the present studies
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Table 4.10. The y-transitions following the p-decay of 111Rh. The intensities are determined
from the (Y)(B) spectrum and normalized to the 275.4 keV Yy-transition intensity.

Energy / keV Relative mntensity  Coincident gamma rays / keV
448 (4 13 0.14 (4)
T0(2) 2 0.94 (12) 116, 191, 580 2)

7232 3 1.36 (6)
80.1(3) 1) 0.26 (5)

84.7 (2) 0.43 (9)
1165 (2) 2 1.13 (11) 71, 97 2), 191
123.0 (2) 2.00 9) 80, 256, 275, 594 2)
181.0 (3) 1.20 (13) 231
187.0 (3) 1.25 (7)
191.2 (2) 1.95 (15) 71, 221, 259
195.2 (2) 1.4 (2) 80, 157 2)
220.5(3) 0.26 (5)
231.0(2) 8.9 (5 44, 181, 558, 832 2), 858, 1229 2)
255.0 (3) 0.47 (7)
2593 (3) 1.55 (18) 191, 402 2), 529, 830
275.4(1) 100.0 (4) 814
411.8 (2) 9.42 (18)
4499 (3) 0.78 (16)
529(1) 1
558.3(3) 1.7 3 191, 231
594.1(4) 2 1.5 (2)
788.9 (3) 3.8 (5
813.6 (6) 04 (2
830.5 (5) 0.6 (2)
1202.2 (6) 2) 259

1) Seen only in the gamma gated spectrum.
2) Not placed in the level scheme.
3) The intensity is determined from the low energy singles gamma spectrum.

a 136.7 keV gamma transition was observed, but it belongs to the decay of 111Ru instead.
Because of this 136.7 keV gamma transition it is impossible to totally deny the existence of the
136.4 keV gamma transition, but its intensity has to be considerably lower than suggested in
(Kaf84). Furthermore, its placement in the previous tentative level scheme, which seems to be
inspired by the 383 keV L = 2 state observed in the (d,p) reaction, is not confirmed in the
present study. The 189.2 keV gamma transition was neither confirmed because of the presence
of the 189.1 keV doublet in the 111Ru decay. Not even the half-life analysis showed any
longer-lived component in the decay of the 189.1 keV gamma transition, which was the case
for the 136.7 keV gamma transition as well. The 189 keV gamma rays did not appear in
coincidence with the 195.1 keV gamma transition in any measurement, which, together with
the suspects on the 136.4 keV gamma transition, leads to the suggestion to exclude the
384 keV level from the B-decay scheme.
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Figure 4.15. The level scheme of 111Pd. Only the levels confirmed in this work and the
172 keV isomeric level (Sch69) are included. The 259.3 keV and 191.2 keV transitions are
doubly placed and undivided intensity is given. In the beta feedings to the levels the intensity
balances have been taken into account and the upper limits of the B-decay branching are given.
The L assignments are taken from (B1a90).
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The intensity of the 220.5 keV transition in the present measurement is considerably lower than
in the previous one; however, its placement in the level scheme is the same as previously. The
529 keV gamma transition was observed only in the (y)(y) coincidence spectrum. As in
(Kaf84), the 191.2 keV and 259.3 keV transitions are doubly placed in the level scheme to
satisfy the observed coincidence relations. Deduced transition multipolarities support the
previous spin and parity assignments of confirmed levels.

The 71.0 keV and 116.5 keV gamma transitions could not be placed in the level scheme. It
should be noted that these transitions show similarity to the unplaced partial level scheme of
113pq, given in figure 4.15. These similarities are further discussed in chapter S.

Tabled.11. Internal K-conversion coefficients for transitions in 111Pd.
D: simultaneous measurement of conversion electrons and gamma rays;
DS: intensity of conversion electron transitions and gamma transitions deduced
from singles spectra taken in separated runs;
B: electron intensity measured from the B-coincident spectrum;
FX: calculation based on the fluorescence yield of the characteristic X-rays of Pd.

Transition/keV  ox(exp) Method ok (theor)  Multipolanty

71.0 1.14 (17) B E1 0.255 MI1/E2
1.2(6) FX M1 0.612
E2 2.320
72.3 1.8 (3) D!) M10.856 MI/E2
E2 3.058
116.5 0.15 (4) D E10.0863 ElorMl
M1 0.223
E2 0.633
123.0 0.123(15) D E10.0737 ElorMl
M1 0.191
231.0 0.032(8) D2) E10.0124 Ml
M1 0.0349
E2 0.0605
275.4 0.0231¢5) D E10.0076 Ml
M1 0.0221
E2 0.0330
411.8 0.010 (3) DS E10.00267 E2M1)
M1 0.00807
E2 0.00917

1y The K-71.0 keV intensity is calculated and subtracted from the electron intensity.
2) The L-211.7 keV (M1 in 111Rh) intensity is calculated and subtracted from the electron
intensity.
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The level scheme of 113Rh

In the construction of the level scheme of 113Rh the (y)(7) coincidence relations given in
4.12 were used. To give some insight to the quality of the (Y)(Y) coincidence data

without coincidences but corresponding to the energy of the cross-over transition to the ground
n the
level scheme onlu if they were assigned to the decay also on the basis of B-decay half-life.
keV,
211.7 keV and 263.2 keV transitions, as shown in table 4.13. The low production rate of
113Ry made it impossible to determine intemnal conversion coefficients for the other transitions.

state were placed in the level scheme. In general, the cross-over transitions were adopted i

Multipolarities were deduced from the internal conversion coefficients for the 88.1

The deduced level scheme is shown in figure 4.17.

table
, the
Y-spectrum gated by the 88.1 keV y-transition is shown in figure 4.16. The y-transitions
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Table 4.12. The y-ransitions following the B-decay of 113Ru. The intensities are determined
from the (Y)(B) spectrum and normalized to the 263.2 keV y—transition intensity.

Coincident gamma rays / keV

Eneréy/ keV  Relative intensity
88.1

3) 22.4 (22) 228, 263, 483, 658
135.4 (5) weak1)
185.7 (3) 6.6 (8) 263, 337,472 2)
206.1 (3) 2.4 (6)
211.7 3) 31.0 (15) 137, 232, 358 2), 367
227.6 (2) 6.4 (7) 88, 263, 351
232.3(3) 6.1 (6) 136, 212, 298 2)
263.2 (3) 100.0 (40) 150 2), 186, 206, 228, 338, 424 2), 483,
499 2), 571, 715, 746

337503) 27.9 (24) 186, 233, 263, 358 2)
351.2 (4) 12.5 (32) 228
367.0 (4) 4.0 (6)
443.7 (3) 5.4 (12)
482.8 (3) 14.6 (27)
571.0 (3) 4.3 (30)
578.7 (4) 2.1 (6)
600.2 (4) 5.2 (30)
6579 (3) 24.0 (18)
7149 (4) 6.2 9
745.9 (5) weak
834.3 (4) 5.9 (16)

1008.9 (4) 0.7 (4

1) Seen only in the coincidence spectrum.

2) Not placed in the level scheme.

Table 4.13. Internal K-conversion coefficients for transitions in 113Rh.
D: simultaneous measurement of conversion electrons and gamma rays;
B: electron intensity measured from the B-coincident spectrum.

Transiton /keV  ag (exp)

Method ox (theor) Multpolarity

88.1 0.46 (6) E10.183 Ml
0.46 (8) M1 0.439
E2 1.58
211.7 0.06 (2) M10.0399 M1/E2
E2 0.0778
263.2 0.033 (5) M10.0226 E2
E2 0.0368

1) Normalized to the 95.8 keV M1 transition in 111Ag,
2) Normalized to the 263.2 keV E2 transition.
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Figure 4.17. The level scheme of 113Rh,

Ground state branching of the 113Ru decay. The ground state branching in the p-decay of
113Ru was determined in the same way as in the case of 111Ru. However, the analysis of the
data shown in figure 4.5, results in zero ground state branching. This result was unexpected,
because a fast B-decay to the 7/2* ground state of odd-A Rh is observed in the decay of lighter
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odd-A Ru isotopes. It is possible that this reflects a change of the ground state I at 113Ru as
compared with the lighter Ru isotopes. There is, however, also some experimental uncertainty,
and the deduced zero ground state branching in the decay of 113Ru can also result from the
used branching ratios in the B-decay of 113Rh. The absolute branching of
0.38 y-rays/decay for the 348.9 keV transition, which was used in calculation of the number of
decayed 113Ru nuclei, is deduced from the decay scheme given in figure 4.18. The absolute
branching can, however, be considerably lower, if there is a lot of beta feeding directly to the
ground sate of 113Pd; in the present level scheme the ground state branching is assumed to be
zero. The B-feeding to the excited levels that decay directly to the ground state and are not
observed in the present studies have the same effect. However, so far, zero ground state
branching in the B-decay of 113Ru is adopted.

Spin and parity assignments.

The ground state, The spin and parity of the 113Rh ground state were deduced from the
observed B-decay properties. Most of the B-decay goes to the 5/2+ level at 348.9 keV and the
7/2+, 92+ level at 409.3 keV in 113Pd, see figure 4.18. The spin and parity assignments of
these levels will be discussed later. Thus, 7/2+ is suggested for the 113Rh ground state. This
is consistent also with theoretical calculations (Bre89) and with the systematics of the lighter
odd-A Rh nuclei 107Rh, 109Rh and 111Rh. The very low branching to the ground state in the
B-decay of 113Ru would then imply lower spin for the ground state of 113Ru than 5/2
suggested for the lighter odd-A Ru isotopes.

The 211.8 keV level, This level is connected to the ground state with an M1/E2 transition.
The possible spin and parity assignments are 5/2+, 7/2* and 9/2+. In the case of 111Rh the
lowest transition seems to be pure M1. In 113Rh the 211.8 keV transition seems to have at
least some E2 mixing. From the systematics 9/2* seems to be a reasonable choice. The
relatively low log ft value is against this assignment, if the low branching to the ground state in
the B-decay is accepted. This could result from unobserved, high energy gamma transitions to
the 211.8 keV level. In the case of 111Rh, there is a reasonable amount of feeding to the 9/2+
state from levels above 1 MeV; in the case of 113Rh, these transitions are not observed, which
may be due to low statistics. Thus, despite the relatively low log ft , 9/2* is suggested for this
level.

The 263.2 keV level, The 263.2 keV transition to the ground state has an E2 multipolarity,
which reminds of the situation in 111Rh. Neither is there any observable transition between the
263.2 keV and 211.8 keV levels. The strong B-decay feeding this level is different from that of
the 303.8 keV level in 111Rh, which is consistent with the low-spin assignment for the ground
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state of 113Ru. Spin and parity 3/2+ are thus suggested for this level, which is also supported
by the level systematics.

The 351.2 keV level, The M1 multipolarity was deduced for the 88.1 keV transition feeding
the (3/2%) state at 263.2 keV. This results in possible spin and parity values of 1/2+, 3/2+ and
5/2*. The feeding in the B-decay to this level is small, which could support a 5/2* assignment.
The level lifetime measurements at A = 113 showed no measurable lifetime for this level,
within the limitations set by poor statistics. This result implies that the 351.2 keV state is not
a member of the intruder band. This was expected, since the lowest member of the intruder
band was observed at 395.0 keV in 111Rh and the intruder band should appear at higher
excitation energy in 113Rh. Therefore, it can be deduced from the systematics that the
351.2 keV state can have the same origin as the 5/2+ (or 3/2+) state at 382.0 keV in 111Rh.

The 443.7 keV level, This state decays both to the 9/2+ level at 211.8 keV and to the 7/2+
ground state. Even though the intensity of these transitions is low, high multipolarity would
produce a measurable amount of conversion electrons. Thus, change of spin in these
transitions is deduced to be < 2 units, leading to possible spin values of 5/2, 7/2, 9/2, 11/2 and
13/2. Furthermore, no transitions to the 5/2+ level at 351.2 keV or to the 3/2+ level at
263.2 keV are observed. Thus, spin 9/2 is suggested, even though 5/2 or 7/2 cannot be
excluded. Spin values of 11/2 or 13/2 are not probable, since the level is at least to some extent
fed in the B-decay. The weak 135.4 keV transition from the 578.7 keV level, seen only in the
coincidence spectrum, does not help in excluding any of these spin values.

The 578.7 keV level decays to all the levels below except for the (3/2)* level at 263.2 keV.
Thus, a spin value of 7/2 or 9/2 is suggested for this level. The relatively high log ft supports
this assignment.

The 600.2 keV leve]l, This level is relatively strongly fed in the B-decay. This would imply a
similar spin as that of the 263.2 keV level. The level has a stronger decay to the (3/2) state at
263.2 keV than to the 7/2* ground state, which possibly implies spin 3/2 or 5/2. The level
could then be the lowest member of the intruder band. The lifetime of this level could not be
measured in the present studies, and the intruder band suggestion is based on low spin and
extrapolation of level systematics. If the speculations are continued, the 185.7 keV transition
could be an interband transition from the 7/2+ state at 787 keV, while the 5/2+ and 1/2+ states
are not seen with the present statistics.

The 834.2 and 1008.9 keV levels are strongly fed in the p-decay. However, despite a larger Qg

window as compared with the 111Ru decay, only levels below 1 MeV are populated. The low
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yield of 113Ru and low detection efficiency for high energy gamma rays may limit the
possibilities of observing the B-decay to the levels at high excitation energy, and the absolute
log ft values deduced from the present data may be in error. Spin 1/2, 3/2 or 5/2 is thus
suggested for both of these levels, but these assignments have to be considered as preliminary.

Besides the intruder band, also negative parity states originating from the pj/; orbital are
expected (Bre89), (Rog90c). Simple extrapolation from the lighter odd-A Rh isotopes gives
the excitation energy of about 620 keV for the 1/2- state. The properties of the 601 keV and
579 keV states do not fit this picture. The reasonable candidates for negative parity states are
the 978 keV state and the 787 keV. The latter was also speculated to be the intruder band
member. More experiments, especially concentrating on lifetime measurements, are clearly
needed to identify the intruder band members.

The level scheme of 113Pd

The level scheme of 113Pd was deduced mainly from the (y)(y)-coincidence relations given in
table 4.14. Multipolarity of 14 transitions was deduced from the internal conversion
coefficients. At low energy, the copiously produced 43.2 keV 7/2% isomer in 113Ag tends to
disturb conversion electron measurements. Fortunately, the conversion electrons due to this
isomer disappeared in B-coincident electron spectra, as well as the conversion electrons due to
the 81.3 keV M2 transition de-exciting the 9/2~ isomeric state in 113Pd. For the determination
of the ICC for the 81.3 keV transition, the calculated intensity of the K-conversion electrons
due to the 79.7 keV M1 transition was subtracted from the intensity of the K-79.7/K-81.3
doublet in the singles conversion electron spectrum. The multipolarity of the 79.7 keV
transition results from the ICC deduced from the B-gated spectra. The deduced K/L ratio for
the 81.3keV transition is 4.1 £ 1.2 which implies L = 2 for this transition. For the 34.9 keV
transition, only L conversion electrons were possible to observe. The internal conversion
coefficients and the deduced multipolarities of transitions are shown in table 4.15.

Spin and parity assignments.

The ground state, The spin and parity 5/2% were uniquely assigned to the ground state of
113pqd in (Fog88). The assignment was based on the observed B-decay properties of 113pd.

The 34.9 keV level, The observed (Y)(y) coincidence data can be explained only by introducing
a level at 34.9 keV, as seen in the level scheme given in figure 4.18. The 34.9 keV gamma
transition did not appear in the (y)(y) spectra, but it was observed in the low energy gamma

singles spectrum. More evidence of this transition was obtained from the singles electron
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Table 4.14. The y-transitions following the p-decay of 113Rh. The intensities are

determined from the (y)(B) spectrum, except the intensity of transitions from isomeric states.
The intensities are normalized to the 348.9 keV y-transition intensity.

Energy / keV Relatuve intensity  Coincident gamma rays / keV
349(3) 1 L2 (2)
79.7 (3) 2.7 3 97, 121, 138, 157, 609
81.1(3) 1 6.9 (4)
849 (2) 2 8.2 (5) 119, 135, 255, 9802), 1053 2), 1124 2)
96.8 (3) 1.8 (3) 217, 252
100.4 (3) 0.7 (1)
116.8 (2) 9.7 (5) 100, 197, 221, 258, 349
119.4(3) 2 0.5 (1)
120.8 (3) 2.2 (3 138, 217, 252, 358
135.0(2) 2 2.8 (3 85, 119
137.5 (2) 7.8 (3) 80, 157, 237, 609
151.8 (3) 7.4 (4) 100, 197,221, 258, 349, 358, 747.52)
157.1 (3) 5.7 4 80, 138, 217, 252
159.9 (3) 4.8 (5 190
189.7 (2) 45.0 (8) 160, 220, 265, 311, 349, 542, 9332),12262)
197.0 (4) 09 (3 117
217.0 2) 9.1 (4 97, 121, 157, 358, 609
219.6 (3) 10.3 (6) 190
221.0 (3) 4.3 (5) 117, 152, 358
236.7 (4) 09 3
252.1 (3) 6.8 (5 97, 121, 157, 609
254.8 (5) 3) 1.2 (4)
257.5 (4) 2.7 (4) 117, 152, 333, 340, 672
265.0 (3) 2.8 (4) 190
310.8 (4) 1.2 (3) 190
332.7 (3) 2) 2.0 (3) 258, 340
339.1 (4) 3 weak 258, 333
348.5(6) 4 2.2 (5 117, 152
348.9 (5) 4) 2.1 (5 190
348.9 (3) 100.0 (9)
357.6 (3) 4.5 (3) 117, 121, 221, 252, 339
373.1 (4 1.8 (4
409.3 (3) 42.2 (8)
454.7 (4) 2.8 (4)
500.3 (3) 5.5 (4)
538.8 (4) 7.0 (5
543.0 (4) 3.8 4)
609.0 (3) 6.8 (5 80, 138, 217, 252
671.1 (4) 2.3 (5
749.1 (4) 1.7 4)
932.7 (4) 3.8 (5
980.0 (5) 2.0 (4)
1053.0 (5) 1.9 (4)

1) Intensity from the singles spectrum.

2) Not placed in the level scheme.

3) Seen only in the (y)(y) spectrum.

4) Intensity deduced from the (y)(y) spectrum.
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Table 4.15. Internal K-conversion coefficients for transitions in 113Pd.
D: simultaneous measurement of conversion electrons and gamma rays;
DS: intensity of conversion electrons and gamma rays deduced from singles
spectra taken in separated runs;
B: electron intensity measured from the B-coincident spectrum.

TransitionkeV ok (exp) Method oy (theor)  Multipolanty
349 a=29(7) D a,MI)=1.5 E2
ar(E2)=40
79.7 0.56(15) Bl El 0254 M1l
M1 0.645
E2 2.235
81.3 5.409) D2) M10.610 M2
E2 2.096
M2 7.043
84.9 0.12(3) B1) E1 0212 El
M1 0.539
116.8 0.31(3) D M10.220 MI/E2
E2 0.623
120.7 0.52(11) D M10201 E2
0.57 (12) DS E2 0.557
135.1 0.15 (5) D M10.147 Ml
E2 0.377
137.5 0.16 (3) D M10.140 Ml
E2 0.355
151.8 0.08(2) D E10.0403 Ml
M1 0.107
189.7 0.063 (4) D E10.0215 Ml
M1 0.0586
E20.117
217.0 0.05 (3) DS M10.0411 MI1/E2
E2 0.0745
252.1 0.04 (3) DS M10.0278 E2/M1
E2 0.0445
348.9 0.0144(20) D M10.0121 MI1/E2
E2 0.0152
409.5 0.020 (6) DS M1 0.00818 E2
E2 0.00932
M2 0.0293

1) Normalized to the 189.7 keV M1 transition in 113Pd.
2) The K-79.7 (M1 in 113Pq) intensity is calculated and subtracted from the electron intensity.
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A peak in the singles conversion electron spectrum with an energy of 32.4 keV was observed,
which corresponds to the L-34.9 transition in Pd. The K-conversion electrons have too low
energy to be observed in the present measurements. Coincidence measurements between the
conversion electrons and L X—rays which would possibly have confirmed the identification of
the 32.4 keV conversion electrons were neither possible to perform. The deduced L
conversion for the 34.9 keV transition implies an E2 multipolarity. An 1/2% level at low
energy is expected on the basis of the level systematics of the odd-A Pd nuclei 109Pd and
111pd, Spin and parity 1/2% were assigned for the 34.9 keV level. Furthermore, these can
also be deduced from the multipolarities of the 116.8 keV, 137.5 keV and 217.0 keV
transitions populating the 34.9 keV level. Due to the E2 multipolarity a relatively long lifetime
of the corresponding state is expected. The non-observation of the 34.9 keV gamma transition
in coincidence with B-particles also implies that the level has a lifetime much longer than the
1ps coincidence window used. The Weisskopf estimate for the half-life of a 34.9 keV E2
transition is 5 ps.

The 81.3 keV level, The isomeric state in 113Pd was found as explained in chapter 4.3. The
multipolarity of the transition was deduced to be M2. No coincidences were observed for the
81.3 keV gamma rays. Thus, there are two possibilities to locate the transition: above the
ground state, or above the 34.9 keV level, which also may have a lifetime long enough to
hinder coincidences. On the basis of the experimental systematics of the odd-A Pd nuclei a
high spin is expected for the isomeric state. The systematics thus support the 1/2* assignment
for the 34.9 keV level and the location of the 81.3 keV transition above the 5/2% ground state.
If the 81.3 keV M2 transition is populating the 1/2+ state, the possible spins of the initial state
would be 1/2, 3/2 or 5/2. A state with such a low spin could be expected to decay in very
competitive way also to the ground state. The highest possible spin for the 81.3 keV level is
9/2 and this spin with negative parity is suggested for this level. On the basis of the
systematics 11/2- was expected. This exception from the systematics is discussed in chapter S.

The 151.8 keV Jevel is connected to the ground state via an M1 and to the 34.9 keV level via
an M 1/E2 transition. Spin and parity 3/2+ are thus suggested.

The 172.4 keV level, The placement of this level is fixed by the 236.7 keV gamma transition
and the intensity ratio between the 79.7 keV and 137.5 keV transitions. Without the 236.7 keV
transition the order of the 79.7 keV and 137.5 keV transitions could be switched. This level is
connected to the 1/2% level at 34.9 keV via an M1 transition and to the 252.1keV level also via
an M1 transition. Since no decay to the ground state is observed, a spin difference as large as
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possible between the 172.4 keV level and the ground state is assumed and a spin and parity
172+ are suggested also for this level.

The 189.7 keV level is connected to the ground state via the second most intense transition in
the whole decay. The M1 assignment of the 189.7 keV transition implies a spin and parity of
3/2%, 5/2% or 7/2* for this level. The relatively large B-decay branching to the 189.7 keV level
implies a spin of 5/2, 7/2 or 9/2, if the ground state of 113Rh is assumed to be 7/2%. Since no
decay to the 1/2% level at 349 keV is observed, 7/2+ is preferred over 5/2+.

The 252.1 keV leve] populates the 5/2+ ground state and the 1/2+ level at 34.9 keV via M1/E2
transitions. It is also connected via an M1 transition to the 172.4 keV level, for which spin
and parity of 1/2% were deduced. The 3/2% assignment for this level is suggested. If the
252.1 keV transition is E2 with no M1 mixing, which is possible within the precision of the ax
measurement, an 1/2* assignment becomes also possible.

The 3489 keV level, The 348.9 keV gamma transition is the most intense in the decay of
113Rh, It was assigned to this decay via (e-)(X) coincidences and its half-life.

The 348.9 keV level is de-excited by several gamma cascades to the ground state, as seen in the
level scheme in figure 4.18. The intense 348.9 keV transition was also placed to de-excite this
level. However, some weak coincidences between the 349 keV gamma rays and the
189.7 keV, 151.9 keV and 116.8 keV transitions were observed. These coincidences were far
too weak to be coincidences between the intense transition from the 348.9 keV level to the
ground state. The 189.7 keV transition is the second most intense transition in the p-decay of
113Rh. Furthermore, the exact energy of the 349 keV y-rays observed in coincidence with the
116.8 keV and 151.9 keV -transitions is 348.5 (6) keV.

The observed coincidences and intensities are explained by the multiple placement of 349 keV
transitions. The 348.5 keV transition in coincidence with the 116.8 keV and 151.9 keV
transitions fits energetically to the transition from the 500.3 keV level to the 151.9 keV level.
Another 348.9 keV transition was placed above the 189.7 keV level, resulting in a level at
538.8 keV. This level is confirmed by a cross-over transition to the ground state.

Most of the observed gamma intensity in the 349 keV peak belongs to the transition from the
348.9 keV level to the ground state. No coincidences between this 348.9 keV gamma transition
and other gamma transitions were observed. From the (Y)(Y) coincidence spectra the intensities
of the 348.5 keV transition and the 348.9 keV transition from the 538.6 keV level to the
189.7 keV level can be deduced to be 2.2 (5) and 2.1 (5), respectively, as compared with
100.0 (9) for the 348.9 keV gamma transition to the ground state. The angular correlation
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effects are not taken into account in these numbers. Anyhow, they are believed to be neglible
because of the used tight detector geometry.

The two low-intensity transitions were neglected in deducing of the ak coefficient for the most
intense 348.9 keV transition. Their effect is less than 5 % and it is taken into account in the
error of the deduced ax. The M1/E2 multipolarity for the 348.9 keV transition suggests a
3/2%, 572+ or 7/2t assignment for the 348.9 keV level. If the ground state of 113Rh is
assumed to be 7/2%, the strong B-feeding to this level, which results in log ft of 5.0, implies
possible spin values of 5/2, 7/2 and 9/2. The strong p-feeding gives reason to believe that spin
and parity are similar to the other strongly populated levels at 189.7 keV and 409.3 keV,
respectively. Thus, spin and parity values of 52+ or 7/2* are preferred over 3/2%.

The 373.1 keV level is connected via a 120.8 keV E2 transition to the 3/2+ (1/27%) level at
252.1 keV, implying positive parity for the 373.1 keV level. The multipolarity of the
221.0 keV from the 373.1 keV level transition was unmeasurable due to its low electron
intensity. Since the 221.0 keV transition connects positive parity states, El is ruled out . The
multipolarity of this transition has to be M1 or E2. If M1 is assumed, the 3/2% assignment of
the 151.9 keV level gives the possible spin and parity values of 1/2+, 3/2* and 5/2*. Low -
feeding to this level supports an 1/2% or a 3/2t assignment over 5/2%.

No measurable lifetime was connected to this level. The Weisskopf estimate for the partial
half-life of the 120.8 keV E2 transition is 385 ns. This should result in a lifetime of about
100 ns for the level when the gamma branchings are taken into account. The observed fast E2
transition may imply collectivity of the 373.1 keV state.

The 408.3 keV level is placed in the level scheme on the basis of the (y)(y) coincidence data.
The 408.3 keV cross-over transition to the ground state was impossible to observe because of
the strong 409.3 keV transition and the 407.0 keV gamma transition from the 97Y decay. The
408.3 keV cross-over transition is thus not placed in the level scheme.

The 409.3 keV level decays to the ground state via an E2 transition. The deduced ox
coefficient given in table 4.15 is high for an E2 transition even within the quoted errors, but the
intensity supports E2 assignment. Strong B-feeding to this level implies spin values similar to
those of the other strongly populated levels at 189.7 keV and 348.9 keV, namely 5/2 or 7/2. A
9/2 spin assignment is not very probable for any of these levels. If M1 multipolarity is assumed
for the 157.1 keV, 219.6 keV and 236.7 keV transitions, spin and parity 5/2% results for the
409.3 keV level. The M1 assumption is reasonable according to the conversion electron yield
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of these transitions, and it is also consistent with the previous spin and parity assignments for
the levels at 172.4 keV, 189.7 keV and 252.1 keV.

The 500.3 keV leve] is another level resulting from the multiply placed 349 keV transition.
A transition energy of 348.5 keV is adopted from the (Y)(y) spectrum. The decay properties of

the level to the levels below support a low spin assignment for this level. This fact combined
with the relatively high p-feeding results in a 5/2% assignment for the level.

The 538.8 keV level, The third 349 keV gamma transition was placed to de-excite this level.
No spin or parity are suggested.

The 730.6 keV leve] results from the placement of the 357.6 keV transition. A 730.9 keV
gamma transition is seen in the (y)(B) spectrum, but there is no other evidence for this cross-

over transition. Thus, the 730.9 keV cross-over transition is not placed in the level scheme.

The 741.0 keV level is based on the observation of the 332.7 keV and the 339.1 keV gamma
transitions in coincidence with each other and also with the 257.9 keV gamma transition. The
order of the 332.7 keV and 339.1 keV gamma transitions is based on the higher intensity of the
332.7 keV transition. No cross-over transitions from this level were observed.

The 861.2 kev level results from the placement of the 609.0 keV transition. A 861.2 keV
gamma transition is observed also in the (y)(B) spectrum, but its intensity is too low for a half-

life analysis and it can be assigned to the level scheme by the energy only. Therefore, the
861.2 keV cross-over transition is not placed in the level scheme.

The 1080.1 keV level is fixed by the 671.1 keV gamma transition. The intensity of the
339.1 keV gamma transition could not be determined from the B-coincident spectrum, but it
was placed in the level scheme on the basis of the (y)(y) coincidences.

The unplaced transitions. In figure 4.19 an unplaced partial level scheme of 113Pd is given.
The half-life of the 84.9 keV y-transition observed in coincidence with B-particles show that
these transitions are following the B-decay of 113Rh. However, these transitions are not
observed in coincidence with the other transitions belonging to the p-decay of 113Rh. The
84.9 keV y-transition is also connected with a lifetime of Ty = 53 (4) ns, which is deduced
from the (y)(B)-TAC spectrum. It can be the same 84.9 keV transition reported in (Joh70), in
which the 84.9 keV gamma transition was assigned to mass number A = 115 or A = 114 and
connected with a half-life of 61 ns (25 %). The hindrance of this E1 transition as compared
to the Weisskopf estimate is of the order of 10.
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The level scheme of 115Pd

Altogether 23 gamma transitions were assigned to the p-decay of 115Rh. Eighteen transitions
were placed in the level scheme on the basis of the (y)(y) coincidences given in table 4.16.
The deduced level scheme is shown in figure 4.20. A 89.4 keV E3 transition was observed
only via (e7)(X) coincidences. This transition is de-exciting a partly B-decaying negative parity
isomeric state in 115Pd, which decays with a half-life of 50 s (Fog88), (Fog90).

It was not possible to determine the ICC values in a direct simultaneous measurement of
gamma rays and conversion electrons, because several strong converted transitions produced
by the other activities — 115Ag, 115Cd, 99Nb, 99Zr — were present in the singles electron
spectrum. The multiple peaks in the electron spectrum were impossible to be solved uniquely.
However, the relative intensities of the converted transitions in 115Pd can be deduced from the
conversion electron spectrum gated by the Ky X-rays of Pd, in which the corresponding peaks
showed up as seen in figure 3.6.d). On the other hand, the fluorescent yield of the
characteristic X-rays due to the 127.9 keV transition can be deduced by gating the gamma
spectrum by the 340.5 keV, 305.4 keV, 227.0keV,278.0 keV and 448.3 keV transitions. The
ox was deduced for the 127.9 keV transition on the basis of the yield of the characteristic K X-
rays of Pd. The other ak values given in table 4.17 are normalized to this experimental value.
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Table 4.16. The y-transitions following the B-decay of 115Rh. The intensities are determined
from the (y)(B) spectrum and normalized to the 127.9 keV ¥-transition intensity.

Energy / keV Relative intensity  Coincident gamma rays / keV

385(@) 1) 2.3 (5)

101.1 (2) 6.6 (5) 126, 128, 164, 223, 254

125.6 (3) 3) 78.0 (35) 101, 128, 179, 223, 323, 498 1), 882 1),

1088, 247 4)
127.9 (2) 100.0 (8) 101, 126, 179, 227, 279, 305, 323, 341,
4011), 423 1), 450, 987, 1088, 1213

164.5 (2) 3 17.0 (14) 101, 179

179.8 (3) 3y 19.2 (15) 126, 128, 164, 254, 416 5)

198.4 (3) 1) 3.5 4) 391)

2229 (3) 2.0 4

227.0 (3) 2.9 (6)

2353(3) 1 10.6 (17)

253.7 (3) 12.6 (22) 179

270.1(3) 1 11.4 (8)

278.0 (3) 4.0 (7)

296.3 (3) 23.8 (11) 1382),1721),281 1)

305.4 (3) 49 (D 128

322.9 (3) 3.6 (6) .

340.5 (3) 12.0 (8) 128,205 1), 462 1)

4009 (3) 1) 3.5 (6)

423.6 (4) 1) 9.1 (8)

448.8 (4) 2.5 (6)

883.4(5) 1) 4.7 9)

986.3 (4) 4.6 (8)

1087.0 (5) 9.0 (13)

1212.3 (6) 2.6 (6)

1) Not placed in the level scheme.

2) Seen only in the gamma gated spectrum.

3) Doublet; energy and intensity are deduced from the gamma gated spectrum.
4y 115pd decay.

5) 99Zr decay.

An additional correction was needed to the relative intensities of the electron transitions
deduced from the K X-ray gated spectrum, because the observed intensity of a transition is
effected by the conversion of other transitions in the cascade. The X-rays produced by the
conversion of a transition can be observed in coincidence with another converted transition in
cascade with the first one. This effect is seen in figures 3.6.d) and 4.2. by the presence of L-
conversion electrons that cannot otherwise appear in coincidence with K X-rays.
Unfortunately, the intensity of L-conversion electrons in the conversion electron spectrum
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gated by the Ko X-rays of Pd is so low that the effect cannot be deduced directly. Instead, the
effect can be estimated using the branching ratios deduced from the level scheme and the
conversion coefficient of the transitions. Because the correction effects on the electron
transition intensities and thus on the conversion coefficients, making of the correction is, even
though straightforwad, not a one step process. The effect was first calculated from the
uncorrected intensities. The calculation was then repeated with the corrected intensities. After
a few iteration the necessary correction was estimated to about 22% for the K-101.1 keV,
about 25% for the K-125.6 keV, about 12% for the K-127.9 keV and about 22% for the
K-179.8 keV transition.

Table 4.17. Internal K-conversion coefficients for transitions in 115Pd.
X: electron intensity is obtained from the spectrum gated by the Kq X-rays of Pd;
FX: calculation is based on the fluorescence yield of the characteristic K X-rays of Pd."

Transition / keV ak (exp) Method ox (theor) Multipolarity

T01.1 05018 x 1) El 0.120  MI/E2
M1 0:329
E2 1.019
125.6 0.18(8) X1 E10.0689 MI (E2)
0.15(10)0 EX M10.179
E2 0.483
127.9 020(5)  FX El 0.0657 MI1/E2
M10.171
E2 0.456
179.9 0.054(18) X1y E100249 Ml
M1 0.0676
E2 0.140
296.3 0.0097 (46) X 1 El 000624 E1 (MI)
M1 0.0184
E2 0.0258

1) Normalized to the experimental ag = 0.20 (5) of the 127.9 keV transition.

In addition, the multipolarity of the 164.5 keV transition is indirectly deduced as E1, since the
K-164.5 electron transition is not observed in the electron spectrum. If the 164.5 keV transition
is M1, the K-164.5 keV transition intensity should be about the same as the intensity of the
K-179.8 transition. The E3 multipolarity adopted for the 89.4 keV transition from (Fog88),
(Fog90). The ICC of this transition was impossible to deduce in the present work, since the
89.4 keV gamma rays were not observed in the singles gamma ray spectrum. The background
conditions in the present measurements were such that the upper limit of the intensity of the
89.4 keV y-transition is 0.7% of the intensity of the 127.9 keV y-transition. This results in
ok 2 11 for the 89.4 keV transition.
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Figure 4.20. The level scheme of 115Pd. The zero ground state branching is based on the
measurement; for details, see the text and (Ays88a).

The ground state branching in the 115Rh B-decay was determined experimentally. A p-
telescope consisting of a AEg and a 6 cm thick plastic scintillator was used as -counter. The
total intensity of the 115Rh p-decay was deduced from the 1.0 s component in the decay of the
mass separated A = 115 source. There were other short-lived B-activities in the source due to
A =99 contaminations. The nuclei with A = 99 were mass separated as monoxide molecules,
as explained in chapter 3. Their contribution was taken into account by subtracting a
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background time spectrum experimentally measured at A = 99 and then normalized with the
gamma transition intensities observed in a simultaneously measured (y)() spectrum. The B-
feeding to the excited states of 115Pd was deduced from the gamma transition intensity in the
(Y)(B) spectrum. The total p-intensity and B-feeding to the excited states appeared to be equal .
with 15 % uncertainty. Thus, a zero ground state branching was deduced for the 115Rh p-
decay (Ays88a).

Spin and parity assignments.

The ground state. The ground state of 115Pd is assigned to be 5/2+ or 3/2+. The isomeric state
at 89.4 keV is assigned to be 11/2- or 9/2-, respectively (Fog88). In the present measurement
the ground state branching in the 115Rh decay was determined experimentally to be zero, as
explained above. Spin and parity 7/2% can be assumed for the ground state of 115Rh on the
basis of the levels systematics of lighter odd-A Rh'nuclei, while the observed zero ground state
branching supports a 3/2* assignment. The p-decay properties of the isotone, 113Ru, also
support a spin lower than 5/2 for the ground state of this nucleus. A change of the ground state
IT from 5/2* to 3/2*+ would then be connected with the increasing of neutron number.

The 89.4 keV level. The isomerism in odd-A Pd nuclei arises from the low-lying hj1/2 single
particle neutron state. The lowest levels in odd-A Pd nuclei correspond to single particle states.
The E3 assignment of the 89.4 keV transition results in an 11/2- or 9/2- assignment for the
isomeric state, depending on the spin and parity 5/2* or 3/2* of the ground state.

The 127.9 keV and 253.7 keV levels. The 125.6 keV and 127.9 keV transitions have similar

axk coefficients and they have either M1 or E2 multipolarity. Thus, there is no parity change
between the ground state and the 127.9 keV and 253.7 keV levels. The 164.5 keV transition
does involve a parity change. This is consistent with an E1 assignment made above. The El
assignment means a change of one spin unit between the 253.7 keV level and the isomeric
11/2 (9/2) level. On the other hand, because the 253.6 keV gamma cross-over transition is
observed but the corresponding conversion electron transition is not, the change in spin
between the ground state and the 253.7 keV level cannot be higher than 2 units. Thus, the spin
and parity of the 253.7 keV level are fixed to 9/2 (7/2)*. The relatively low log ft value in the
B-decay of 115Rh to this level supports the 9/2+ assignment. The spin and parity of the
127.9 keV level depend on the multipolarity of the 125.6 keV and the 129.7 keV transitions. If
they both include an M1 component, the only possibility for the spin and parity of the 129.7
keV level is 7/2 (5/2)*. If any of them is purely E2, spin and parity values of 5/2 (3/2) and
9/2 (7/2)* also become possible.
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The 296,3 keV Jevel. The B-decay properties support spins from 5/2 to 9/2, if the ground state
of 115Rh is 7/2*. Because the conversion electron measurement results in an L = 1 (E1 or M1)
assignment for the 296.3 keV transition to the ground state, it seems that the spin 9/2 is
excluded.

Other levels, Noadditional spin and parity assignments were made. A noteworthy thing in the
presented level scheme is that the 1/2* single-quasiparticle state, corresponding to the sy
neutron single-particle orbital, which appears at low energies in the lighter Pd isotopes and is
expected on the basis of shell-model calculations, is not found. On the basis of systematics the
1/2+ state could be expected to be the ground ft:ne of 115pd. Spin and parity 1/2+ for the
ground state seems to be ruled out, but here are 12 transitions given in table 4.16 that are not
placed in the present level scheme, which reflects the fact the level scheme of 115Pd is at least
as complicated as the level scheme of 113Pd. Further experiments are needed to complete the
level scheme of 115Pd. The location of the 1/2+ single-quasiparticle state is one interesting
question. Another interesting question is the origin of the possible 3/2+ ground state, since
such a state has not been seen at low excitation energy in the lighter odd-A Pd isotopes.

The level scheme of 117Pd

The 34.5 keV, 97.1 keV, 131.7 keV, 168.6 keV and 481.6 keV gamma transitions were
observed in coincidence with characteristic K X-rays of Pd, as explained in chapters 4.1. and
4.2. The first four of these transitions, in addition with a 71.5 keV transition, are mostly
produced in the decay of a 19 ms isomeric state in 117Pd. The first three transitions and the
481.6 keV transition are also following the p-decay of 117Rh. The production rate of 117mpd
in the present measurements was about one order of magnitude higher than the production rate
of 117Rh.

The 34.6 keV transition was observed in coincidence with the 168.8 keV and the 97.1 keV
¥-transitions. Since the sum of the 34.6 keV and the 97.1 keV transitions is 131.7 keV,
the 34.5 keV and 131.7 keV levels and the corresponding transitions were placed in the level
scheme as shown in figure 4.21. The 203.1 keV level results from the placement of the
168.6 keV transition in the level scheme. The energy difference of the 131.7 keV and the
203.1 keV levels is 71.4 keV. A converted transition corresponding to a 71.5 keV 7-transition
in Pd was observed in coincidence with the characteristic K X-rays of Pd. A 71.5 keV gamma
transition was also observed in the singles gamma spectrum. Unfortunately, there was also a
71.1 keV transition following the decay of 117In present in the low energy gamma spectrum.
The energy resolution of 800 eV at FWHM of the 1.4 cm3 Ge-detector did not allow a unique
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solution of this doublet; therefore, the intensity of the 71.1 keV gamma transition was deduced
from the intensity of the 89.7 keV gamma rays belonging to the same decay (Led79). The
intensity of the 71.5 keV gamma transition was deduced by subtracting the calculated intensity
of the 71.1 keV gamma transition. The placement of the 71.5 keV transition in the level
scheme is obvious, even though it was not confirmed via any coincidences. Furthermore, the
71.5 keV transition explains why the 131.7 keV transition can be seen in coincidence with the
characteristic X-rays of Pd. The multipolarities of the observed transitions were determined by
conversion electron measurements. The results are given in table 4.18.
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Figure 4.21. The level scheme of 117Pd. The 131.7 keV transition is assumed to have a 85 %
E2 contribution on the basis of the observed ax. The right part of the figure shows the levels
in 117Pd known from the decay of the isomeric state which is fed directly in fission.
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Table 4.18. The internal conversion coefficients of transitions in 117Pd.
D: simultaneous measurement of conversion electrons and gamma rays;
EX: calculation based on the fluorescence yield of the characteristic X-rays of Pd.

Transition / keV ok (exp) Method ax (theor) Multipolarity
34.5 7.109) FX MI1 7.34 Ml
o,=062(18) D o (M1) =0.83
71.5 7 +15 D)) E2 3.15 M2
-4 M211.3
97.1 0.42 (16) D M1 0.369 Ml
131.7 0.38 (9) D M1 0.158 E2/M1
E2 0412
168.6 0.55 (7) D M2 0.518 M2

1) y—transition intensity is deduced by subtracting the calculated intensity of the 71.1 keV
gamma rays from the total intensity of the 71.5keV/71.1keV doublet.

The energy levels of 117Pd were thus established as well as the multipolarities of the
transitions. This is, however, not enough for the spin and parity assignments. The spin and
parity assignments are important to clarify the nature of the observed 19 ms isomeric state in
117p4, In the other odd-A Pd isotopes the isomerism results from the presence of the hy1/2
neutron orbital. The spin and parity assignments of the observed levels in 117Pd and especially
the spin and parity of the isomeric state were the main goals in the experiment performed to
search for 117Rh as described above. The B-decay properties of 117Rh and 117Pd were used
for the final spin and parity assignments of the levels of 117Pd.

Spin and parity assignments.

The B-decay scheme of 117Rh is shown in figure 421 together with the earlier established
decay scheme of 117mPd, The 481.6 keV transition could not be placed in the decay scheme.
To determine the spin and the parity of the 117Pd levels from the p-decay of 117Rh a 7/2+
ground state for 117Rh was assumed. This assumption is derived from the level systematics of
the lighter odd-A Rh nuclei, where the ground state has been uniquely assigned with 7/2+ and
the first excited state has been observed to be 9/2* with an excitation energy of about 200 keV.
These levels follow a very smooth systematic behavior starting from A = 107. The strongest
observed p-decay feeding goes to the 34.5 keV level in 117Pd. Positive parity (5/2+ —9/21) is
thus concluded for this level. A similar assignment can also be made for the 131.7 keV level.

Since the ground state and the 34.5 keV state must have the same parity as can be seen in table
4.18, the p-branching to the ground state may be large. A recent systematic study of the
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cumulative fission yields of neutron-rich nuclei indicate substantial ground state feeding
(Lei91). An average drop of a factor of five between neighboring isotopes with increasing
neutron number was observed for the neutron rich rhodium isotopes. On the basis of the B-
gated gamma ray intensity the fission yield seems to drop a factor of 20 in comparison with
116Rh. This suggests that about 70 % of the B-decays could go to the ground state of 117Pd,
implying a spin in the range of 5/2%to 9/2% for the ground state of 117Pd.

The above information, the observed branching ratios and the decay of the isomeric state via
the cascade of the 168.6 keV M2 and the 34.6 keV M1 transitions result finally in the 11/2-,
7/2* and 5/2% assignments for the isomeric 203.1 keV, 34.5 keV and the ground states,
respectively. The M2 assignment for the 71.5 keV transition fixes the spin of 7/2+ for the
131.7 keV level.

It is easy to notify that the p-decay of 117Pd could immediately highlight the validity of these
assignments. The B-decay of 117Pd to the levels of 117Ag is discussed below, but the key
information to deduce the properties of the ground state of 117Pd, the branching to the 7/2+
state in 117Ag, is missing. This is due to experimental difficulties because of the low energy of
the E3 transition between the 7/2+ state and the 1/2- ground state. If the 5/2+ assignment for
the ground state of 117Pd holds, and if the 5/2+ state has the same structure as the 5/2+ ground
states in the lighter odd-A Pd isotopes, fast B-decay to the 7/2* state is expected. The B-decay
properties observed in the present work are discussed in more details below.

The level scheme of 117A ¢

Altogether 25 gamma transitions were assigned to the B-decay of 117Pd, and 21 of them werc
placed in the level scheme given in figure 4.23. on the basis of the (y)(y) coincidences given in
table 4.19. To show the quality of the (¥)(y) coincidence data, a gamma spectrum gated by the

247.3 keV gamma transition is shown in figure 4.22.

The multipolarity was determined only for two transitions. This was because the yield of
117Ag nuclei was too low, and also because the internal conversion of most of the transitions
was low due to their relatively high energy. The deduced ak values are given in table 4.20.

Spin and parity assignments.

From the systematics of the odd-mass neutron-rich Ag nuclei the negative parity levels 1/2-,
3/2- and 5/2- as well as the positive parity levels 7/2* and 9/2% are known to appear at low
energy. The energies of these levels, which have been explained as three quasiparticle clusters
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Figure 4.22. The ¥-spectrum gated by the 247.3 keV y—transition. Transitions labeled with

energy are placed in the level scheme. The peaks at about 260 keV are due to backscattering of
the 511 keV annihilation photons.

coupled to the collective vibrations (Paa73), behave very smoothly as a function of the
increasing neutron number in the mass range A = 105 — 115 as expected from the behavior of
the low-lying collective levels in the neutron-rich even-even Pd isotopes.

The ground state and the 28.6 keV level. 117Ag was known to have two B-decaying states
(Fog76) with I™ = 1/2- and I* = 7/2+. The order and position of these levels in figure 4.23

was adopted from (Fog88), (Fog91).In the present measurement the L- and M-conversion
electrons from the 28.6 keV transition were not observed, which was most probably because
of the noise level of the electron detector in the experiment at mass number A = 117.

The 175.7 keV and 657.8 keV levels. A 147.1 keV gamma transition was assigned to the

decay of 117Pd on the basis of its half-life and the fact that it was not observed in the decay of
117Ag (Fog76). This transition has been assigned to this decay also in (Rog90b) on the basis
of its half-life. The 147.1 keV transition is in coincidence with a 482.2 keV ¥-transition.The
482 keV gamma rays appeared to be a triplet consisting of a 481.6 keV transition belonging to
the decay of 117Rh, a 482.2 keV transition following the p-decay of 117Pd and a 482.4 keV
transition belonging to the B-decay of 117Ag. The sum of 147.1 keV and 482.2 keV is
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629.3 keV, which coincides with a 629.3 keV transition, observed in the (y)() spectrum and
having a half-life of 4.5 s. In (Rog90b) a 6301 keV transition was also assigned to the decay
of 117Pd on the basis of its half-life. The placement of these three transitions above the
isomeric 7/2% state instead of a feeding to the 1/2- ground state is based on one hand on the
experimental level systematics, since the placement of the 9/2+ state at 175.7 keV follows the
smooth change of the excitation energy of the 9/2% states observed in the lighter odd-A Ag
nuclei, and on the other on the observation of a 657.8 keV gamma transition, which could be
the cross-over transition to the ground state. The intensity of the 657.8 keV transition was
unfortunately so low that its B-delayed half-life could not be measured and thus its belonging to
the level scheme is uncertain. If the placement is correct, 9/2% and 5/2* can be suggested for
the 175.6 keV and 657.8 keV levels on the basis of systematics.

Table 4.19. The y-transitions following the B-decay of 117Pd. The intensities are
determined from the (y)(B) spectrum and normalized to the 247.3 keV y-transition intensity.

Energy / keV Relative intensity  Coincident gamma rays /keV

76.5 (2) 28 (3) 247, 302, 1935

147.1 (3) 6.9 (5) 482.2

2473 (2) 100.0 (13) 76, 378, 402, 510, 521, 588, 691, 767 1),

858 1),918 1), 1935, 2105

301.7 (3) 29 (3)

323.8 (3) 35.8 (12) 301, 326, 510, 670 1), 1935
325.8 (3) 25 (3)

3779 4) 2 2.6 (5) 247

402.0 (3) 10.2 (8) 247, 1702

482.2 (4) 2 54 (6) 147, 338 3)

5103 (4) 2) 1.2 @)

521.5(3) 2 11.5 9)

588.3 (3) 1.8 4)

625.5 (4) 20.3 (8)

629.4 (4) 18.7 (8)

649.4 (4) 33.6 9)

657.8 (4) 39 (5)

691.6 (4) 89 @4) 247

769.2 (4) 12.4 (7)

834.5 (5) 25 4

1701.9 (6) 13.0 9)

1934.8 (7) 9.5 9

2104.5 (7) 14.0 (11)

1) Not placed in the level scheme.
2) Energy and intensity are determined from gamma gated spectrum.
3) 117Ag decay.
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Figure 423. The level scheme of 117Ag.

Table 4.20. The internal conversion coefficients for transitions in 117Ag,
D: simultaneous measurement of conversion electrons and gamma rays.

Transition/keV___ ak (exp) Method ok (theor) Multipolarity
76.5 0.57 (10) D E1 0.285 Ml
M1 0725
E2 2.547
247.3 0.042 (7) D El 0.0102 MI/E2
M1 0.0292

E2 0.0476
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The 247.3 keV and 323.8 keV levels are assigned as 3/2~ and 5/2-, respectively, belonging to
the 1/2-, 3/2-, 5/2— triplet expected in odd-A Ag nuclei. The observed multipolarities of the

transitions support this assignment. On the other hand, there is more p-feeding to the assumed
3/2- state from the (5/2%) ground state of 117Pd than to the 5/2- state. There are two possible
explanations for this. Firstly, there are transitions like 767 keV, 858 keV and 918 keV that are
not placed in the level scheme. They are most probably populating the 247.3 keV level. There
can also be some additional, high-energy transitions to the 247.3 keV level: the Qp window is
large and allows B-decays to levels at high excitation energies. A feeding to the 3/2- state
would lower the p-branching. This is, however, speculation with no experimental support at
the moment. Secondly, the (5/2%) assignment for the 117Pd ground state can be wrong; it was
partly based on the systematics of odd-A Rh nuclei, which supports a 7/2% assignmerit for the
ground state. If the ground state of 117Pd is 3/2+, the isomeric state in 117Pd would become
9/2-. This would not be against the systematics, since the isomeric state in 113Pd is assigned
as 9/2- and the B-decay properties of 115Rh support 3/2+ ground state assignment also for
115pd, The third possibility is to give up the 3/2-, 5/2- assignment, which is very strongly
supported by the level systematics of the lighter Pd isotopes.

Other Jevels, The 2351 keV level has a low log ft value; its spin and parity could then be 3/2%,
5/2% or 7/2* corresponding the allowed B-decay.

There are several states appearing at 600 — 1000 keV excitation energy. States belonging to the
deformed, rotational-like coexisting band known in the lighter odd-A Ag isotopes (Fog88),
(Rog90c), are expected to lie in this energy region. However, no clear candidates for the
members of a coexisting band can be pointed out on the basis of the present data. As can be
seen in figure 4.23, the possible interband transitions are missing, as well as multipolarity
assignments of the transitions. Neither were the lifetime experiments performed. The present
data shows that there are good possibilities to study the intruder band structure of 117Ag, if the
experiment is devoted especially to this purpose and not to the studies of B-decay of 117Rh and
the 19.1 ms isomeric decay of 117MPd.

The level scheme of 119A g

Five gamma transitions were assigned to the decay of 119Pd. Only two coincidence relations
were observed: these were coincidences between the 69.9 keV and the 256.6 keV gamma
transitions and coincidences between the 129.9 keV and 507.2 keV gamma transitions. The
326.1 keV cross-over transition was found in the p-gated spectrum. The constructed level

scheme is shown in figure 4.24.
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The conversion coefficient of ag = 1.0 (4) for the 69.9 keV transition, corresponding to M1
multipolarity, was deduced on the basis of the fluorescence yield of the characteristic K X-rays
of Ag observed in coincidence with the 256.6 keV transition. No other multipolarity
assignments were made, mainly because of the low statistics due to low prbduction rate of the

very neutron rich precursor 119Pd.
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Figure 4.24. Level scheme of 119A¢g

The experimental level systematics of the 1/2-, 3/2- and 5/2- as well as the 7/2% and 9/2+
levels at low energies in the odd-mass neutron rich Ag nuclei can be extendet to 119Ag. In the
decay study of 119Ag (Kaw?75) only one B-decaying isomer with I = 7/2+ was observed. The
7/2* state is thus expected to become ground state of the more neutron rich Ag nuclei, while the
1/2- state is expected to rise to higher excitation energy in analogy to odd-A Rh nuclei.

The 1/2-, 3/2- and 5/2- states in the level scheme in figure 4.24. are based on the observed
three transitions and experimental systematics. The 129.9 keV ‘y-transition was also placed in
the level scheme given in figure 4.24. as a 9/2+ = 7/2* transition on the basis of experimental
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systematics. However, the 129.9 keV transition was assigned to the p-decay of 119Ag on basis
of the half-life. The only proof for the 9/2*+ — 7/2+ assignment is the expected existence of the

9/2* level slightly below 200 keV.

The E3 transition between the 1/2- and 7/2+ levels is of special interest, and this transition was
intensively searched for in a conversion electron measurement. No sign of the isomeric state
was found in a run as long as 28 hours. This might in the first place be due to the low yield of
the extremely neutron rich 119Pd precursor. Secondly, the energy of the isomeric transition
may be so low that it could not be observed in the present study. In the search for this
transition the possibility to perform experiments utilizing also the L X-ray coincidences might

have been of great importance.
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5. Discussion

5.1. The level systematics
5.1.1 The odd proton level systematics:

Intruder states. A significant property of the odd-A Rh as well as the odd-A Ag nuclei is the
shape coexistence (Hey83), (Fog88), (Kaf88), (Rog88), (Rogd0a), (Rog90c). In these
nuclei, deformed rotational-like intruder bands, suggested to originate from the dsz and g7,2
orbitals from the AL = 4 proton shell intruding across the Z = 50 shell closure, coexist with

spherical shell model states and their core-coupled configurations.

In the odd-A Ag nuclei the intruder state systematics was known up to !15Ag. In the present
studies, the experiment performed at Louvain-la-Neuve, besides identification of the -decay of
117Rh, resulted in a level scheme of 117Ag. In this level scheme, shown in figure 4.19, some
levels appear at such an excitation energy that they could be candidates for intruder states.
However, very little can be concluded with certainty from the present data. Since the
production rate of the very neutronrich 119Pd was quite low only few levels could be placed in
the level scheme of 119Ag and no levels at an excitation energy expected for the intruding band
members could be identified.

The intruder states in 111Rh have been studied in (Rog90a) and in the lighter odd-A Rh
isotopes in (Rog88). In 111Rh the lowest member of the intruding band lies at 395 keV. It
was identified by its half-life (Rog90a) of 87 ns. This half-life was confirmed in the present
study. For 113Rh, the energy of the lowest member of the coexisting band is expected to lie at
higher energies. In the present study the best candidate for the intruder band member at a
reasonable excitation energy is the (3/2*) state at 601 keV. With the present data, no further
conclusions can be made. The low yield of the very exotic isotope 113Ru prevented a more
detailed study, especially level lifetime measurements.

The experimental systematics of intruder states in odd-A Ag and Rh nuclei are shown in
figures 5.1 and 5.2. Even though this systematics was not remarkably improved, the present
study shows that the possibilities to search for the intruder bands in 117Pd and in 113Rh are
reasonable. The yield of the radioactive species with the IGISOL is relatively low if compared
with the rapid chemical separation (Ska80) or the mass separation with a plasma ion source
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Figure 5.1. The experimental level systematics of selected levels in odd-A Ag isotopes. The
the present work.
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(Jac87), but only as long as the decay losses due to the short half-life of the isotopes do not
become critical. The limit where the decay losses hinder further studies with the mentioned
techniques seems to lie at the separation of 0.80 s 113Ru and 0.92 s 119Pd in the present region
of interest. The improved efficiency of the ion guide set-up in the new K-130 cyclotron
laboratory at Jyviiskyld will make the IGISOL to the most powerful device in the studies of the
intruder bands in 113Rh, 117Pd and beyond already in the near future.

Normal states. The normal low-lying states in odd-A Ag and also in odd-A Rh nuclei have
been studied by the Mainz and Studsvik groups. Their results conceming the structure of these
states will be published (see (Fog90) and (Rog90c)). The results of the present study are
compared with a systematics deduced in their previous papers below.

The systematics of selected low-lying states in Ag nuclei is shown in figure 5.1. Prior to the
present study, the level systematics was known up to 115Ag (Fog88), (Rog90c), and the
location and relative order of the 1/2-, 7/2* states was known in 117Ag (Fog88), (Fog90). A
(7/2+) state in 119Ag with B-decay to the levels of 119Cd was also known (Kaw75). The
systematic was extended to the levels of 117:.119Ag in the present study. The assignment of
these levels was discussed in chapter 4.4.

Experimental level systematics has proved to be an important tool in the construction of the
level schemes. Such structures as the known negative parity 1/2-, 3/2—, 5/2- triplet have been
introduced on this basis. In the case of 119Ag this causes a puzzling situation, since the -
decaying state in 119Ag was assigned with (7/2%) in (Kaw75). The observed triplet in the B-
decay of 119Pd, however, is similar to the 1/2-, 3/2-, 5/2- triplet known in the lighter silver
isotopes. No transition connecting the opposite parity states was observed. The B-decay of a
1/2- state was not observed either. In the decay of all heavier odd-Ag isotopes the ground state
has been assigned a spin and parity of 7/2+ and no sign of the 1/2- state has been reported. It
clearly seems that more experimental data is needed to solve this puzzle.

The experimental systematics of selected low-lying states from 103Rh up to 113Rh is shown in
figure 5.2. Prior to the present study, this systematics was known up to 109Rh; in the course
of the present studies, the results of (Rog90a) on the levels in 111Rh became available. These
results are in general in good agreement with the present ones. The levels of 113Rh have not
been published elsewhere.
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Results of the macroscopic-microscopic model. The levels calculated with the microscopic-
macroscopic model as explained in chapter 2 are shown in figures 5.3. and 5.4. for odd-A Rh
and Ag nuclei, respectively. At the first sight, the agreement between the observed and the
calculated levels appears poor. However, as one recalls that no collectivity is included in the
model, it reproduces quite satisfactorily many of the qualitative features of the experimental

spectra.

The low-lying 7/2* and 9/2+ states in the odd-A Ag nuclei are reproduced with the present
model. However, as pointed out in (Paa73), many of the properties of these states cannot be
explained without including collectivity in the model and the observed agreement may rather be
coincidental. The calculated location of the 7/2* and 9/2+ states in odd-A Rh nuclei which are
much softer against deformation is very different from the experimentally observed ones. This
supports the collective origin for the experimentally observed 7/2+ and 9/2+ states.

The close location characteristic of the 7/2+ and 1/2- states can be reproduced for Rh and Ag
nuclei with both oblate and prolate deformations. This is obvious from figure 2.3, where the
7/2*(1) and 1/2-(6) single-particle orbits come near to each other at p3 = + 0.25. When the
pairing energy and the macroscopic energy are included, the lowest energy of both states
corresponds to prolate deformation. However, the order of the 7/2+ and 1/2- states is
reversed; while in the odd-A Ag nuclei the experimentally lowest state is 1/2-, the calculation
gives 7/2+ as the lowest state. In the odd-A Rh nuclei the calculation results in a 1/2- state
below 7/2*, while the experimentally observed order is just the opposite. Furthermore, in Rh
nuclei the 1/2- state is experimentally observed to rise in energy when going to heavier
isotopes, while the 7/2* state remains as the ground state and the separation between these
states increases. From this point of view it seems that the 7/2+ state is best described as a
three proton-hole cluster coupled to the 2+ vibration of the even-even core (Hey86), (Paa73).
Since the collective properties of the state brings it at low energy, it is clear that a pure single-
particle model cannotdescribe the state.

Perhaps the most interesting property of the calculated spectra is the strongly intruding 1/2+
state in odd-A Rh nuclei. Its origin lies in the 1/2+(6) state intruding across the Z = 50 shell
closure at large prolate deformation as is seen in figure 2.3. In (Rog88), (Rog90a) the
intruding band observed in odd-A Rh nuclei was suggested to result from a rotational band
build on the 1/2+[400] Nilsson orbital. In the present formalism the 1/2+(6) state corresponds
best to the 1/2+[400] Nilsson orbital, with an amplitude of 0.7488 at B3 = 0.25, B4 = 0.0. An
interesting feature in the present result is that there is no additional neutron-proton interaction
beyond the common shape of the potential for protons and neutrons. The lowering in energy
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of the 1/2* state is simply due to shell structure that favours larger deformations. The
intruding state becomes too low, but it is within the expected accuracy of a few hundreds of
keV of the calculation. The intruder state becomes at its lowest position in 109Rh, as observed
experimentally. In the odd-A Ag nuclei the 1/2+(6) state has its lowest position in the middle
of the neutron shell, but it remains at high excitation energy and does not so clearly show the
experimentally observed intruding character. Lower pairing interaction strength usually favors
larger deformation, but in the Ag nuclei the location of the 1/2+(6) state is quite insensitive to
the change of pairing energy within realistic limits. However, the lowest energy of this state is
reached at 113Ag, where also the experimentally observed intruding band has its lowest
energy.

The calculation produces 1/2+, 3/2+and 5/2+ states with oblate deformation at low energy both
in Ag and Rh. Their origin is in the splitting of the ggy spherical shell model orbital. Oblate
deformation is favoured within the model with increasing neutron number. In lighter isotopes
the prolate deformation of these states is sometimes favoured, as seen in figures 5.3. and 5.4.
In the experimental spectra, however, such states cannot be found.

Furthermore, since the collective vibrations and rotations are not included in the present model,
the low-lying 5/2- and 3/2- states are not reproduced. They can be reproduced within the
IBFM (interacting boson fermion model) by the pi/2 hole state coupled to the 2+ vibration of
the core. Also, the 7/2+ state situated below the 9/2+ state can be reproduced as a ggy, neutron
coupling to the 2+ vibration with the same set of coupling strength parameters as the negative
parity states. The low-lying states were quite satisfactory reproduced also in the Coriolis
coupling model (Bre89). No comparison of the energy of the lowest positive and negative
parity states was, however, given in those calculations.

The second lowest 5/2- and 3/2- states have also rather smooth behavior as a function of the
mass number A. If this systematics is compared with even-even Ru systematics (Ays90) it is
tempting to explain the 5/2-and 3/2- states as the p1/2 proton coupling to the 2+ excitation of
the even-even Ru core. The low energy of the second 2+ state in the even-even Ru nuclei
implies triaxial deformation. Breaking of axial symmetry in these nuclei resulted also from the
calculations of ref. (Fra87). In (Cha91) triaxial deformations of the ground state were predicted
for the nuclei in the middle of both the A’= 4 neutron main shell and the ggy; proton subshell.
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Figure 5.5. The experimental level systematics of selected levels in odd-A Pd nuclei. The
isomeric states are indicated by thick lines. Data for 105 - 111pq is taken from references
(DeF86) for 105pd , (Bla91) for 107Pd, (Kan78) and (Bar77) for 109Pd, and (Kaf84) for
111pq, Statesin 113,115,117p{ are based on the present studies.
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5.1.2. The odd neutron level systematics

The level systematics of the odd neutron rich Pd nuclei was extended remarkably in the present
study. Prior to the present studies, only the 50 (3) s (11/2-, 9/2-) isomeric state at 81.4 keV in
115pd (Fog88) was known about the excited levels of 113,115,117pd, The experimental
systematics of selected states from 105Pd up to 117Pd is shown in figure 5.5. The spin and
parity assignments of these states in 113.115,117Pd were discussed and more complete decay
schemes were shown in chapter 4.4.

The negative parity isomeric states. The experimental level systematics of low-lying negative
parity isomeric states in odd-A Pd nuclei from A = 105 up to A = 117 is shown in figure 5.5.
These isomeric states decay via very hindered E3 or M2 transitions. The origin of these states
is the hy12 single particle neutron orbital, whose energy decreases towards the middle of the
AN = 4 neutron shell. In odd-A Sn nuclei 11/2- becomes the ground state at the neutron
number N = 66.

The spin and parity of these isomeric states were deduced to be 11/2- up to 111Pd. In the
present study the isomeric state in 113Pd was deduced to have a spin and parity of 9/2-. In the
case of 115Pd the ground state branching in the B-decay of 115Rh supports a 3/2* assignment
for the ground state of 115Pd and thus spin and parity of 9/2- for the isomeric state (Ays88a).
This result is not in disagreement with (Fog88), where the ground state of 115Pd was assigned
to have spin and parity 5/2* or 3/2* on the basis of the properties of its p-decay. The 5/2*
assignment for the ground state was favoured on the basis of the experimental level systematics
and the 11/2- assignment for the isomeric level was expected according to lighter Pd nuclei.
Since the isomeric state in 113Pd has been deduced to be 9/2-, this argument does not hold any
more.

The breaking of the systematics of the 11/2- states is probably due to the onset of deformation
in the middle of the neutron shell. If the structure of the odd 4-proton-hole Pd nuclei is
compared to the odd 4-proton-particle Xe nuclei, a similar change in the spin of the lowest
negative parity state is observed when moving towards the mid-shell. The 129-135Xe nuclei
near the magic neutron number N = 82 have 11/2-isomeric states, whereas the 125,127Xe
nuclei have 9/2-. Lighter odd-A Xe isotopes tend to be well deformed and have a 7/2- state as
the lowest negative parity state. The comparison of the even-even Xe and Pd isotones shows a
striking similarity of their structure (Ays88b).

The structure of the negative parity states in odd-A Xe isotopes has been explained in the
framework of the particle-core model by coupling of the hjj/2 neutron to a triaxial core
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(Hel81). However, the hindrance in the decay of the negative parity isomeric states in odd-A
Pd nuclei is much larger than that in the odd-A Xe nuclei, reflecting the importance of the large
neutron excess. The hindrance of the 172.2 keV E3 transition in 111Pd is the largest known
for E3 transitions in this mass region (End81). The hindrances for the isomeric transitions are
given in table 5.1 and they are all among the largest known hindrances for E3 and M2
transitions in this mass region.

This isomerism has been suggested to be the consequence of pairing, which causes the
cancellation of the transition rate between the states above and below the Fermi level (Fog90).
However, the pairing hindrance effects only on EA transitions. Thus, the hindrance factor of

about 104 for an M2 transition cannot be due to pairing effects, but may reflect very different
nuclear shapes of the negative parity states compared to the positive parity states.

Table 5.1. The hindrance of E3/M2 transitions in odd-A Pd nuclei compared to the
Weisskopf estimates. The experimental data is from 1) (Led78) 2 (Fog88) 3) (Fog90).

Isotope | Ref. |Transition| Branch | MA | Weisskopf | Observed | Partialy |Hindrance

# (keV) % Tir (s) Tip (s) Tip (s)
105p4 1) 1828 100 M2 6935106 361106 525106 7.6
107pg 1) 2149 100 E3 8172103 213 31 379
109p4 1) 1900 100 E3 0.1865 281 495 2654
mlpg 1) 1722 73 E3 0.358 19.8106  59.1106 165200
Bdecay 27
113p4 81.3 100 M2 0380103 04 3.84 10120
115p4  23) §9.3 8 E3 33.07 50 16.4 103 497
Bdecay 92
117p4 71.0 5 M2 0730103 19.1103 4.95 6780
168.6 95 M2  9.668 10-6 329103 3400
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The ground state. The 5/2% ground state is observed for the lighter odd-A nuclei. Its origin
for the light odd-A Pd nuclei clearly lies in the spherical shell model dss; neutron orbital.
However, it is difficult to understand how the dsy, neutron orbital could be responsible for the
ground state spin of heavier Pd nuclei.

Even though the relative location of single particle orbits changes remarkably from N = 50 to
N = 82, 5o that the g7y, orbital is well below the dsp, orbital near 1328n, the g7, is still above
the dsyp orbital in 107Pdg;, in which neutrons should already fill the g7/, orbital. In fact, it is
known that the 5/2+ ground state of odd-A Pd nuclei has a mixture of both the ds/; and the g7
spherical shell model orbitals (Hey86). In terms of the present calculations, the 5/2* state is
mainly the 5/2+(3) state in light odd-A nuclei and changes to the 5/2+(4) state in heavier
isotopes. The decomposition of the 5/2%(4) state in asymptotic Nilsson base was shown in
table 2.2. The remarkable mixing of the g7, spherical shell model state in the ground state
wave function results in fast B-decay to the 7/2+ state in the odd-A Ag nuclei (Hey86).

The experimental data for 115Pd strongly suggest that the ground state of this nucleus is 3/2+.
The B-decay properties of 117Pd do not rule out a 3/2* for the ground state of 117Pd either,
even though 5/2+ seems to be slightly more probable. The origin of the 3/2* ground state, on
the other hand, is not clear. The 1/2+ state which is observed at low energies in nuclei lighter
than 115Pd has a strong single-particle character, and would be expected to become the ground
state on the basis of the experimental systematics. Spherical shell model calculations would
suggest a 3/2+ state originating from the d3/; orbital to become the ground state already in
111p4 or 113pd. No states corresponding to the 3/2+ shell model state are experimentally
observed in lighter odd- A Pd nuclei.

The collective 5/2+ states. A characteristic feature of the B-decay of the odd-A Rh nuclei up to
113Rh is the strong population of a 5/2+ state at about 300 keV excitation energy. Its energy
corresponds to the energy of the first 2+ state in even-even Pd nuclei, and its origin may be the
2+ state of the even-even core coupled to the neutron in the 5/2+(4) orbital. The fast B-decay
from the 7/2* ground state of odd-A Rh isotopes to these 5/2+ states implies large g7/2
componenet in the wave function. Because of the fast B-decay, these states are also suggested
to be three-quasiparticle congficurations (Kan78). Such a state would be strongly populated
in the B-decay but it is not found in 115Pd. The ground state of 115Pd is probably not 5/2+
either. From the scarce information on 117Pd no conclusions can yet be drawn.
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Figure 5.6. The calculated systematics of selected states in odd-A Pd nuclei. The states
shown are the ones most probably responsible for the occurence of isomerism in these nuclei.
The total energy surfaces in the (B2,B4) plane are given for the 5/2*, 11/2- and 9/2- states in
order to show the evolution of nuclear shape as a function of neutron number. The energy of
states in the upper part of the figure corresponds to the deepest minimum of the state in the
(B2,B4) plane. The separation of the contours in the lower part of the figure is 0.5 MeV,
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Macrosopic-microsopic calculations. A calculated systematics of selected states is odd-A Pd
nuclei is shown in figure 5.6. It is worth noting that the 5/2+ state was not the calculated
ground state for any of the odd-A Pd nuclei. However, 5/2* was always the lowest state with
prolate deformation.

Asis seen in figure 5.6., the 11/2- state becomes low in energy only with oblate deformation.
The low energy of the 11/2- state has previously been suggested to reflect oblate deformation
(Sch69). The 5/2* state, instead, has both oblate and prolate minima. Their energy difference
is of the order of the reliability of the present calculations, but the prolate deformation is
slightly favoured.

The experimentally observed strong hindrance of the transitions connecting the 11/2- and 5/2+
states seems now to be the key. As mentioned above, the hindrance of E3 transitions in the
odd-A Ag and Rh nuclei has been explained as pairing hindrance (Fog90), (Boh75). In the
case of odd-A Pd nuclei this type of hindrance is also possible for E3 transitions, but the
hindered M2 transitions cannot be explained in this way, because pairing hindrance does not
effect MA transitions between single-quasiparticle states (Boh75). Furthermore, if the wave
functions of the 11/2-, 9/2- and 5/2* states are decomposed in the Nilsson base, the main
components of the 11/2- and 9/2- states are always the 11/2-[505] and 9/2-[514] asymptotic
Nilsson states, respectively. The main components of the 5/2* state at oblate deformation are
the 5/2*[413] and 5/2+[422] Nilsson states, and at prolate deformation the 5/2+[402] and
5/2%413] Nilsson states. The selection rules for either E3 or M2 transitions do not hinder the
transitions. Thus, since the other possibilities are ruled out, the hindrance of the E3 and M2
transitions has to originate from the different shapes of the nucleus connected with the
11/2- (9/2-) and 5/2* states. The whole experimentally observed systematics become
consistently explained, if the isomeric negative parity states are connected to oblate and the
5/2* ground states to prolate deformation.

The fact that the N=71 nucleus 117Pd has an 11/2— state as an excited state, suggests that the
pairing strength for the hy1/2 neutrons is considerably larger than that for the nearby s and d
orbital neutrons. This effect obviously becomes very important in the structures of the neutron-
rich nuclei in this region as was already pointed out in connection with the observation of the
onset of the y-soft deformation in neutron-rich Ru nuclei (Ays90).

The unplaced partial level schemes. The model calculations result in several oblate deformed
states with low spin at low energy. These states have not been observed experimentally,
except if the unplaced partial level schemes of 111Pd and 113Pd are traces of such states. They
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are difficult to study, because they are very weakly populated in the B-decay of most probably
prolate or triaxially deformed Rh nuclei. In the case of 113Pd this speculation is supported by
the fact that the whole level structure finally decays via the 84.9 keV El transition. Another
possibility is that these structures are build on a high-spin isomer at high excitation energy,
which then decays via high-energy transitions which are not observed in the present study.
More experiments are needed to explain these unplaced partial level schemes and to clarify their
importance for our understanding of nuclear structure.

5.2. Half-life systematics

The present work has remarkably extended the half-life systematics for the neutron rich nuclei
in the Z < 50 region. Ten new or improved (109Tc, 111Ru and 117Pd) half-lives are reviewed
in chapter 4.2. In addition, another ten new half-lives in this region have been deduced in the
course of the present studies with the IGISOL. References to these were given in chapter 4.2.

New half-lives can be directly used to test various p-decay half-life calculations, since these
results were not available when the models were developed. The reliability of the models is
important for astrophysical calculations of nucleosynthesis of heavy elements. The rapid
nucleosynthesis via neutron capture and p-decay in supernova explosions, the r-process, is
analogous to the formation of heavy elements in slow neutron capture and B-decay, the s-
process, but its path is expected to lie far beyond the most neutron rich isotopes experimentally
known at the moment. Since no experimental data on the nuclear properties of these nuclei is
available, the calculations have to be based on extrapolations of the present nuclear models
(Thi92). Testing of these models with new experimental data is thus essential in the process to
improve their reliability.

A classical model predicting the B-decay half-lives far from stability is the gross theory
(Tak73), whose importance as a valuable pioneering work is generally accepted. The gross
theory, however, do not take the shell structure of nuclei into account, and as it is seen in
figure 5.7, the gross theory overestimates the half-lives in this region almost by an order of

magnitude.

The highest total log f value of the B-decays studied in the present work, calculated using the
decay energy from the mass formula of Moéller and Nix (M6188) and the experimental p-decay
half-lives, is 5.5 for 111Pd. The nuclei further from stability have lower total log f values.
However, a total log ft value of 4.5 seems to be a kind of saturation value in thisregion. This
value is typical for the allowed spin flip transitions (Jok91). In this region these transitions has
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Figure 5.7. A comparison between the experimental B-decay half-lives and various models.
The experimental half-lives were given in table 4.2 and discussed in chapter 4.2. The
calculated values are taken from (Tak73), (K1a84) and (Sta90).

to be mediated via the vgy2 — mggy transformation. Above N > 64 this necessarily involves

the decay of the "core" neutrons, and consequently the states with complex core-coupled wave
functions are required to give adequate description of the process.

In figure 5.7 a comparison of present new half-lives to the calculations performed using
Tamm-Dancoff -approximation (Kla84) is also shown. In this approach, the structure of
nuclei is taken into account in a more quantitative way, and much better agreement with the
experimental values is achieved.

Comparison with even more advanced B-decay half-life predictions using neutron-proton
quasiparticle random phase approximation (Sta90) is also shown in figure 5.7. The major
drawback of these calculations, as compared both with gross theory and TDA-calculations, is
that the B-decay energies are not calculated within the model but are introduced as parameter.
Thus, the half-life predictions of unknown nuclei depend on the mass formula used to calculate
the B-decay energy. Some other features in the calculations in (Sta90), as for example the
treatment of Gamow-Teller strength parameter, have also been criticized. A more detailed
discussion of the subject, as well as an extended comparison of npQRPA calculations to the
new experimental half-lives, including all the new results from the IGISOL facility, can be
found in (Ays92).
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6. Summary

As aresult of this study the half-life and level systematics of neutron rich odd-A nuclei with
A =109 - 119 were extended. New or improved beta decay half-lives were measured for ten
isotopes and seven new isotopes were discovered. In odd-proton nuclei the coexistence of the
spherical shell model states with states with large prolate deformation was known prior to this
work. The experimental systematics of these states was not remarkably improved in this study.
The most important result of the present studies is the experimental systematics of negative
parity isomeric states in odd-A Pd nuclei. The large hindrance of their decay seems to support
coexistence of oblate and prolate shapes, which is also reproduced in deformed shell model
calculations.

Otherwise the calculations with a macroscopic-microscopic model using an axially deformed
Wood-Saxon potential, the Mdller-Nix mass formula and the BCS-treatment of pairing only
partially reproduces the experimentally observed properties of the studied nuclei. Even within
the expected accurary of a few hundred keV, it seems clear that the properties of these nuclei
cannot be reproduced without including collective degrees of freedom in the model.

The new JYFL K-130 cyclotron will provide interesting possibilities for the installation of the
ion guide isotope separator. In addition to the application of the ion guide technique for heavy
ion reactions, the use of the light ion reactions, especially fission, will most probably be very
fruitful in the near future. The improved efficiency of the ion guide, with more intense light ion
beams available, will most probably result in extension of both beta half-life and level
systematics. The expected more intense sources will allow lifetime studies of the excited levels
of the very exotic neutron rich nuclei. This is especially important for identification of the
intruder states.

Since nuclear spectroscopy does not provide possibility to directly determine the sign of
deformation, a very useful combination could be laser spectroscopy of the mass separated ion
beams. The ion guide is able to produce the most interesting isotopes at primary beams for
laser spectroscy. The improved coincidence measurement techniques have made laser
spectroscopy capable to deal also with relatively low intensity (< 100 ions/s) ion beams typical
for the ion guide separators. Especially the laser spectroscopy for the odd-A Pd isomers to
probe the existence of oblate deformation will be worthy of large experimental efforts.
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Appendix:
Determination of the ground state branchings.

The ground state branching in the B—decay of the parent nucleus can be deduced from the
growth-in component in the decay of its daugther during the beam-off period. In this work
this method was applied for 111.113Rh (Chapter 4.4).

There are both Ru and Rh atoms present in the source at the moment in which the separator
beam is turned off (t = 0). Let the numbers of Ru and Rh nuclei be NrRy and Nrp. The
number of Tc¢ nuclei is assumed to be neglible; this assumption is justified by the low yield of
Tc nuclei compared to Ru and Rh in mass numbers A = 111 and A =113 (Lei91).

The number of Ru and Rh nuclei during the decay period is

Ny =NRUx ¢ = ARy t (A1)

—ARh't A - =
Nrp =NRBy e R0 Ey Nlé“——thR;R « (e MRt _g~Arnty (A2)
- ARu

where Ngu and N(I;h are the numbers of Ru and Rh atoms at t = 0 and lRu and ;"Ru are the

decay constants of Ru and Rh nuclei. The latter equation also reads

ARu Ru |, —MRryt Rh ARu Rul|,. ~MRrnt
NRh = [———— x NRU |g "Ru’y | NRh - _7°8  NRuje ""Rh
- [th-'/‘»Ru *To 0 ARhARa O
= C e_xR“t &+ Czc_tht (A3)

Equation (2) can be written for the activity of Rh decays by multiplying both sides by Agp,, the
decay constant of Rh. The constant C, is then given by

ARu ARh R
C,= —Nu?X1 o NRu Ad
1" XRh-ARu O e
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The constants C1 and C2 can be determined from the decay curve of the daughter nucleus by
fitting two exponential curves. Examples of the fit can be seen in figures 4.5 and 4.14. The

constant Cy has still to be normalized with the detector efficiencies before Ng“ is calculated.

This value gives the total number of the parent nucleus nuclei in the beginning of the beam off—
period (att = 0). If the decay period is long enough practically all the parent nuclei decay, and
the y-transition intensities during the beam off -period can be directly used to calculate the
number of the parent nuclei that B-decayed to the excited states of 111Rh. The difference
between the deduced two numbers gives the ground state branching in the p—decay of the
parent nucleus.

Use of this method involves good knowledge of the levels and the transitions in the daughter
nucleus. If there is an unknown transition to the ground state, the branching of depopulated
level is included in the ground state branching. The deduced ground state branchings are thus
upper limits.
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