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Chapter 1

Introduction

Nuclei far from stability have been an interesting and exciting field for both theoretical
and experimental studies for many years. Figure 1.1 shows the nuclidic chart. The
line of [-stability consists of about 270 isotopes, which in their ground state are
stable against all nuclear decay modes. More than 2000 unstable isotopes, situated
both on the proton- and neutron-rich sides of the (-stability line, have been studied,
which has inspired developments of new experimental tools and theoretical models.
For several decades, it has been an experimental challenge to reach more and more
“exotic” nuclear systems in terms of either the synthesis of super-heavy elements, or
producing nuclei with large excess or deficiency of neutrons, to try and get answers to
such questions as: What is the shell structure for nuclei far from the S-stability line?
Are the known magic numbers the same far from stability? Do the nuclear models
developed at or near stability still work, and how good are they for the interpretation
of the experimental observables?

The technical progress allowed the limits of nucleon binding, i.e. the proton and
neutron drip lines, to be reached for many nuclei. On the proton-rich side, a number
of nuclei have exhibited prompt proton decay from their ground state, as a proof
for having reached the proton drip line. The heaviest of them so far is '*°Bi with
proton number Z= 83 [1]. For neutrons the drip line is much farther away from
the stability than for protons because of the absence of Coulomb repulsion. In fact,
only the lightest neutron-drip line nuclei (up to oxygen, Z=8), have been reached so
far. In these light neutron-rich nuclei unusual nuclear matter distribution, so called
neutron halo, has been observed. In nuclei with more than 25 protons the neutron
drip line cannot be reached experimentally [2], but nevertheless nuclei with large
neutron-proton ratio can be produced. The weak neutron binding, due to the proton-
neutron assymetry, implies the existence of a neutron skin, i.e., a dramatic excess
of neutrons at large distances. The existence of a neutron skin may lead to new
vibrational modes in which, for example, the neutron skin oscillates out of phase with
a well-bound proton-neutron core [3]. In those nuclei one may have the opportunity
to study nearly pure neutron matter in the laboratory.
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Figure 1.1: The nuclidic chart.

Other phenomena, which are expected to occur in neutron-rich nuclei, are related
to the evolution of the shell structure. There are indications that the shell structure
changes as one moves towards very neutron-rich nuclei. The disappearance of the
N = 8 shell and the appearance of a new N = 16 shell reported recently [4, 5] is a
first confirmation of a re-organization of nuclear shells in regions away from stability.

In Figure 1.1 the nuclei "®Ni, 32Sn, and 2°®Pb are marked. They are doubly
magic nuclei, they are well bound systems, and spherical in their ground states. They
play an important role in nuclear structure research. Studying nuclei in their close
neighborhood, with only a few valence particles or holes outside the closed shells, is
an efficient probe into the general features of the nuclear many-body systems. They
provide test on the particle-hole and particle-particle interactions, on the particle-
core polarization and excitation modes, and on nuclear deformations. It is interesting
to compare the different sets of doubly magic nuclei and their surrounding nuclei,
to explore the changes in nuclear structure when different orbitals are occupied and
different shells are filled.

208P} is the heaviest doubly magic nuclear system studied so far. It is a stable
isotope. "®Ni and '32Sn are more difficult to produce and study because of their
larger neutron excess. This is illustrated in Figure 1.2. '32Sn has eight neutrons
in addition to its heaviest stable isotope '24Sn. The situation is even more difficult
for 7Ni, where this number is 14. The neutron-separation energy drops with the
neutron excess, and this implies technical difficulties in the production of neutron-
rich nuclei. Recently, with the development of radioactive nuclear beams (RNB) it



became possible to explore more and more exotic nuclei far from the line of beta
stability produced in relativistic heavy ion reactions [6, 7]. The experimental study of
isomeric states in the 32Sn region applying RNBs forms the major part of this work.
In addition, so-called K-isomers (see Sec. 2.4) have been investigated.
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Figure 1.2: Comparison of the location of the three doubly magic nuclei 2°Pb (a),
1328n (b), and "®Ni (c) relative to the line of S-stability. The large neutron excess of
13281 and "®Ni implies experimental difficulties due to low production cross sections.
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Chapter 2

Physics of selected
neutron-rich nuclei

2.1 Neutron halos and skins

Let us focus on the very neutron-rich side of the nuclidic chart, which is the subject of
the present study. The neutron-drip line is experimentally known only from hydrogen
(Z = 1) up to oxygen (Z = 8). In the neutron-rich isotopes of the light elements
the so called halo phenomenon exists. The halo is formed by the loosely bound
neutrons surrounding the core. Due to the weak binding nuclear matter is distributed
in regions not allowed classically. Thus halo nuclei are characterized by very large
radii. Secondly, they are very diffuse and their properties are greatly dominated by
surface effects. Halo phenomena are the subject of study of many experimental and
theoretical groups.

In the heavier neutron-rich nuclei, the excess of neutrons is expected to form
a neutron skin. The chemical potentials of protons and neutrons shift away from
each other and the surface region is predominantly occupied by neutrons. Figure 2.1
presents the difference between neutron and proton radii for tin isotopes, calculated
in different approaches [2]. The calculations are done in mean-field interactions with
relativistic (NL) and non-relativistic Skyrme forces (Sk,SL). The two groups of
calculated results predict the evolution of a neutron skin with increasing neutron
excess. This is expected as a global trend for very neutron-rich nuclei. The first
experimental evidence for such a systematic trend was recently observed for sodium
isotopes [8]. The calculations presented in Figure 2.1, however, fall into two different
groupings, indicating that our understanding of what happens far from stability is far
from complete.
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Figure 2.1: Neutron skin thicknesses calculated with relativistic (NL) and non-
relativistic (Skyrme forces Sk, SL) mean-field calculations for Sn isotopes. The figure
is taken from [2].

2.2 Shell evolution far from stability

The present understanding of nuclear structure in the vicinity of doubly magic nuclei
is based on the nuclear shell model. According to this model the nucleons occupy
quantized orbits grouped in shells. Measured proton and neutron separation energies
give experimental evidence of an enhanced stability of nuclei with certain numbers of
neutrons and protons, the magic numbers.

In nuclei with large excess of neutrons, the coupling of bound neutron states with
unbound continuum states above the Fermi level is expected to soften (or “quench”)
the shell gaps [9]. Mean-field calculations predict that certain neutron shell gaps
“melt” with increasing N/Z ratio, and new shell sequences will possibly appear. Fig-
ure 2.2 shows the Z dependence of the two-neutron separation energies Ss,, along the
N= 50 and 82 magic numbers [10]. According to the calculations, the shell gap is
reduced from 6 MeV for 1%9Sn to 2 MeV for "®Ni (Fig. 2.2 a). In fact, in this picture
"8Ni is not as good magic nucleus as '32Sn and the “meltdown” of magic number 82
for neutrons is predicted to occur at Z < 40.

The quenching of the neutron shell structure with increasing neutron number is not
a generic property of all effective interactions, as discussed in ref. [11]. Calculations
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Figure 2.2: Z dependence of the two-neutron separation energies Ss,, along the N=
50 and 82 magic numbers, calculated in the mean-field approach. The S5, parameter
serves as a measure for the shell gap. The figure is taken from [2].

indicate that a new interaction needs to be developed, along the Skyrme approach, to
correctly take into account energy densities and to increase the predictive power for
more exotic systems. To fine-tune the interaction, experimental data on both global
nuclear properties as well as spin-dependent ones are needed for neutron-rich systems.
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2.3 Isomers

One way to explore the phenomena described above is to study isomeric states in
nuclei populated directly in a nuclear reaction. The isomer decay reveals important
spectroscopic information for the isomer itself, and for the excited states through
which it decays.

An isomeric state is a long-lived excited state in a nucleus. Isomeric half-lives may
vary from a few nanoseconds to years. There are different reasons for the formation
of an isomer. A common requirement is that the properties of the initial excited
state should be very different from those of the final state to which the isomeric
transition occurs. Often the reason for a delayed transition in nuclei is the small
energy difference between the initial and the final state. The long half-life is governed
by the decay probability dependence on the transition energy. General formulas can
be found in [12]. In the case of an F2 transition, for example, the decay probability
depends on the energy to the power of five. Other reasons include a large change of
the spin to match the state to which the isomer is decaying, or a change in the spin
orientation relative to an axis of symmetry, or a change of the shape of the nucleus.
These situations depend on the detailed shell structure of the neutron and proton
orbitals in each nucleus.

The coupling of valence particles and holes in nuclei near doubly-magic '32Sn often
gives rise to isomeric states with moderate spin and with lifetimes in the microsecond
regime. In the Hf/W/Os region, a special kind of isomerism occurs, namely the
“K-isomerism”. The reason for forming such isomers is discussed in Section 2.4.

2.4 K-isomers in the Hf/W/Os region

In the A =~ 170 — 190 rare-earth nuclei a specific type of isomerism occurs, originating
from valence particles occupying high-j orbitals with a large projection €2; of the
angular momentum on the nuclear symmetry axis. These nuclei are axially symmetric.
Therefore, the collective rotation R takes place about the short axis, perpendicular
to the symmetry axis, and the collective angular momentum is thus zero along the
symmetry axis. The coupling of the single-particle angular momenta is shown in
Fig. 2.3. The projection of the total angular momentum on the symmetry axis is
Is = K+R = K, where K is built by the single particle momenta Q;, K = Zj 2, and
is a constant of motion (i.e. it is a good quantum number characterizing the system).
The decay of such high-K states to low-K rotational states is often hindered due to
the large difference, AK, between the initial and final states. The only way such
high- K states can decay is via large alternation of the orientation of the total angular
momentum, which is forbidden via low multipolarity transitions if the K projection
is a good quantum number. Thus, such states become long-lived, i.e. isomeric. The
hindrance factor grows exponentially with the degree of K-forbiddenness, AK — X
[13], where X is the multipolarity of the transition.
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Rotation
axis

__. Symmetry
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Figure 2.3: K-isomerism is a characteristic feature of deformed nuclei with axial
symmetry (a). The collective angular momentum along the symmetry axis is zero,
and the projection of the total angular momentum [ is built by the sum of the
projections of the single particle momenta j;. Decay to a lower K state (b) requires
rearrangement of nucleons and a change in the orientation of the angular momentum
relative to the axis of symmetry.

The observation of isomeric decay by K forbidden transitions implies that there
must be some mixing of K values, i.e. the states involved are not pure from a quantum
mechanical point of view. Suggestions for the mechanism of “K-mixing” include
Coriolis mixing, and 7-deformation tunneling [14]. Coriolis mixing arises because
a rotating nucleus is not an inertial frame of reference, and the orientation of a
nucleon’s orbit is modified by the rotation of the nucleus. The -tunneling involves
shape fluctuations where the deformation of the nucleus changes from prolate shape
(v = —120°) to prolate shape (v = 0°) through the intermediate oblate (v = —60°)
shape.

K-mixing raises the question of the limits of K-forbiddenness and the limits of
the K-isomerism. It has been predicted that this region will extend into the neutron-
rich Hf/W/Os region with A ~ 180 — 200 [15, 16]. These nuclei are expected to be
triaxially deformed (i.e. the size of the nucleus along all three axis is different), and
the isomers are expected to have shorter lifetimes.

2.5 The '¥2Sn region

The properties of the doubly-magic core of 132Sn has been discussed in [17, 18]. The
core excitation of '32Sn itself is studied in details and it is well known. The first
excited state in '32Sn is at 4.0 MeV, which suggests that the single-particle states
in the surrounding nuclei should be rather pure. The simplest excitations in doubly-
magic and in the neighboring nuclei are particle-hole (p-h) excitations. The p-h
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states of these nuclei form level multiplets where the individual states often have
a very simple structure with regards to admixture of configurations. The mapping
and identification of such multiplets may give immediate information on the nuclear
two-body matrix elements and single-particle energies, which are crucial elements in
the theoretical models. Almost all single particle (hole) energies in the region have
been measured as summarized by Grawe and Lewitowicz [19]. A number of empirical
two-particle, two-hole, and particle-hole multiplets have been identified as well. The
properties of excited states originating from proton gg/, holes relative to the 1326
core and the neutron f7,2, hg/2 and iy3/5 particles in the Sn isotopes with N > 82,
will give information on the shell structure in this region. A challenging experiment
is the systematic study of the N = 82 isotones below Z = 50, towards the nuclei for
which the shell quenching was predicted. However, the more exotic the system is, the
more difficult the experiments become.



Chapter 3

Experimental techniques

3.1 Production mechanisms

Depending on which part of the nuclidic chart and what parameters of the nuclei one
wants to study, different production mechanisms can be applied. For the spectroscopy
of proton-rich and stable nuclei the most suitable method is a heavy-ion fusion evap-
oration reaction. In this reaction nuclei are produced in excited states with relatively
high angular momenta and excitation energies [20]. In projectile fragmentation the
maximum yields and production cross sections are along the - stability line, but this
type of reaction populates also proton-rich as well as neutron-rich nuclei. Nuclear fis-
sion is the most suitable method for producing intermediate mass neutron-rich nuclei.
This work is focused on ~y-ray spectroscopy of isomer decays of neutron-rich nuclei,
produced in projectile fragmentation and in-flight fission. The following two sections
of the chapter will give more detailed explanation of the two production mechanisms.

3.1.1 Projectile fragmentation

When a heavy projectile, accelerated to energies much above the Coulomb barrier, in-
teracts with a target nucleus, the probability for a fragmentation reaction is very high.
Depending on the actual energy of the bombarding ions and on the impact parameter,
several different regimes are possible. At low energies (E/u < 20 MeV /nucleon) there
are several mechanisms contributing to the reaction, including Coulomb scattering,
incomplete fusion, and fusion evaporation reaction [21]. Reactions occurring at much
higher energies (E/u > 200 MeV /nucleon) are considered to be “pure” fragmentation
[22]. In this energy regime depending on the impact parameter we can have projectile
fragmentation in the case of peripheral collisions, and multifragmentation takes place
in the case of central collisions. The “pure” projectile fragmentation is a two step
process as discussed in ref. [22].

11
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Figure 3.1 shows a schematic view of the two-step reaction. In the peripheral
collisions between the bombarding heavy ion and the target nucleus, the nucleons in
the overlapping area (“participants”) become very hot and excited nuclear matter,
which is almost immediately abraded off. This is a very fast process which occurs
within 1072!s. The remaining part of the projectile (“spectator”) undergoes statistical
evaporation (also known as “ablation”) of particles and light clusters, after which we
observe the final products of the reaction. This step takes about 10716 s. The
momenta (or velocities) of the final products is very similar to those of the projectile.
Due to the high energy involved in the collision, a rather extensive range of the mass
of the final observed products can be obtained.

Projectile Prefragment

Final Observed
Fragment

Target

Figure 3.1: Projectile fragmentation at relativistic energies (E > 200 MeV /nucleon,
B > 0.7). The final observed fragment has momentum very similar to the one of the
projectile. The figure is from Ref. [21].

3.1.2 In-flight fission

The best method to produce (very) neutron-rich intermediate-mass nuclei is nuclear
fission. In this work the so-called in-flight or projectile fission of heavy-ions at rela-
tivistic energies has been used. In this reaction the heavy ion (for example 228U) is
accelerated to relativistic energy. The target nucleus can be light (e.g. Be) or heavy
(e.g. 28Pb), inducing fission by peripheral nuclear interactions for the U/Be system,
or by dissociation in the electro-magnetic field for the U/Pb system [23].

The excited projectile splits into two relatively cold fragments, which are emitted
in opposite directions from each other in the reference system of the fissioning nucleus
(Figure 3.2). The products are isotropically distributed. In the laboratory frame
the distribution transforms into a narrow cone centered in the beam direction. The
process is shown schematically in Figure 3.3.

The velocity of the fission fragments in the laboratory frame is the relativistic
addition of projectile and fission velocities By and Br. Thus, the forward flying
fragments get an additional ’kick’ in momentum. In that sense the projectile fission is
an exothermal reaction for the products distributed in the forward semi-sphere with



3.1. Production mechanisms 13

9
— 5

9
9 .
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Figure 3.2: Projectile fission at relativistic energies (E > 500 MeV /nucleon, 8 >
0.8). The two fission fragments are relatively cold, and are emitted in a forward and
backward direction in the reference system of the projectile.
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Figure 3.3: Momentum distribution of the relativistic fission fragments in the labo-
ratory system. The part of the distribution accepted by the separator is indicated by
the filled areas.

respect to the beam direction. The relativistic character of the process has a great
advantage compared to the fission at rest. It allows the use of a spectrometer for
the extraction of a secondary beam as explained in section 3.2.1, and identification
of the reaction products event-by-event, as discussed in sect. 4.1. In his Ph.D. thesis
Engelmann [24] investigates the reaction kinematics and shows that there is a gain
factor with respect to the fission at rest: the high velocity of the fissioning projectile
nucleus (/2 83% of the speed of light for a primary beam with E = 750 MeV /u) leads
to an optimal transmission for those fragments, flying in either forward or backward
direction with respect to the beam. This means that for equal fission rates one can
observe nuclei produced with cross sections up to three orders of magnitude smaller
than the one we can observe with fission at rest.

Due to the limited acceptance of the FRS spectrometer (Section 3.2.1), not all
reaction products can be transmitted and studied simultaneously. The opening angle
of the cone is about +30 mrad, and the angular acceptance of the spectrometer is
+15 mrad.



14 Chapter 3. Experimental techniques

CoLncs

100

2%

oEli, |...|...|...|...|...|.m. L 13

e 108 14 12 114 116 118 12 122 124

B p (Tm)

Figure 3.4: MOCADI simulation of the distribution of *°Sn fragments after fission
of 238U at 750 MeV /nucleon. The rectangular window represents the acceptance of
the FRS.
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Figure 3.4 presents a MOCADI simulation (see Section 3.2.2) of the kinematic
properties of 3°Sn ions produced in 2*¥U fission at 750 MeV /nucleon. The magnetic
rigidity Bp of the fragments is proportional to their longitudinal momenta. The 2%
momentum acceptance of the FRS is indicated. This figure helps to understand the
difficulty in selecting fission fragments with the FRS, not only because of the limited
acceptance but also because of the shape of the distribution. There have been long
discussions within the FRS community, and different opinions on how to select in the
most efficient way the part of the distribution resulting in the highest rate for the
neutron-rich isotopes of a given element. Is there a dependence of A/Z (or on how
many neutrons that were evaporated) on the velocity/momentum? To try to answer
that question we have measured the dependence of the production/observation rate
on the momentum of the fission products. The results are summarized in Chapter 5.

Figure 3.5 illustrates how the scan in the momentum distribution of the fission
fragments was done. It can be done either by tuning the FRS to shift the selection
window, or by keeping the FRS settings and changing the energy of the primary beam,
as shown in the figure.
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Figure 3.5: MOCADI simulation of the distribution of 139Sn fragments after fission of
2387 at 750 MeV /nucleon (solid), and 759 MeV /nucleon (dashed). The rectangular
window represents the acceptance of the FRS. By changing the primary beam energy
in steps, a scan of the momentum distribution of the fission fragments is achieved.
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3.2 The FRagment Separator

3.2.1 Separation of the reaction products

In both production mechanisms described above up to 10® reaction product species
can be created in the target due to the high energy involved in the reaction. To
separate only the ions which we are interested in, i.e. to obtain a pure secondary
radioactive beam, we use a tool called the FRagment Separator (FRS). It is an achro-
matic magnetic forward spectrometer [25]. Heavy-ion beams with magnetic rigidities
from 5 to 18 Tm can be analyzed by the device. Figure 3.6 shows the main parts
of the FRS. There are four 30° dipole magnets determining four independent stages
of the spectrometer and a number of quadrupole and sextupole magnets providing
variable magnetic fields up to 1.6 Tesla. The quadrupole magnets before each dipole
are designed to achieve a high resolving power by properly illuminating the field vol-
ume of the bending magnets. The ion-optical conditions at the four focal planes S1
to S4 are determined by the quadrupoles following each dipole. The function of the
sextupole magnets placed in front of and behind each dipole is to provide correction
for second-order abberations.

A secondary-electron transmission detector (SEETRAM) placed upstream of the
target position measures the beam intensities [27]. In the target area and at each
focal plane, two-dimensional grids with gas amplification and current readout are
used for beam alignment and count rate measurements. Heavy-metal alloy slits can
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be used to mechanically reduce the beam count rate if it is necessary, or to prevent
the penetration of the primary beam through the separator.
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Figure 3.6: Schematic view of the FRagment Separator at GSI. After production in
a target, the ions of interest are selected and separated with the help of the spec-
trometer. The total flight path is 76 m. After passing various detector and degrader
systems the selected products are brought to the final focal plane where delayed ~-ray
spectroscopy can be performed. The figure is from Ref. [26]

The separation is based on magnetic analysis combined with energy losses in mat-
ter (Bp — AE — Bp method [28]). The reaction takes place in the target, and the
ions are selected by their mass to charge ratio A/q in the first stage of the separator.
In this first step, up to about 102 different reaction products are selected. Energy
degraders with variable thicknesses are placed at the different focal planes of the sep-
arator. To introduce different energy loss for the fragments with different momenta a
special wedge-shaped degrader is placed at the central focal plane S2. The different
atomic energy loss of the ions penetrating the degrader provides an additional selec-
tion criterion. The best spatial separation can be obtained with a degrader shape
which preserves the achromatism of the spectrometer. In this way at the final focal
plane S4 we obtain a purified secondary beam consisting of the ion for which the sep-
arator was tuned and 10-15 neighboring isotopes. This will be called the “production
setting” and the fragment for which the separator has been tuned is referred to as the
“setting fragment”.

The particle trajectory detection is performed by using multi-wire proportional
chambers [29] installed at all of the focal planes. At the middle (S2) and final (54)
focal planes, pairs of these detectors are used for particle tracking to analyze the
primary beam or secondary radioactive beam with respect to position, angle, and Bp
value. The energy loss AF is measured in a MUItiple-Sampling Ionization Chamber
(MUSIC) [30].

Secondary beams prepared by the FRS can be transferred to other experimen-
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tal areas for performing different measurements, such as the experimental storage
ring (ESR) where masses can be measured [31], or to the ALADIN/LAND setup for
secondary reaction experiments [32].

3.2.2 Transmission simulations

The Monte Carlo code MOCADI [33] can be used to simulate the transmission of
reaction products through the FRS. The code not only takes ion optics into account,
but also is designed to realistically include atomic and nuclear interaction processes
such as scattering and secondary reactions.

In order to plan the stopping of the secondary beam the energy losses in mat-
ter (degraders, detectors, air) are calculated with the code ATIMA. The physical
processes implemented in the program are discussed in Ref. [34].

Figure 3.7: Photo of the final focal plane of the separator. The aluminum Z-shaped
catcher of thickness 4-6 mm is surrounded by Ge clover detectors.

3.2.3 Fine-tuning of the FRS ion optics

In the start-up phase of each FRS experiment the ion optics of the separator has to
be fine-tuned in order to create a reference magnet setting. This is done with a low
intensity primary beam, the magnetic rigidity of which, (Bp)primary, is known at the
entrance of the FRS. The beam has to be aligned onto the target position, meaning
that it has to be centered and perpendicular to the target surface. This is monitored
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by a system of position sensitive current grids. After the beam is aligned onto the
target position, the current grids are removed and the FRS magnets are set to the
primary beam rigidity. The beam is transmitted through the FRS, and at each focal
plane its position is measured with multi-wire detectors. The dipoles are fine tuned
so that the beam is centered at the focal planes. The magnetic field is measured by
Hall probes and for each dipole the effective radius pgipore is determined:

BHallprobe * Pdipole = (B)O)primary (3.1.1)

Thus a reference magnetic setting is created and saved. It is the starting point for
all other settings. During this procedure, however, all materials are removed from the
beam axis (except for the detectors monitoring the alignment) to avoid complications
due to changing of the primary beam rigidity. Therefore, the effective thicknesses
of layers of matter which will be used in the production setting (production targets,
plastic scintillator SC21, and S2 degraders), have be to measured. This is done by
calculating with ATIMA the expected primary beam rigidity before and after the
layer of matter, setting the FRS correspondingly, inserting the matter and measuring
the position of the beam after at least one dipole with multi-wire detectors. If the
beam is not centered downstream of the layer, the FRS is adjusted to center the beam.
From the difference between the measured Bp’s before and after the layer, the energy
loss in the matter is calculated. The thickness to which the energy loss corresponds
is calculated with ATIMA.

3.2.4 Calibration of the particle identification detectors

In order to calibrate the detectors involved in the identification procedure a set of
measurements with the primary beam through the separator at low intensity and
with different, well defined energies is done before each production run. The time-
of-flight (TOF) calibration is based on a linear dependence of TOF*j3, which equals
the flight path, on the velocity of the fragment, 5. During the calibration procedure,
measurements are performed for several well defined reference beam velocities, which
should cover the expected velocities of fragments in the production run. In the cource
of this measurements a calibration of the MUSIC detector is achieved as well. The
coeflicients in the quadratic relation between the energy loss measured by the detector
AFE and the fragment charge Z, as well as the detector responce to different velocities
are then empiricaly determined in the calibration. On Figure 3.8, the TOF and
MUSIC calibration curves from Experiment IV (see Table 3.1) are plotted.

3.3 ~-ray detection

For the purpose of isomer -ray spectroscopy the beam is stopped at the final focal
plane of the spectrometer and the products of interest are implanted in a catcher foil
made of aluminum or plastic (Fig. 3.6 and Fig. 3.7). In all experiments on which this
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Figure 3.8: TOF and MUSIC calibration measured during Experiment IV. The rela-
tion between the flight path (TOF*(3) and the velocity, (3, is expected to be linear.
The response of the MUSIC detector AE, however, has a quadratic dependence on (.

work is based (see Table 3.1), the catcher was surrounded by segmented germanium
detectors of clover type [35], in which delayed «-rays emitted by the implanted ions
were detected. ~-rays from the decay of any isomeric state were recorded within a
80 ws time gate, which was started with the detection of a heavy ion. The flight path
of the ions trough the separator is about 300 to 400 ns, which typically sets a lower
limit of about 100 ns for the lifetimes which can be studied, but exceptions have been
observed (Section 5.1). By using a combination of TDCs (time-to-digital-converter)
and TACs (time-to-analog-converter), the timing information from the ~-rays could
be recorded in 0 to 8 us and 0 to 80 us ranges. The germanium detectors were energy
calibrated with standard sources. A time calibration was performed using a time
calibrator.
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3.3.1 Detector systems

A summary of the different experiments is given in Sect. 3.4. In Experiments I and 1T
the ions of interest were implanted in an aluminum catcher, whereas a plastic catcher
was used in Experiments IIT and IV. In Experiment I the catcher was surrounded by
three segmented clover germanium detectors from the EXOGAM collaboration [35]
and a large-volume GSI "'VEGA’ (Versatile and Efficient GAmma-Detectors [36]) de-
tector. Each detector consisted of four separate germanium crystals. Four EXOGAM
clover detectors and one VEGA detector were used in Experiment II. The VEGA was
mounted below the catcher, two EXOGAM detectors were placed to the sides and two
above the catcher. Two VEGA detectors were used in Experiment III, one mounted
above and one below the catcher. Two VEGA and four EXOGAM detectors were
mounted in Experiment IV. The VEGA detectors were placed above and below the
catcher, and the two EXOGAM detectors on each side of it.

3.3.2 Efficiency calibration

To determine the efficiency for detecting -rays, an absolute efficiency calibration of
the Ge detector set-up is needed. Because of the large size of the beam spot and the
varying implantation depth, it is important to take into account the geometry of the
Ge detector set-up and possible absorption in the catcher material. Therefore cali-
bration spectra were recorded using a standard source with known activity placed at
several positions along the z-direction of the catcher, and on both sides of the catcher
(upstream and downstream). One approach is to consider the efficiency for each in-
dividual detector crystal, as was done in Experiment I. Alternatively, the efficiency
for the complete set-up may be considered, as in the case of Experiments III and IV.
The calibration curves for 3 geometrical points measured during experiment IV are
presented in Fig.3.9. From the figure one can note that except for energies below
100 keV, all curves cluster together within +10% of each other. As this variation
is considered to be small in comparison to other sources of uncertainty, average effi-
ciency curves were used in the evaluation of Experiments III and IV. In the case of
Experiment II no absolute efficiency calibration was performed.

3.4 Summary of performed experiments

The thesis is based on four experiments performed at the FRagment Separator (FRS)
at GSI, Darmstadt, using the techniques described above. Table 3.1 summarizes
some technical details about the experiments. In April 1999 we used projectile-
fragmentation of 2°®Pb at 1 GeV/nucleon to produce neutron-rich nuclei in the
Hf/W/Os region to study K-isomers (Experiment I). In Experiments II, III and IV,
performed in December 1999, December 2001 and July - August 2002 we studied
neutron-rich nuclei in the '32Sn region produced in projectile-fission of 238U at differ-
ent energies (see Table 3.1).
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Figure 3.9: Calibration curves measured during experiment IV. The solid (open)
symbols represent data measured with Eu source placed at the front (back) side of
the catcher. The curves are fitted above 100 keV with an exponent.

Table 3.1: Technical data about the experiments

Experiment Beam Energy, Target Purpose
MeV /nucleon
I 208phH 1000 1.6 g/cm? °Be  isomer search in n-
rich Hf/Os/W
I 28U 750 1.0 g/cm? 9Be  isomer search in the
vicinity of 132Sn
Il.a 28U 750 1.0 g/cm? 9Be  isomer search in the
vicinity of 132Sn
ITL.b 750-759 1.0 g/cm? °Be  momentum distribu-
tion scan
IMl.c 732 1.0 g/cm? 298Pb  isomer search in the
vicinity of 132Sn
I\Y 28U 732 1.0 g/cm? 298Pb  isomer search in the

vicinity of 132Sn

In Experiment IIT data with two different targets were collected, namely with a
1 g/cm? Be target (Experiment I11.a) and a 1 g/cm? 2°8Pb target (Experiment II1.c).
The purpose of using two different targets was to compare the population of high spin
states in the fission reaction with a target as light as Z=4 and as heavy as Z=82.
This was done by measuring the isomeric ratios in a number of known isomers with
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both targets (see Section 4.4). Additional information was achieved by the measured
production rates with the two targets.

Experiment III.b scanned the momentum distribution of the fission fragments
(Section 3.1.2). This experiment was done with a “Be target. Isomeric ratios and
production rates were measured and compared for the different groups of fragments.



Chapter 4

Analysis

4.1 Identification of the reaction products

As pointed out previously, several thousand different reaction products may be pro-
duced in relativistic fission or fragmentation of a heavy projectile. The FRS is typ-
ically operated so as to reduce the number of different fragment species that reach
the final focus to about 10-20. Nevertheless the ions that are transmitted need to be
identified on an event-by-event basis. The identification is (mainly) done in the sec-
ond stage of the separator. It is based on measurements of time-of-flight and energy
loss, combined with information from position-sensitive detectors and the magnetic
fields of the separator dipole magnets.

The time-of-flight (TOF) of the fragments is measured as the time difference be-
tween the plastic scintillators SC21 and SC41, placed at the middle focal plane after
the S2 degrader, and at the final focal plane S4 after the vacuum window of the last
magnet (cf. Figure 3.6). The velocity v of each ion is calculated from the TOF and
the flight path. Position determination is very important not only for the purpose of
using the spatial separation of the ions, but to achieve the proper geometrical correc-
tions to the TOF - respectively velocity, and to the magnetic rigidity of the second
stage, Bpa. The Bps value can be calculated from the expression:

Bpy = Bpo(1 — %) ; (4.1.1)

where Bpg is the magnetic rigidity of particles at the ion-optical axis. ps is the
effective radius of the fragments in the second stage of the separator. V5 and Dy
are properties of the ion optics of the FRS second stage, namely magnification and
dispersion. x2 and x4 are the positions of the ion in the z-direction at the intermediate
and the final focal planes, respectively.

23
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The position determination at S4 is done with the multi-wire proportional coun-
ters, but the scintillators can be used for position measurements in the horizontal
direction as well. The position information from the scintillators is obtained from the
time difference between signals from the left and right readout of the detector.

Combining the velocity and Bpy information, one can define the mass-to-charge
ratio A/q for each fragment via the expression:

Alq = ﬁ%—’f , (4.1.2)

where e is the elementary charge, u is the atomic mass unit, § = v/c is the
ratio of the velocity of the ion to the speed of light, and « is the Lorentz factor
(v = 1/ 4/1—=p?%). The proton number Z of each ion can be estimated under the
assumption:

AE = Z2f(53), (4.1.3)

where the energy loss AE is measured in a MUItiple-Sampling lonization Chamber
(MUSIC). The function f, which depends on the ion velocity [37], is deduced from
the primary beam calibration measurements, which are described in Section 3.2.4.
Figure 4.1 shows the AE spectrum measured for the '3'Sn production setting from
Experiment II. When analyzing only the fully stripped ions the following relation is
valid:

Alq=A/Z, (4.1.4)

By using these relationships, unambiguous particle identification in terms of A,
Z, and position is achieved on an event-by-event basis for each ion. In Figures 4.2
and 4.3 examples of identification maps are given.

4.2 Transmission and losses

There are several factors which affect the transmission of the reaction products
through the separator. First of all, one should distinguish the term optical transmis-
ston, Topt, from the total transmission, Tio. The first is a measure of the efficiency
of the ion-optics to transmit and focus the beam without losing particles in the pro-
cess. The total transmission includes additional processes such as nuclear absorption,
changes of charge states, and secondary reactions. The total transmission through
the separator is typically ~ 50% for fragmentation and ~ 2% for fission products.
The second process has a much lower transmission due to the specific kinematics of
the in-flight fission reaction (Chapter 3.1.2).
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Figure 4.1: Energy loss measurement in the MUSIC detector for all fragments reaching
the final focal plane of the separator in the *4Sn setting (Experiment II). A small
fraction of light fission fragments is also being transmitted but later excluded in the
analysis.
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Figure 4.2: Identification plot from the 34Sn setting in Experiment II. The proton
number Z is plotted versus the mass-to-charge ratio A /q for fragments reaching the
final focal plane of the separator during the setting for 13*Sn. Each group represents
a different isotope. For each Z several isotopes can be identified.
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When passing different materials or already in the target, some products may pick
up or lose electrons and thus change their charge state g. Thus we can transmit simul-
taneously fully stripped, H-like, and He-like charge states of the ions (H-like implies
the presence of one bound electron, etc.). This could lead to misidentification, and
is especially important for heavy fragments (Z > 50), as in the case of the K-isomer
study. However, there are methods to solve this problem. To reduce the number of
the fragments which change ¢ by picking up an electron, a niobium stripping foil can
be placed after the target, and after each degrader. Ions, which have nevertheless
changed their charge state, cannot be spatially separated from the ones which have
kept their charge state, but can be separated in the A/q versus S2 x-position space
in the second stage of the spectrometer.

In Figure 4.4 the separation of the different groups is illustrated. Three groups
of ions can be clearly seen in (a) - those which have not changed their charge state
(Agq = 0), those which have changed it with one unit (Ag = 1), and with two units
(Aq = 2). The first group predominantly corresponds to fully stripped ions, to some
extent contaminated by some H-like ions and with negligible contribution from He-
like ions. The second group consists mainly of ions which have picked up an electron
at the intermediate focus. In Figure 4.4 panel (b) can be seen that this problem was
negligible for products with lower Z. Indeed, 99% of the Sn ions were fully stripped
from production to the final vacuum window of the spectrometer. The program
GLOBAL ([38], developed at GSI, can be used to estimate the overall charge state
distributions of the primary and secondary beams. Its capability to simulate the
real processes has been tested and excellent agreement between the calculated and
measured values has been found.

Additional losses in transmission are caused by secondary reactions of the frag-
ments during their passage through layers of matter. The losses in the S4 degrader can
lower the quality of the identification, since it is situated in between the identification
set-up and the catcher. Therefore, there is a danger that fragments which have been
identified as ’good heavy ions’ are destroyed before being implanted (which could lead
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Figure 4.4: The x position at the central focal plane of the separator for all ions that
reached the final focal plane. The events which have changed their charge state can

be separated in the A/q space. Plot (a) is from the *)'W production setting in the

208PY fragmentation run, and plot (b) represents all fragments from the 13'Sn setting

during Experiment II.

to misassignment of any delayed 7-rays recorded in coincidence). To minimize this
problem we used a pair of plastic scintillators placed before and after the S4 degrader
to compare the energy deposited by the fragments in the detectors before and after
passing the degrader, and suppress ’bad’ events (up to 30% for a given isotope). This
is illustrated in Figure 4.5.
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Figure 4.5: Energy loss in the SC41 and SC42 scintillator detectors (cf. Fig. 3.6) in
arbitrary units. Only '36Sb ions are selected. The group indicated by the ellipse
represents ions which have not changed their proton number in the S4 degrader.
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4.3 Delayed v-ray spectroscopy

A significant aspect of all decay experiments at in-flight separator facilities is the slow-
ing down and subsequent stopping of the secondary beam. This problem is currently
being discussed in connection with the new projects taking place at the GSI facility
- e.g. the “Stopped Beam” part of the RISING project [39].

The velocity of the products after the target is &~ 80% of the speed of light. In
the second stage of the FRS after the S2 degrader v/c is still = 0.75. In order
to implant the products of interest in the catcher we use an adjustable degrader,
typically 5-7 g/cm? aluminum, at the S4 final focal plane for slowing down the ions.
The interactions of the heavy ions with the degrader material cause a prompt burst
of X-rays and low energy bremsstrahlung that are emitted during the passage of the
heavy ion. The “prompt” burst is significant (see Fig. 4.11) and extends typically to
about 250 nanoseconds. It causes a reduction of the effective y-ray detection efficiency,
which is investigated and discussed in Paper V and in Section 4.4.
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Figure 4.6: Energy-time matrix from one of the Clover detectors gated by 136Sb ions
identified in the FRS. The delayed pattern of the 173 keV isomeric transition is clearly
seen.

A big advantage of the method is the tagging of ~-rays with a specific ion, which
strongly reduces the background and makes possible studies of very weak channels
(< 100 ions per day). If one plots the matrix of the energy of the detected ~y-rays
from a particular isotope versus the time delay between the implantation and ~y-ray
detection (Fig. 4.6), one can clearly see the decay pattern of the isomeric transition.
The advantage of isomer spectroscopy is thus that the spectra can be “cleaned” by
requiring the detection of delayed ~-rays associated with a given heavy ion. This is
illustrated in Figure 4.7.
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Figure 4.7: Gamma-ray spectra recorded during the '*4Sn production run from Ex-
periment II. All gamma events collected in a single Ge crystal are plotted in (a). The
background is strongly reduced in (b) by tagging on a selected heavy ion — 36Sb in
this case. The prompt burst of low energy bremsstrahlung and X-rays is suppressed
(¢) by requiring events in delayed coincidence with the heavy-ion. In spectra (b) and
(c) a sum of the data from 16 Ge crystals is presented.

If one makes a cut on the energy axis in the time-energy matrix (cf. Fig. 4.6)
around a given peak and projects the selection on the time axis, a time distribution
related with this transition is obtained. This distribution contains the background as
well. The contribution from the background can be determined by gating in the way
described above on either or both sides of the y-peak, projecting on the time axis, and
normalizing to the number of channels in the peak gate (Fig. 4.8). For some lower-
energy, low statistics isomeric transitions it is difficult to extract a good background
distribution in this way due to the prompt burst. For those cases a background
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distribution has been obtained by gating on wider area on the high energy side close
to the peak and normalizing to the prompt part of the spectrum of the non-background
subtracted isomer events.
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Figure 4.8: Time distribution curves of the 97 keV and 391 keV gamma-lines below
the known I™ = 10% isomer in !3°Sn. In the uppermost panels the non-background
subtracted time distributions of the two gamma-rays are plotted. The background
distributions are shown by the grey areas. The background subtracted data are
presented in the two middle panels. The background is determined by gating on both
sides of the peak as shown in the lowermost panel.

By fitting the background subtracted time distribution of a given transition the
half-life of the corresponding isomeric level can be determined. According to a crite-
rion in Ref. [40], page 252, if the slope of the measured time spectrum is 1.5-2.0 times
the prompt slope, then simple slope fitting gives an accurate result. In Figure 4.9 two
examples where a slope fit has been applied are presented. For some cases where the
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Figure 4.9: Time distribution curves of the (a) 325 keV line from the decay of the
well-known I™ = 19/2~ isomer in 3*Te, and (b) the 173 keV line identified in 13¢Sb.
Background distributions extracted by gating on both sides of the y-peaks have been
subtracted.

available statistics is very low, however, the slope fit is no longer appropriate, and
other techniques, such as the maximum likelihood method, should be applied. For a
detailed description of such cases see Ref. [66].

4.4 Isomeric ratios

The isomeric ratio R is by definition the ratio of the number of ions which have been
produced in an isomeric state, and the total number of ions created in the reaction
per given species. It is the probability that in the reaction a nucleus is produced
in an isomeric state. The population probability of (us) isomers in either projectile
fragmentation or in-flight fission is of great importance from a reaction mechanism
study point of view. The knowledge of this ratio and its dependence on the spin
and excitation energy of the isomer, will make planning of future experiments more
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expedient and realistic. The ratio R is defined in the following way:

R . Nisom (tZO)

T TNTt(t=0) (4.5.1)

The determination of N°™ (¢ = 0) and N'*(¢ = 0) is complicated. The schematic
plot in Fig. 4.10 helps to understand the determination procedure.

ot tot
N (t=0) N (4 N (catcher)

(ID plot)

Target S2 S4 Catcher

Figure 4.10: Schematic plot of the FRS.

The total number of nuclei of a given species produced in the reaction, Nt (t = 0),
and the number of nuclei produced in an isomeric state, N**°™ (¢ = 0), can be deter-
mined from the experimental data measured at the final focal plane S4, if we take
into account the transmission 7" from the target to S4.

Nt0t<S4) = Nmt(t = O)T(target—54) ) (4.5.2)
Nisom<S4) = Nisom(t - O)T(target—S4)F ) (453)

where F takes into account the in-flight decay. This factor will be discussed in
more detail below.

From (4.5.1), (4.5.2) and (4.5.3) we determine

R B Nisom(s4) T(ta.'rget—S4) _ Nisom(s4)
- T(ta'rgetfsél)F Nwt(54) o FNtOt(S4) '

(4.5.4)

The ions in an isomeric state can be determined from the number of detected
y-rays N7 at the catcher

isom N7 (catcher)(1+ato
Nisom(§4) = X1 gewl,j}j tot) (4.5.5)
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where a4, is the total conversion coefficient for the isomeric transition, e, is the
absolute efficiency for detecting 7-rays of energy I, P, is the correction factor for
effective efficiency, which takes into account the blocking of the detectors during the
low energy prompt flash (see Paper V for details), and b, is the branching ratio for
~ transitions. G is a correction for the finite time window selected in the analysis
procedure when extracting a delayed y-ray spectrum for the given isomeric transition.

The correction factor G is calculated from:

~200][1 — eap[~ 13281 (45.6)

G = exp|
where tg and At are the start of the y-ray detection and the time window in which
data were collected, respectively.

The branching ratios for all transitions following the isomer decay are taken from
the literature. The total conversion coefficient oy, for each transition was calculated
using a formula developed by the International Network of Nuclear Structure and
Decay Data Evaluators [42]. For the new isomers, where no decay scheme has yet been
established, assumptions must be made about the branching ratios and multipolarities
and only limits can be given for the isomeric ratio.

The absolute efficiency e is determined from a careful calibration as discussed
in Section 3.3.2. As pointed out in Section 4.3, the effective y-detection efficiency is
reduced due to the prompt burst of X-rays and low energy bremsstrahlung coming
together with the heavy ion. The data acquisition system allowed the recording of only
the first gamma ray in every channel in an event, which led to a high probability for
the Ge-crystals to be blocked by the prompt burst. In Figure 4.11 a total germanium
time projection gated by a single isotope (129Sn in this case) recorded with a TDC is
presented. Three groups of events can be distinguished in such a spectrum - a strong
peak corresponding to the prompt burst, followed by delayed events, and events which
are outside the range of the TDC. The blocking factor P, can be measured by the
ratio between the delayed events in such a spectrum and the sum of all events (delayed
and prompt) in the same spectrum.

The total number of ions at S4, Nt°(S4), we determine from the identification
(ID) plot. This number, however, is a projection of the information given by the
detectors involved in the particle identification, situated not at the catcher but along
the beam axis before the S4 degrader. This implies that the losses in this degrader
must be taken in account as discussed in Section 4.2. Thus

NtOt(S4) = NtOt(ID)T(S4—catcher) (457)

The transmission T(s4—catcher) Was estimated using the MOCADI code [33].

Combining (4.5.4), (4.5.5) and (4.5.7) we obtain for the isomeric ratio R:
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Figure 4.11: Total time spectrum gated on '?°Sn recorded with a TDC. Group 1
represents events considered to be prompt, group 2 represents delayed events detected

in the Ge detectors and group 3 consists of events which are outside the range of the
TDC.

_ N7 (catcher)(1+atot)
R - FGE’Yb’YP’YNtOt(ID)T(S4fcatche'r) (458)

To take into account the in-flight decay one must know the charge state of the
ions in the different stages of the FRS, and how this effects the isomeric half-life. For
example, if electron conversion is the predominant decay mode of an isomeric state,
then the lifetime of this level will be much longer if the atomic nucleus is stripped of
all its electrons than in the case of a neutral atom. The factor F' is calculated from

F = exp[— Zi(%gij)i)] : (4.5.9)

where ¢ are the different stages of the FRS. TOF; and -;, the Lorentz factor, are
calculated with the MOCADI code. The half-lives of the ion in the corresponding
charge state qu/lé are discussed below. For a neutral atom ¢; = Z.

The total decay constant is the sum of the decay constant for gamma decay and
electron conversion:

Aot = Ay + Aee = A (14 quor) = % + 7-:_ — 1_tIOt = %?—72%7 (4.5.10)

from where we can determine
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Ttot — Tqi:Z — Tl’y/z (4.5.11)
1/2 1/2 (I4atot) -9
For a fully stripped ion Aiot = Ay, and
=0
TV =T =T (4.5.12)

For the analysis of data from the fission experiments, where lighter nuclei were
studied (Z = 47 —52), the FRS can be divided in two sections from this point of view.
As pointed out in Section 4.2, 99% of the selected ions are fully stripped even after
passing the S2 wedge degrader. Thus all ions will be considered as fully stripped from
the target to the S4 vacuum window, and all ions will be considered as neutral after
the vacuum window of the FRS. However, in the fragmentation experiment, where
much heavier nuclei were transmitted, the corresponding probability of an ion being
fully stripped in the region between the target and S2 degrader, and between S2 and
S4 were typically about 96% and 88% respectively, as pointed out in Paper V.

The experimental results can be compared with isomeric ratios predicted by the-
oretical models. The abrasion-ablation model has been applied [43] to describe the
distribution of angular momenta populated in projectile fragmentation reactions. Us-
ing the model distributions the isomeric ratio can be calculated under the extreme
simplifying assumption that R is equal to the probability that the final reaction prod-
uct is produced with an angular momentum larger than that of the isomer. Results of
such a comparison are available in Ref. [44], where the experimental isomeric ratios of
neutron-rich isotopes in the Pb region produced by projectile fragmentation of 238U
are shown to be in very good agreement with the ones predicted by the model. Pa-
per V presents results on the angular momentum population in the fragmentation of
208Ph measured during Experiment I. The fragment angular momentum distribution
populated in in-flight fission reaction is investigated below. The results are discussed
in Section 6.4.

4.5 Production rates

The observed rate at S4, or the number of ions of a given species measured at S4 per
incident beam particle is given by:

Pobs/b.p. = % ) (4.6.1)

The number of ions implanted at S4, N(ID), was discussed in Section 4.4.
The number of beam particles hitting the target, N, , is measured continuously
by the SEETRAM detector (Section 3.2.1). L and F are the numbers of accepted
and received events by the electronics and are continuously monitored during the
experiment. L/F is a measure of the deadtime, which thus is defined as (1 — L/F).
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Another important quantity is the production rate, or the number of ions of a
given species produced per incident beam particle. It can be calculated from:

PO S .p.
Pprod/b.p. = be/br (4.6.2)

T(ta.'rget—S4) ’

The transmission from the target to S4, Ti;arget—s4), is calculated by the MOCADI
code.

The observed rate at S4 is in itself an important number for the experimentalist
as it contains directly the measured transmission through the FRS. These rates will
be discussed further in Section 6.5.
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Results

5.1 The 2**Pb fragmentation experiment

The results from the neutron-rich K-isomer experiment are summarized in Figure 5.1.
During this experiment several production settings were investigated and many neutron-
rich isotopes were identified varying from Tb (Z=65) to Hg (Z=80), with neutron
numbers ranging between 100 and 126. There was one setting on the proton-rich side
as well, centered around L’Dy. A number of known and new isomers with lifetimes
from nanosecond to millisecond ranges were observed, e.g. the K™ = 35/2 isomers in
179W [45], 175 Hf [46], and '8'Re [47]. This is the highest angular momentum observed
to be populated in projectile fragmentation so far. The shortest lifetime measured
in this experiment, belonging to the K™ = 7~ isomer in 2°°Pt, was 14 ns [48]. This
time is much shorter than the flight time trough the separator. Our explanation is
that this is due to the primary transition energy being less than the K-shell binding
energy in platinum (78 keV). Thus the decay can only occur via electron conversion.
Hence it is only when the ion is implanted in the catcher that the isomeric state can be
depopulated and attain its natural half-life. A number of new isomers were discovered
in this experiment and are indicated in Figure 5.1. Some new and very neutron-rich
isotopes were also identified including 187:188Ta, 191W, 193.194Re (see Paper I and
Ref. [48, 26]), confirming the work of Reference [49].

The results of the isomeric ratios of the 2°®Pb fragmentation experiment are pre-
sented in Paper V.

37
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Figure 5.1: Part of the nuclidic chart showing the region which has been covered in the
208pPh fragmentation experiment. The isomers known from before and observed also
in our experiment are marked as well as the new isomers which have been observed
for the first time in this experiment.

5.2 The U fission experiments

5.2.1 Lifetime measurements of isomeric states

In the first 233U fission experiment we covered three production settings, optimized for
13180, 134Sn and '#°Cd. During this experiment we observed some 35 isotopes in the
neutron-rich Ag to Te isotopes with neutron numbers varying from 76 to 88. The first
setting was aimed for calibration of the particle identification. In the second setting
one new isomer was observed in 136Sb (Paper III). In fact it was the first observation of
an excited state in this isotope, which makes it the most neutron-rich Sb isotope from
which ~-rays have been observed so far. The lifetimes of the new isomer, and of two
previously known isomers were determined. The results are summarized in Table 1
in Paper IIL. In the last, most exotic setting, **Sn and !'3°Cd were identified with
about 1200 and 700 ions implanted in the aluminum catcher, respectively. However,
no delayed ~-rays could yet be associated with these nuclei. In addition, we have
indication for the observation of several new isotopes.

During the other two fission experiments (Experiments IIT and IV) we concen-
trated on two production settings optimized for 13°Sn and 2”In. Some 25 isotopes of
Cd-Te were identified. A number of new isomers in Cd and In nuclei were discovered
as shown in Figure 5.2, and their half-lives were measured, see Paper VI. The results
on the In isotopes are summarized in Table 5.1. They will be discussed in Chapter 6.
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Figure 5.2: Part of the nuclidic chart showing the region covered in the 238U fission
experiments. All known pus isomers in the region, all isotopes and new isomers ob-
served in this experiment are shown on the plot. For all the Cd and Ag isotopes in
the plot, only the ground state has been observed so far. The grey squares represent
candidates for isotopes potentially observed for the first time.

Table 5.1: Half-lives and ~-ray transitions associated with the antimony and indium
isomers observed in the present study. The half-lives were obtained by fitting the
decay time distributions of the v-rays indicated in bold type.

Isotope  Observed delayed Half-life (us)
~-rays [keV] This work Previous

13635 173 0.57(5)

125Tn 737, 1173 13(4) 9.4(6) [50]
126y 201,244, 614, 865 30(3)

127In 221,233 0.09(3), 13(2)

1281n 248,323 170(8 ) >10 [51]
129In 332,358,994, 1352 11(2) 8.5(5) [52]
1307y 389 (3)

1299n  382,570,1136,1324 3.9(4) 3.6(2) [53]
130Gy 97,391 1.5(2) 1.61(15) [54]
134T 297 168 (12) ns 164 (1) ns [55]

5.2.2 Isomeric ratios

The isomeric ratios for some selected isomers were evaluated from the data measured
during Experiments IIl.a (with a Be target) and IIl.c (with a Pb target). The results
are summarized in Table 5.2. The overall uncertainty of this evaluation is estimated
to be on the level of 20% and is mainly governed by the uncertainties of v-ray effi-
ciency determination and the integration of the v-peaks. Isomers for which the decay
scheme is known were predominantly chosen for the evaluation. However, preliminary
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isomeric ratios were derived for some cases, for which the multipolarities of some or
all of the transitions following the primary isomer transition are unknown (129Sn and
129Tn, see Section 6.4 for details). For the new isomers observed in 27In, lower and
upper limits were defined. Table 5.3 summarizes the isomeric ratios for two isomers,
measured during the momentum distribution scan (Experiment III.b). The uncer-
tainty of the isomeric ratios corresponding to the beam energies of 753, 756 and 759
MeV /u is even larger, on the order of 30%, because of the low statistics collected in
the measurements.

Table 5.2: Isomeric ratios measured during experiments IIl.a and IIl.c with Be and
Pb targets, after in-flight fission of 238U at 750 MeV /u and 732 MeV /u, respectively.

Nucleus Isomeric I™ E* keV  Tisp,us R(Be target) R(Pb target)

134Tg 6+ 1691 0.164 0.11 0.09
183GL > 17/2F  4526+x 16 0.04 0.03
131G, 23/2+ 2166.3 1.1 0.077 0.046
1318 23/2- 4846.7 0.3 0.026 0.015
1308 5- 2085 0.052 0.16 0.12
1308 10t 2435 1.6 0.11 0.07
1298 19/2+ 1746 3.7 0.22% 0.09%
1207 17/2- 1688 8.5 0.21% 0.11%
1277y - - 0.09  0.04<0.18% 0.05<0.25%

* preliminary result. see Sect. 6.4 for details

Table 5.3: Isomeric ratios measured during experiment III.b with the Be target, after
in-flight fission of 238U at different energies.

Nucleus Isomeric I™  Eppim, R

MeV /u

1296 19/2F 750 0.22
753 0.17
756 0.20
759 0.14

131gY, 23/27F 750 0.08
753 0.08
756 0.11
759 0.07

5.2.3 Production rates

The production and observed rates for some ions observed during Experiments I1l.a
and IIl.c with both Be and Pb targets, as well as during the momentum distribution
scan (experiment ITL.b) were calculated and are presented in Tables 5.4 - 5.9. The
uncertainty of this evaluation is on the level of four percent and is mainly due to the
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uncertainty in defining the number of ions in the identification plot, Nt*(ID).

Table 5.4: Production and observed rates measured during experiment IIl.a with a
Be target, after in-flight fission of 233U at 750 MeV /u, setting optimized for 13°Sn,
Npp. = 2.2%10'2 the deadtime was 48 %.

Charge Mass ~ N** (ID) T(targetfsél) Pobs/b.p. Pprod/b.p.

92 132 100203 1.39E-3 8.7E-8 6.3E-5
52 133 478620 7.7E-3 4.1E-7 5.3E-5
52 134 398742 1.5E-2 34E-7 2.3E-5
51 130 324588 6.93E-3 2.8E-7 4.0E-5
o1 131 912761 1.47E-2 7.9E-7 5.4E-5
o1 132 1170450 2.64E-2 1.0E-6 3.8E-5
51 133 915388 3.57E-2 7.9E-7 2.2E-5
50 128 379274 1.05E-2 3.3E-7 3.1E-5
50 129 646670 2.16E-2 5.6E-7 2.6E-5
50 130 795122 3.29E-2 6.9E-7 2.1E-5
50 131 552511 3.48E-2 4.8E-7 1.4E-5
50 132 273003 3.28E-2 24E-7 7.9E-6

49 126 82358 6.6E-3 7.1E-8 1.1E-5
49 127 126177 1.78E-2 1.1E-7 6.1E-6
49 128 82312 2.91E-2 7.1E-8 2.4E-6
49 129 50286 3.07E-2 4.3E-8 1.4E-6

Table 5.5: Production and observed rates measured during experiment IIl.c with a
Pb target, after in-flight fission of 233U at 732 MeV /u, setting optimized for 3°Sn,
Npp. = 6.25 %10 | the deadtime was 46 %.

Charge Mass Nt (ID) T(targetfsél) Pobs/b.p. Pprod/b.p.

92 132 20484 2.34E-4 6.1E-8 2.6E-4
92 133 135885 4.65E-3 4.0E-7 8.7TE-5
52 134 190511 1.25E-2 5.6E-7 4.5E-5
51 130 55056 3.09E-3 1.6E-7 5.3E-5
o1 131 246351 1.08E-2 7.3E-7 6.7E-5
o1 132 452921 2.42E-2 1.3E-6 5.5E-5
o1 133 404277 3.73E-2 1.2E-6 3.2E-5
50 128 67649 6.61E-3 2E-7 3.0E-5
50 129 178035 1.92E-2 5.3E-7 2.8E-5
50 130 284728 3.18E-2 8.4E-7 2.7E-5
50 131 196303 4.34E-2 5.8E-7 1.3E-5

50 132 68958 3.81E-2 2.0E-7 5.4E-6
49 126 11368 5.17E-3 3.4E-8 6.5E-6
49 127 24390 1.87E-2 7.2E-8 3.9E-6
49 128 18007 2.98E-2 5.3E-8 1.8E-6

49 129 8701 3.91E-2 2.6E-8 6.6E-7
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Table 5.6: Production and observed rates measured during experiment IIl.c with a
Pb target, after in-flight fission of 238U at 732 MeV /u, setting optimized for '2"In,
Np.p. = 2.0 x 1012 the deadtime was 33 %.

Charge Mass ~N'* (ID) T(target—S4) Pobs/b.p. Pprod/b.p.

51 130 202826 3.3E-3 1.5E-7 4.6E-5
o1 131 997797 1.07E-2 4.5E-7 4.2E-5
o1 132 575385 1.91E-2 4.3E-7 2.3E-5
o1 133 203020 1.15E-2 1.5E-7 1.3E-5
50 128 331772 7.85E-3 2.5E-7 3.2E-5
50 129 800945 2.04E-2 6.0E-7 2.9E-5
50 130 1114990 3.34E-2 8.3E-7 2.5E-5
50 131 628685 3.83E-2 4.7E-7 1.2E-5
50 132 156484 2.49E-2 1.2E-7 4.7E-6
49 126 151089 1.46E-2 1.1E-7 7.8E-6
49 127 190541 2.98E-2 1.4E-7 4.8E-6
49 128 117411 3.83E-2 8.8E-8 2.3E-6

49 129 45908 4.15E-2 3.4E-8 8.3E-7
48 124 3262 9.04E-3 2.4E-9 2.7E-7
48 125 18775 2.04E-2 1.4E-8 6.9E-7
48 126 16779 3.4E-2 1.3E-8 3.7E-7T

Table 5.7: Production and observed rates measured during experiment III.b with a
Be target, after in-flight fission of 238U at 753 MeV /u, setting optimized for 3°Sn,
Np.p. = 3.52 % 101, the deadtime was 56 %.

Charge Mass Nmt (ID) T(target—S4) Pobs/b.p. Pprod/b.p.

92 132 34427 3.51E-3 2.2E-7 6.3E-5
92 133 103965 1.06E-2 6.7E-7 6.3E-5
92 134 85196 1.57E-2 5.5E-7 3.5E-5
51 130 68846 9.32E-3 4.4E-7 4.8E-5

51 131 161380 1.74E-2 1.0E-6 6.0E-5
o1 132 193420 3.27E-2 1.3E-6 3.8E-5
o1 133 142002 3.82E-2 9.2E-7 2.4E-5
50 128 68202 1.43E-2 4.4E-7 3.1E-5
50 129 104198 2.52E-2 6.7E-7 2.7E-5
50 130 118235 3.37E-2 7.6E-7 2.3E-5

50 131 80430 3.54E-2 5.2E-7 1.5E-5
50 132 38045 2.76E-2 2.5E-7 8.9E-6
49 126 12523 8.26E-3 8.1E-8 9.8E-6
49 127 17540 2.02E-2 1.1E-7 5.6E-6
49 128 11513 2.96E-2 7.4E-8 2.5E-6

49 129 6719 2.95E-2 4.3E-8 1.5E-6
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Table 5.8: Production and observed rates measured during experiment III.b with a
Be target, after in-flight fission of 233U at 756 MeV /u, setting optimized for *°Sn,
Np.p. = 3.1 %1011, the deadtime was 53 %.

Charge Mass ~ N** (ID) T(target—S4) Pobs/b.p. Pprod/b.p.

52 132 60145 6.205E-3 4.1E-7 6.6E-5
92 133 129804 1.331E-2 8.9E-7 6.7E-5
92 134 99276 1.995E-2 6.8E-7 3.4E-5
o1 130 91084 1.175E-2 6.2E-7 5.3E-5
51 131 183423 2.176E-2 1.3E-6 5.8E-5
51 132 199470 3.532E-2 1.4E-6 3.9E-5
51 133 136886 3.79E-2 9.4E-7 2.5E-5
50 128 80302 1.549E-2 5.5E-7 3.6E-5
50 129 110479 2.984E-2 7.6E-7 2.5E-5
50 130 115678 3.465E-2 7.9E-7 2.3E-5
50 131 75656 3.385E-2 5.2E-7 1.5E-5
50 132 33746 2.505E-2 2.3E-7 9.2E-6
49 126 13434 9.905E-3 9.2E-8 9.3E-6
49 127 17349 2.226E-2 1.2E-7 5.3E-6
49 128 10727 3.214E-2 7.4E-8 2.3E-6
49 129 5992 2.693E-2 4.1E-8 1.5E-6

Table 5.9: Production and observed rates measured during experiment III.b with a
Be target, after in-flight fission of 233U at 759 MeV /u, setting optimized for 13°Sn,
Np.p. = 2.66 % 10, the deadtime was 54 %.

Charge Mass N'™'(ID) Tuarget—sa) Povsjpp. P

prod/b.p.
52 132 79366 9.05E-3 6.6E-7 7.3E-5
52 133 136009 1.81E-2 1.1E-6 6.2E-5
52 134 99865 2.24E-2 8.3E-7 3.7E-5

o1 130 103226 1.62E-2 8.5E-7 5.3E-5
o1 131 181370 2.92E-2 1.5E-6 5.1E-5
51 132 179535 3.77E-2 1.5E-6 3.9E-5
51 133 114846 3.89E-2 9.5E-7 2.4E-5
50 128 81305 1.76E-2 6.7E-7 3.8E-5
50 129 101248 3.22E-2 8.4E-7 2.6E-5
50 130 100273 3.51E-2 8.3E-7 2.4E-5

50 131 63002 2.91E-2 5.2E-7 1.8E-5
50 132 25733 2.26E-2 2.1E-7 9.4E-6
49 126 12933 1.11E-2 1.1E-7 9.7E-6
49 127 14855 2.17E-2 1.2E-7 5.6E-6
49 128 8748 2.74E-2 7.2E-8 2.6E-6

49 129 4496 2.58E-2 3.7E-8 1.4E-6
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Chapter 6

Discussion

6.1 K-isomers in the A =180-200 mass region

In the A =180 mass region the nuclei are deformed and axially symmetric. Therefore,
they are good rotors, i.e. they show collective rotational bands with excitation energies
proportional to I(1 +1). The isomeric state is normally the band head of a rotational
band and the isomer decays to a band with lower K. Since many valence particles
contribute to the configuration of the K-isomeric state, it is difficult to perform shell-
model calculations in an appropriate model space to explain the excitations in such
nuclei.

For example, in the case of the newly observed «-ray cascade in W (see Fig. 2 in
Paper I) we have performed blocked BCS (Bardeen—Cooper—Schrieffer) calculations
in the way described in Ref. [16]. The quasi-particle energies and the strength of the
pairing force were fitted to known states in the neighbouring '%-191:192Qg and °'Re
nuclei. The calculations suggest a low-lying two-quasiparticle state with K™ = 10~
and a v[505]9/27 ® v[615]11/2" Nilsson configuration.

An isomer with the same structure has been suggested in the N = 116 isotone
1920s. The N = 116 isotones 20s and 4Pt are well known examples of y-soft
nuclei [56, 57]. In a simple model, the ratio of the excitation energies of the first
47 and 2% states can be used to distinguish between an axially symmetric deformed
rotor (for which the ratio is 3.33), a spherical vibrational nucleus (the ratio is 2.0),
and a y-soft nucleus (a 2.5). The deduced ratio of the energies of the 47 and 2% in
19OW is 2.72, which is close to the limit of 2.5 for a y-soft nucleus [58, 59].

We have also performed configuration-constrained potential-energy-surface calcu-
lations, according to the mechanism of Ref. [60], for the K™ = 10~ state in W.
The results, plotted in Fig. 4, Paper I, predict almost identical shapes for the isomeric
state and the ground state, and suggest significant y-softness, which is in agreement
with the conclusion from the 41 /2% energy ratio.
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Further examination of the ratio of the 47 and 2% energies in comparison with
several even-even nuclei in the neighbourhood was done as illustrated in Fig. 5 in
Paper I. The experimental data point for W deviates strongly from the general
trend. While the energies of the first two excited states of "W can be explained in
terms of triaxiality, their ratio compared to the systematics is not fully understood.
The question could be related to a breakdown of the Z = 64 shell gap for N < 78
and N > 88 [59, 61], and to the possibility of a sub-shell gap for proton number 76
proposed by Mach [62] in a discussion of the alteration of effective shell gaps in this
neutron-rich region.

It should, however, be noted that the discussion above is based on the level scheme
presented in Fig. 3, Paper I. The scheme was constructed on the basis of vy-ray singles
information (the statistics did not allow a v coincidence analysis) and comparisons
with neighbouring nuclei. It is therefore possible that the level ordering could be
different.

6.2 Neutron-rich antimony isotopes

Figure 6.1 shows the neutron and proton single-particle levels around the N = 82 and
Z = 50 closures. The lowest excitations for the nuclei having few valence particles
or holes above or below the closures will be determined by the orbitals available for
these valence particles (holes).

~1h
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2f7/2
1h
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_  -2d,, — 20y,
"~ 35y, 197/2
§ lg;,

2d5/2 ,f\i ].ng
Vv 40
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T

Figure 6.1: Single-particle orbitals for neutrons (v) and protons (7) around the N =
82 and Z = 50 closures.
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In nuclei around '32Sn the coupling of the valence particles and holes occupying
relatively high-j orbitals often gives rise to low-spin isomers. One example is the
isomer newly identified in '¢Sb reported in Paper III.

The stiffness of the '*2Sn doubly-magic core promises that the single-particle states
in the surrounding nuclei should be rather pure. In Paper III we investigate the
development of the shell structure comparing the two valence particle nucleus 34Sb
(one proton and one neutron above the doubly-magic core) with the isotope 13¢Sb,
which has four valence particles. The development of collectivity and the role of
high-j orbitals is discussed when adding a pair of neutrons. We performed shell
model calculations for both '34Sb and '36Sb, using two different approaches - namely,
the Kuo-Herling shell model (KHSM), and an empirical shell model (ESM). Two
sets of interactions have been used to calculate the excitation energies for the lowest
multiplets - 7g7/ovf7 /2 in 1348h, and 7rg7/2uf73/2 in the case of 36Sb.

The results of the calculations are plotted in Figures 4 and 5 in Paper III. The
KHSM model uses realistic two-body matrix-elements from the 2°®Pb region but
scaled down by A~/ in the full Z = 50 to 82 and N = 82 to 126 model space with
mixing. The empirical shell-model uses two-body matrix-elements from 2'9Bi, scaled
from the 7hg /51892 multiplet to the mg7/o1f7 /2 multiplet, and f72/2 two-body matrix-

elements from 34Sn. Pure configurations are assumed. Surprisingly, the KHSM and
ESM calculations agree almost perfectly, both for 13*Sb and for '36Sb. Therefore,
mixing (KHSM) does not affect strongly the calculations. This means that if there
were other orbitals involved in the lowest excitations in those two nuclei, their contri-
bution should be very small, i.e., the configurations are rather pure. The agreement
with the experimental data is very good in the case of 13*Sb. Since we observe only
one 7-ray transition from 36Sb it is difficult to compare the data with the calcula-
tions, but the ground state of I™ = 1~ predicted by both calculations is in agreement
with the ground state spin and parity deduced experimentally by Hoff et al. [63].

On the other side, the distribution of the level excitation energy as a function
of angular momentum in the lowest multiplets looks very different for the two nu-
clei. While for '34Sb the lowest and the highest spin members of the multiplet are
lower in excitation energy relative to most of the levels in between, the correspond-
ing states are located higher in 136Sb and the level distribution is nearly flat. This
‘parabola’, which flattens from '34Sb to its neighbour '®6Sb, reminds very much on
the behaviour of the lowest multiplets in the corresponding counterparts in the 2°6Pb
region, 21°Bi and 2!2Bi, discussed by Alexa et al. [64]. The authors study the reverse
of the energy versus spin parabola as one goes from 2!1°Bi by adding pairs of neutrons
and/or protons to 212Bi, 212At, 216At, 216Fr. With and without mixing they calculate
the sequence of shell-model configurations in these odd-odd nuclei. The calculations
without mixing show that the parabolic structure reverses as one goes from particle-
particle configurations to particle-hole or hole-particle configurations. We expect that
in the neighbouring odd-odd antimony isotopes with larger neutron excess, with the
increasing occupation of the neutron f7/, orbital, the particle-particle proton-neutron
interaction in '®*Sb will change into a particle-hole interaction in 49Sbh, which will
invert the parabola distribution via the rather flat distribution calculated for 136Sb.
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6.3 Level structure and decay properties of odd-
mass indium isotopes

The indium isotopes have one proton hole in the 1gg/, or 2p;/, orbital below the
Z=50 closed shell and n neutron holes in the 1hy; /5, 2d3/5 or 3s; /o orbitals below the
N=82 closed shell (n lies between 6 and 1 for 12°~13%In). The presence of odd nucleons
in these relatively high-j orbitals makes it possible to form a large number of states
of different intrinsic structure, organized in multiplets. The character and composi-
tion of the multiplets in many cases results in appreciable hindrance factors, both for
intramultiplet transitions and for those connecting levels belonging to different multi-
plets. For this reason the neutron-rich indium isotopes “south-west” of doubly magic
13281 are very rich in isomeric states, both 3-decaying isomers with half-lives around
a second and above, as well as shorter-lived ones in the millisecond-to-microsecond
range which decay preferably by v emission.

As in the case of ?°Sb discussed in the previous section, the purity of the single-
particle configurations is expected to decrease as the number of valence holes com-
pared to the '32Sn core increases. Thus a comparison of how the level structure
changes when moving along the chain of indium isotopes is expected to give inter-
esting insights into the growing importance of more collective degrees of freedom. It
also sets up a formidable challenge to nuclear models to correctly reproduce not only
the excitation energies of excited states in these nuclei but especially to accurately
reproduce transition rates.

Table 6.1: Deduced properties, including spin/parity and half-life, for the primary
isomeric transitions in the observed indium isomers. All data are taken from the
present study, unless otherwise indicated.

Isotope Primary isomeric transition
Energy Half-life Proposed spin and parities Multipolarity
[MeV] [us] I7 —I7
125In 0.050 13(4) 19/2F—17/2- El
12TIn - <0.050 13(2) 29/2+—25/2% E2
127In 0.221/0.233 0. 09(3) 25/2%—(23/2,25/2)~ El
1297 0.332 11(2) 17/2-—13/2" M2

In the following, our recent results on isomeric states in the odd-mass indium
nuclei 12°In, '27In and '?°In will be discussed. A summary of the decay data of the
investigated isomeric states, including energies of the observed delayed v-rays and
half-lives determined for selected transitions, is provided in Table 5.1. Preliminary
results from the analysis of the data from Experiments IIl.c and IV (see Table 3.1),
including also new information on the even-mass nuclei 26In, 128In and '3°In, have
been published in Paper VI and Ref. [65]. A complete discussion, together with
results from an on-going shell model investigations of the region, can be found in
Ref. [41]. In addition, our results on isomers in ?Cd and '?7Cd will be published
separately [66].
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Figures 6.2 and 6.3 illustrate y-ray energy spectra of 12%127:129Tn and decay time
distributions for selected delayed transitions. Table 6.1 lists deduced nuclear structure
information, while Figure 6.4 contains partial level schemes. As many aspects of
the intrinsic structure of the odd-mass indium nuclei can be understood in terms of
the coupling of valence proton holes to core states in the neighboring even-mass tin
systems, Figure 6.5 has been included for clarity.
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Figure 6.2: Heavy-ion—gated delayed (0-60 us after prompt) v-ray spectra of selected
odd-mass indium isomers. Asterisks label transitions associated with background
activities.

6.3.1 Results for '?In and '*°In

129]n

In comparison to doubly magic '*2Sn, '*In has one hole in the gg /5 proton shell and
two neutron holes, most likely of ds/o, hij/o or sq/5 character. Several -decaying
states are known [50], including the I"=9/2" ground state, a low-lying 1/2~ state
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Figure 6.3: Background-subtracted time distributions obtained for selected transitions
associated with the decays of isomeric states in odd-mass indium fission fragments. In
the case of 127In, data from both Experiment III.c (short component) and Experiment
IV (long component) are shown. The solid lines indicate single exponential-component
fits to the data, see Table 5.1.

and, as recently reported [67], a high-lying 23/2~ state. The existence of the latter
had previously been put forward in connection with the discovery of a 700(30) ms
M2/E3 isomeric transition thought to connect the expected maximally-aligned 29/2%
state with the 23/27 level [50]. The confirmation [67] of the spin and parity of the
high-lying (3-decaying state thus also validates the assignment of the 29/27 level,
which is formed by the coupling of the gg/» proton hole and the 10" 13081 core state.

A comparison with '3°Sn shows that in that nucleus, the 10% state, although
isomeric because of the relatively small energy difference of just 97 keV, is able to
decay to the lower-lying 8% state [54]. In '2°In, however, this possibility is clearly
not open as the 29/2% state is forced to decay to the 23/2~ level, implying that the
expected 25/27 must be situated slightly above the 29/2% level. The long half-life of
the 29/27 state is thus due to a true spin-gap effect.

Complementary to these states, Genevey et al. [53] have observed several ~-
transitions decaying with a common T, /,,=8.5(5) us. A later study [52] by the same
group assigns ["=17/27 to the isomeric state, based on systematics of the region as
well as shell model calculations. We observe the same ~-transitions as reported by
Genevey et al. [52, 53]. Although our half-life of 11(2) us is slightly longer, our result
is in good agreement with the previously reported value.
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Figure 6.4: Schematic level schemes for selected odd-A indium nuclei. Spin/parity
assignments and microsecond-range half-lives refer to our work (see text for details),
while level energies and other half-lives have been taken from Refs. [50] (1?°In),
[67, 68] (127In) and [52, 67] (12°In).

The deexcitation pattern of Refs. [52, 53] is indeed consistent with the decay of
a [=17/2 state, as any higher spin would not allow for the known 700 ms (23/27)
B-decaying isomer observed by Fogelberg et al. [50]. A positive parity would enable
a fast E2 transition to the 13/2% state at 1352 keV, thus destroying the observed
isomerism. The existence of an undetected low-energy E1 primary isomeric transition
cannot be excluded from our data, but this option appears highly unlikely as the
conversion electron spectroscopy performed by Genevey et al. failed to provide any
evidence for such a (highly converted) transition.

125 In

125Tn is situated further away from '32Sn than '?°In, and it is therefore expected that
its states will be built up from combinations of several different orbitals rather than
be dominated by pure configurations. Important proton orbitals include p;/, and
g9/2, Whereas the six valence hole neutrons have ds/3, hyy/2 or s; /9 character.

Early B-decay work has revealed two low-lying 3-decaying levels, the 9/2% ground
state and a 1/2 state at 360 keV [69]. The latter is thought to have a large contribu-
tion of the p; /o proton orbital in its wave function [70]. In addition to these isomers,
Fogelberg et al. [50] have reported the existence of two higher-lying isomeric levels
that decay by emission of ~«-rays and conversion electrons. The authors observed a
152 keV M2 ~-ray with a half-life of 5.0(15) ms, which was interpreted as connecting
a (23/27) state at 2161 keV with a lower-lying level at 2009 keV, tentatively assigned
spin 1=(19/2,21/2). The 2009 keV level is in itself isomeric, with a half-life of 9.4(6)
ps. The conversion electron spectroscopy data of Ref. [50] show that the isomer decay
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proceeds via a cascade initiated by two low-energy, highly converted transitions. The
56 keV E2 primary isomeric transition is followed by a 43 keV M1 transition, and the
sequence ends in the 9/2% g.s. via two transitions with relatively high energy, 737
and 1173 keV.

Although our experimental setup was insensitive both to low-energy ~-rays and to
conversion electrons, we do observe the two latter coincident transitions. The average
half-life of the two transitions comes out as 13(4) us — slightly longer than the value
of Ref. [50], but still in relatively good agreement. It is interesting to note that, in
analogy with ?7In (see below), the decay time distribution of the 737 keV transition
appears to exhibit two components — in addition to the long half-life discussed above,
the elevated number of counts in the first time bin hints at the presence of a second,
much shorter decay. Unfortunately our data precludes a closer investigation of this
phenomenon, but it remains an intriguing possibility.

As mentioned above, Fogelberg et al. [50] have proposed a spin and parity of
(23/27) for the ms-isomeric level at 2161 keV . Such a state is expected in the vicinity
of 2 MeV, where it can be formed by the maximal alignment of a gg/, proton hole
coupled to the vdy /lzh;11/2 I™=T7~ two-quasi-neutron state. These 7~ states are well-
known in the neighboring even-mass tin isotopes, see Figure 6.5. Since the 4™ and 5~
states lie below the 7~ level in '26Sn, it is natural to assume that the corresponding
23/27 level in 2°In should be able to y-decay to lower-lying states with spins in the
range 1=13/2 — 21/2, as is indeed observed.

However, the proposed assignment of 1=21/2 for the 2009 keV level [50], which
implies a Al = 1 M2 transition from the 23/2~ isomer, seems less well founded.
The systematics of the region, as well as relatively simplistic shell model calculations
performed by us, lead us to propose that the M2 isomeric transition is more likely to
have Al = 2 character, requiring 1=19/2 for the 2009 keV state.

The exact nature of the 19/2% state is difficult to ascertain, as the coupling of a
4% state, as found in the even Sn “core”, and a gqy /2 proton can maximally result in
I"=17/2%. To form a 19/27 state thus requires that the valence proton hole couples
to a (5,6)" state in '?Sn, which involves the gz /o orbit. In the lighter indium isotopes,
such states normally occur at higher excitation energy. However, 125In lies in a region
where both vg7/, and wgg/o are holes and thus can interact strongly as they are
spin-orbit partners, thereby lowering the coupled states.

Concerning the decay out of the 2009-keV level, the 56 keV E2 transition is
most likely to be stretched, implying Al = 2, as any M1 component would increase
the total transition rate and therefore destroy the isomerism. Consequently, the
state at 1953 keV should be assigned 1=15/2, resulting in the 43 keV M1 being of
15/2% —(13/2,15/2)" character. Considering the configurations involved, a positive
parity is most likely.
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Figure 6.5: Schematic level schemes for selected tin nuclei. The data have been taken
from Refs. [71] (}26Sn), [54, 72] (}?®Sn) and [54] (*3°Sn).

6.3.2 New data on *"In

With its four neutron valence holes compared to the '32Sn core, ?7In is situated
in between its isotopes 12°In and '?°In, and one could expect that all three indium
nuclei should exhibit many common features. Indeed, previous studies of the -decay
of 127Cd [70, 73] strongly suggest the ground state of *"In to have I"=9/2%, and
similarly to its odd-mass neighbors, a (-decaying 1/2~ state was found at around
460 keV. Gausemel et al. [67] have recently reported the existence of a higher-lying
(-decaying isomeric state at 1863(56) keV, which they assign as I"=21/2". Hoff et al.
[68] made a detailed y-spectroscopic study of levels in 127In populated in the S-decay
of the 127Cd I"=(3/2)" ground state, and were able to identify a number of excited
states located on top of both the ground state and the I™=1/2" isomer. However,
no states with half-lives in the microsecond-range have previously been reported in
127In.

We observe two delayed v-rays with 221 and 233 keV, which both exhibit decay
time distributions consistent with the presence of two decay components, one short
and one long. The preliminary analysis of the data from Experiment III.c indicated
the half-life of the fast component to be < 150 ns, but the fit was made difficult by
the presence of the second component, which was estimated to have a lifetime of the
same order as the total time range recorded, i.e. 8 us. The 10 times longer decay
time range of Experiment IV allowed us to determine the long decay component to
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have Ty/3=13(2) ps. (In this time distribution, the short component manifested itself
as a high number of counts in the first 500 ns, see Figure 6.3.) Using this value, the
data from Experiment IIl.c were fitted one more time, resulting in T; /,=90(30) ns
for the short component. Analysis of the y-spectroscopic data further show that the
two transitions are coincident with each other.

This decay pattern, which at first sight shows little resemblance to the odd-A
neighbors 12%129In (see Figure 6.2), is thus a strong indication of the presence of
two ~y-decaying isomeric states. The fact that none of the transitions reported by
Hoff et al. [68] are present in the delayed v-ray spectrum seem to suggest that these
isomers, as well as the levels populated in their decay, have an intrinsic structure that
is inherently quite different from the states populated in the ?7Cd (3-decay. Instead,
it seems probable that this new level structure should be located at relatively high
excitation energy, e.g., above the I"=21/2~ [-decaying isomeric state at 1863(56)
keV.

We propose that the longer half-life is due to a low-energy, highly converted E2
(29/27)—(25/27") transition which, because of the lower detection limit of ~ 70 keV,
was not observed in our experiment. Starting from the known B(E2;10" — 8*) =
0.37(3) W.u. for 12®Sn, which in the stretched coupling limit should be identical to
the B(E2;29/27 —25/2%) in 127In, it is possible to deduce a limit for the energy of
the non-observed y-ray: EZ x (1 4+ ayor) = 5.656  107*/(B(E2)*Ty5), with E, in
keV, B(E2) in e*fm*, Ty /5 in ps and oy is the total conversion coefficient. From
this we obtain E, < 35 keV, which is reasonable. This situation can be compared to
the considerably slower decay of the 29/27F state in '2°In which, as discussed above,
is a true spin-gap effect, in that the proton-neutron interaction favors the stretched
configuration with the best spatial overlap. When moving into the neutron shell this
effect fades away, and the 25/2% may certainly move down again to sit below the
29/2% already in ?7In.

The isomer with the short half-life must be located below the long one, as otherwise
it should not be observable. It appears highly likely that one of the observed y-rays
is the primary isomeric transition, but as they are so similar in energy — 221 keV and
233 keV, respectively — it is not possible to pinpoint which one. The observed half-life
is only compatible with E1 or E2 multipolarity, which would limit the spin and parity
of the intermediate state to either 21/2% or (23/2,25/2)7, as other states are not
foreseen by the shell model. The second of the two transitions would then connect
the intermediate state with the I"=21/2" (-decaying isomeric state at 1863(56) keV.

Can our data be used to distinguish between the two possibilities outlined above?
Starting with the E2 alternative, we note that the B(E2;25/2% —21/2%) transition
rate is, in the fully stretched limit, equal to the B(E2;8% — 67) value in 128Sn. The
latter value, although not known experimentally, can be calculated in the seniority
scheme from the known !28Sn B(E2;10" — 8%)=0.37(3) W.u. by simple Racah 6j-
symbol algebra: B(E2;8T — 61) = 2.669«B(E2;107 — 8%)= 0.98(8) W.u. The
resulting B(E2;25/2T —21/2%) corresponds to a half-life of 27 ns, which is clearly
shorter than the experimental value of 90(30) ns.
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The E1 alternative, on the other hand, implies I"=(23/2,25/2) for the interme-
diate state, and hence M1 or E2 multipolarity, respectively, for the second member
of the cascade. The presence of a second excited 7~ state with a similar excitation
energy in the core nucleus *2®Sn lends support to a 23/2~ assignment, but one would
also expect a vhyy/9ds/o 87 state in the vicinity, which would correspond to a 25/2~
level in '27In.

Finally some comments on the probable locations of the expected 23/2~ and 17/2%
states in 2"In. As we have seen in the discussion above, the large spin gap forces the
23/27 state in 1?°In to S-decay rather than to deexcite via v emission. In the case of
127Tn, a comparison with 128Sn leads us to expect the 23/2~ spin trap to exist, but
instead of $-emission its decay may proceed through a long-lived E3 transition to the
17/2% level. The half-life would certainly be too long for it to have been observed
in our experiments, which were optimized for lifetimes in the 0.1-40 ps range. When
it comes to the position of the 27In 17/27F level, the fact that the 21/27 level is a
fp-decay trap with T, /,=1.04(10) s makes unlikely, but not impossible, the existence
of a competing M2 ~-ray branch to a such a 17/27 state. However, this would require
a large retardation of about 5% 10~% W.u. for this up to now unobserved transition, if
we assume an energy of 50 keV. The conclusion is therefore that the expected 17/2%
is located less than about this energy below or above the 21/2~ isomer, which can be
compared to the relative positions of the 47 and 7~ states in 128Sn.

6.4 Angular momentum distribution of fission frag-
ments

6.4.1 Isomeric ratios

The isomeric ratios of 9 isomers observed during Experiment III were evaluated. For
each isomer, the isomeric ratio R (eq. 4.5.8.) was calculated for each transition
belonging to the isomer decay, observed in our experiment. Table 6.2 summarizes
some data relevant to the evaluation of the isomeric ratios. References to the sources
of information are given.

For most of the considered cases the decay scheme of the isomer is known. There
are some isomers, however, for which the multipolarities of some or all transitions
following the primary isomer transition are unknown. Since the total conversion
coeflicient ayo¢ depends on the multipolarity of the transition, azo: = 0 has been used
in the calculations for these cases, and only a preliminary result can be given in the
present situation.

Even more complicated is the case of >"In. Two new isomers were observed in
this nucleus. For simplicity, the isomeric ratio was calculated assuming the short-
lived isomer. The branching ratios were assumed to be equal to 1 and the total
conversion coefficients ;s were assumed to be equal to 0 for the transitions of 221
and 233 keV. Since there is no information on the primary isomer transition, in-flight
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Table 6.2: Summary of experimental data involved in the evaluation of the isomeric
ratios. For simplicity only the isomeric ratios measured with the Be target are pre-

sented here.

Isotope E, Multipolarity qu/i: qu'/i; 0 by 14 o, R
[42]
134 115.2* E2 164 ns 334.4 ns 1 3.55
[74], [75] 297 E2 1 1.04 0.12
1279 E2 1 1 0.098
133G1, 10-20* E2 16 ps 2.7 ms 1 166
[76], [77] 162 M1 1 1.02 0.04
1510 El 1 1 0.037
131Gh 96.4* E2 1.lps 24 ps 1 22
[78] 343 E1l 0.63 1 0.084
382 E2 0.37 1.02 0.069
1318n  158.4* E2 300 ns 395 ns 1 1.32 0.024
[79], [80] 173.2 E1l 1 1.04 0.027
130G 89.2% El 52ns  65.1 ns 1 1.25
[54] 774.4 E2 1 1 0.11
1308n 96.5%* E2 1.6 us 4.5 us 1 28
391 El 1 1 0.16
129Gn 40* E2 3.7pus 171 us 1 46.1
[81] 382 unknown 1 1 0.21
570 unknown 1 1 0.24
1136 unknown 1 1 0.24
1323 unknown 1 1 0.19
1297 332%* M2 8.5 us 9.2 us 1 1.1 0.2
[52] 358 unknown 075 1 0.21
1271y 221 unknown 90 ns infinite 1 1 0.05 < 0.18
233 unknown 1 1 0.03 < 0.13

* primary isomer transition

decay cannot be taken into account properly, and only upper and lower limits of the
isomeric ratio can be given. Assuming oy, = 0 for the primary isomeric transition
gives an upper limit of the isomeric ratio of R=0.18 (for the 221 keV transition) and
R=0.13 (for the 233 keV transition). Assuming an infinite qu/i; 0 gives a lower limit
of R=0.047 and R=0.034, respectively. When available, data on the branching ratios
and multipolarities will improve these numbers.
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6.4.2 Angular momentum distribution

The isomeric ratios, R, derived for all 9 isomers from the data measured with the
Pb target are plotted in Figure 6.6 versus the spin I of the isomeric state. Note
that for the 77/, = 90 ns isomer in 127Tn no spin assignment is available, and for the
T/ = 16 ps isomer in 133Gh the spin is believed to be greater than 17/2% (see Table
5.2). The ratios follow a general trend of becoming lower with increasing angular
momentum. However, the angular momentum involved in relativistic fission is not
well understood and no theoretical calculations are available to compare with.
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Figure 6.6: Isomeric ratios measured during experiment III.c (with Pb target) versus
the angular momenta of the isomers. Only limits for the ratio can be given for the
new isomer in '27In. The value derived for the isomer in '33Sb is in agreement with
the spin being higher than 17/2%.

6.4.3 Comparison between the Be and Pb targets

The isomeric ratios measured with the Be and Pb targets were presented in Table
5.2. The results are plotted on Figure 6.7. Clearly the isomeric ratios measured
with the Be target are higher than those measured with the Pb target. This is not
surprising taking into account the different character of fission when a light or heavy
target is used (see Section 3.1.2). The isomeric levels could be populated directly in
the reaction, and/or could be fed by other structures above them, populated in the
reaction. The experimental result that higher isomeric ratios have been observed with
the Be target indicates that in general higher angular momenta are populated in the
nuclear interaction for the U/Be system, than in the electromagnetic induced fission
for the U/Pb system.
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Figure 6.7: Isomeric ratios measured during experiments IIl.a (Be target, square
symbols) and III.c (Pb target, triangles).

The values measured with the two targets for the isomers in '2°In and '?°Sn are
diverging more than for the rest of the cases. Interestingly, these are isomers for which
still certain questions exist in terms of multipolarities, as pointed out before. This
could indicate that the level schemes of these nuclei are more complicated than the
present understanding, e.g. the existence of other isomers above the ones reported,
but poputaled differently in the different targets.

6.4.4 Momentum distribution scan

The broad momentum distribution of fission fragments and the rather narrow accep-
tance of the FRS was described in Section 3.1.2. In order to find the most efficient
way to select fission fragments a scan in the momentum distribution was done. The
isomeric ratios of two isomers, the I™ = 19/2% isomer in '29Sn, and the I™ = 23/2%
isomer in '31Sh, were evaluated for each step in the scan. The results were presented
in Table 5.3, and are plotted in Figure 6.8. The distribution of the isomeric ratios
measured in the scan is rather flat within the error bars for the case of *!Sb. In the
case of 1298n there is an indication of a lowering the isomeric ratio with increasing
the primary beam energy, which in practice corresponds to selecting fragments with
lower velocity.



6.5. Production rates 59

0,28 B ] v ] v ] v ] v ] v i

i - | —m—"gn| -

o 0,24 —@— 1318b 7

s o2p [T " '
"(-_5' i / \

o 0,16 - | -

e o012f .

£ 008f &—— i -
0,04 . . .

750 752 754 756 758 760
Primary beam energy (MeV/u)

Figure 6.8: Isomeric ratios for the I™ = 19/2% isomer in 12Sn, and the I™ = 23/2%
isomer in 13!Sb measured during Experiment IILb (Be target) at different primary
beam energies.

6.5 Production rates

6.5.1 Production rates measured with Be and Pb targets

The production and observed rates measured during Experiments III.a and IIl.c were
presented in Tables 5.4, 5.5 and 5.6. The results for Sb, Sn and In isotopes are plotted
in Figure 6.9. Three sets of measurements were done, one with a Be target during
the production setting optimized for 139Sn (Experiment IIl.a), one with a Pb target
during the setting optimized for *°Sn, and one with a Pb target, during the setting
optimized for '?"In. Each pannel in Figure 6.9 contains data measured during the
three measured sets for the isotopes of a given element.

Let us first concentrate on the data measured with the Pb target. Figures 6.9 a),
¢) and e) are easy to understand. They show that higher rates of Sb isotopes were ob-
served at S4 during the setting optimized for '3°Sn, then during the setting optimized
for 127In, and vice versa for In ions, as expected. The production rates, however,
should not depend on the setting since the only difference between the two settings
was in the thickness of the S2 degrader. It can be seen in Figure 6.9 b) that the
production rates for the Sb isotopes measured during the two settings diverge a lot,
while they are almost the same for the Sn and In isotopes (Fig. 6.9 d) and f)). This
means that the transmission from the target to S4, simulated in the MOCADI code,
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Figure 6.9: Observed and production rates measured during Experiments IIl.a and
IIl.c. The triangles represent data measured with a Be target during the setting
optimized for 13°Sn, the circles correspond to data measured with a Pb target during
the setting optimized for *°Sn, and the squares represent data measured with a Pb
target during the setting optimized for '27In. The four percent uncertanty is smaller
then the size of the symbols in the plots.

is not correct for fragments far from the setting fragment. If one now compares the
production rates measured with the Be and Pb targets, one can see no pronounced
difference for the Sn isotopes, and somewhat higher production rate for the In ions
with the Be target than with Pb target, but no major conclusion can be done.
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6.5.2 Momentum distribution scan

The production and observed rates measured during the momentum distribution scan
(Experiment ITL.b) were presented in Tables 5.4, 5.7, 5.8, and 5.9. The results are
plotted in Figure 6.10. All measurements were done with the Be target during the
setting optimized for 3°Sn at four primary beam energies. Clearly the observed rates
for all Te isotopes are increasing with increasing the primary beam energy. For Sb, Sn
and In isotopes the situation is different. The observed rates are increasing with the
primary beam energy for the lighter isotopes, but there is a crossing point for each
element after which the relation between observed ratios and primary beam energy
changes its direction. Let us remember that a lower beam energy corresponds to
selection of fragments with higher momentum/velocity (Section 3.1.2). This means
that the exotic isotopes are selected better when choosing the high velocity part of
the momentum distribution.
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Figure 6.10: Observed and production rates measured during the momentum distri-
bution scan (Experiment III.b). All data is measured with a Be target during setting
optimized for 3°Sn.
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Conclusions and outlook

Projectile fragmentation and in-flight fission of relativistic heavy ions are highly suc-
cessful mechanisms for producing secondary radioactive nuclear beams of exotic nu-
clei. The combination of a fragment separator with an array of germanium detectors
mounted at the final focal plane of the spectrometer is a powerful tool for spectro-
scopic studies of nuclear systems at the limits. The separator allows for in-flight
event-by-event identification of the selected exotic ions. In this way previously inac-
cessible areas of the nuclidic chart have been opened up for y-ray spectroscopy. In
four experiments performed at the Fragment Separator at GSI, using this technique,
we searched for isomeric states in the neutron-rich Hf/W/Os isotopes, and in the
vicinity of the doubly-magic nucleus 32Sn. We have found a number of new isomers
extending the experimental knowledge towards the neutron-rich side of the nuclidic
chart. The angular momentum population in relativistic fission was investigated in
terms of isomeric ratios measured for 9 isomers with angular momenta between 5
and 25/2 units of h. The production rates for most of the isotopes observed during
Experiment ITI with Be and Pb targets were evaluated.

Still many questions remain open and from the spectroscopic information obtained
for neutron-rich neighbours of 132Sn, as well as in the Hf/W/Os region, it is clear that
further studies of the evolution of low-lying single-particle and collective excitations
as a function of the neutron number is needed. The preliminary isomeric ratios for
129G, 129Tn and '27In need more experimental input (e. g. transition multipolarities,
and the observation of the primary transition in 127In) to calculate the final results.

The information from a purely technical point of view provided from these exper-
iments and the experience gained in the course of them is also an important issue,
which is very helpful in the process of designing and the development of new radioac-
tive nuclear beam facilities.
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