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Abstract

The doubly magic nucleus 100Sn represents a crucial test for the nuclear shell model,
which is a widely used model for a quantitative description of nuclei. Excited states in
100Sn are experimentally not accessible with present day techniques, but it is possible
to gain insight into its structure by studying the properties of excited states of neigh-
boring nuclei. These nuclei are by themselves very interesting since they enable the
determination of single-particle energies and two-body matrix elements, which are the
basic parameters of the shell model. Excited states of nuclei in the vicinity of 100Sn
have been studied in a series of experiments using three different experimental setups.
The first experiment utilized the NORDBALL detector array where for the first time
excited states in the Tz = —3/2 nuclei "Cd and 101In were identified. In addition, the
level schemes of several nuclei with previously known excited states were significantly
extended. The nuclei 103In, 105In, 107In and 109In are described in this thesis. The fol-
lowing experiments used a recoil catcher setup in combination with two EUROBALL
cluster detectors, where for the first time excited states in the Tz — — 1 nuclei 98Cd and
102Sn were identified. These two nuclei are now the nearest neighbors of 100Sn with
known excited states. The last three experiments used the Fragment Mass Analyzer
at Argonne National Laboratory to study 102Sn in more detail. In all experiments a
beam of 58Ni ions was used to bombard targets of 46Ti and 50Cr. The experimental
level schemes of 98Cd, "Cd, 102Sn and 103In are well reproduced by the shell model
calculations. Isomeric states were found in 98Cd, 99Cd and 102Sn and their half-lives
were measured. The isomeric states in all three nuclei decay via low energy E2 transi-
tions. The deduced E2 transition rates lead to controversial results for the proton and
neutron effective charges, which are also basic shell model parameters. In 102Sn the
measured B(E2;6+—>4+) value leads to a neutron effective charge of 2.OI0J e> which is
a fairly large value. The analysis of the isomeric 17/2+ state in 99Cd suggests a proton
effective charge of 1.4(1) e, whereas the measured B(E2;8+->6+) value in 98Cd requires
a proton effective charge of only 0.93io:lo e- The small proton effective charge in 98Cd
is very surprising, since it is even smaller than the bare proton charge. In all other
nuclei studied so far, the effective charges are larger than the bare nucleon charges,
and usually the neutron effective charge is lower than the proton effective charge. The
large neutron effective charge points to a softness of the 100Sn core with respect to
quadrupole shape changes, whereas the two proton holes weakly polarize the core in
99Cd and not at all in 98Cd.
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1. Introduction

The origin of the strong force that binds protons and neutrons together in nuclei has
been extensively studied in the past, but despite this fact it is still poorly known.
Our knowledge about the strong force can, however, be improved by studying various
different properties of nuclei. The nuclei differ from each other by the number of their
constituent particles. There exist in nature 268 stable nuclei. In addition, more than
2000 different radioactive nuclei have so far been produced artificially in laboratories.
Most of them decay by 0+, 0~ or electron capture processes. These decay processes
are governed by the weak force and they are relatively slow with lifetimes ranging from
some ms up to years. Some radioactive nuclei also decay by emitting an a particle and
some, although very few, fission spontaneously. Except for the lightest nuclei, there
must be an excess of neutrons to make the nucleus stable, since the protons feel also
the repulsion due to the Coulomb force. The nuclear force, which is stronger than
the Coulomb force, is then able to bind all nucleons in the nucleus. However, in the
laboratory it is possible to produce nuclei, which are very neutron deficient. Since
the strong force is short ranged and the Coulomb force is long ranged, all the protons
cannot be kept within the nucleus, which breaks up very quickly by emitting one or
several protons. Such nuclei lie far from the line of (3 stability (see figure 1.1). The
border line between nuclei that can emit protons from their ground states and those
where the ground state decay is governed by slower processes is called the proton drip
line. The neutron drip line on the opposite side of the /^-stability line is also shown
in figure 1.1. About 9000 different nuclei are predicted to lie between the drip lines
[1] and to live long enough to be accessible for experimental studies. At the moment,
however, about a quarter of these nuclei are known.

Some nuclei are more tightly bound than others, that is, the energy needed to separate
one of the nucleons from such a nucleus is higher than in neighboring nuclei. They
are called the magic nuclei, i.e., they have a magic number of protons or neutrons.
Nuclei that have a magic number both for protons and neutrons are doubly magic.
These nuclei have a spherical shape and higher lying first excited states as compared
to neighboring nuclei. This points to the existence of nuclear shells, analogous to those
in atomic physics, that is, the magic numbers correspond to closed shells of nucleons.
The discovery of the magic numbers led to the development of the nuclear shell model
[2], which today is a widely used tool for a quantitative description of nuclei. In general,
it can well account for the structure of nuclei near shell closures. The nuclei 4He, 16O,
40Ca, 48Ca, 56Ni, 132Sn and 208Pb are the only doubly magic nuclei with known excited
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Figure 1.1: The nuclidic chart. Stable nuclei are marked with filled squares, other
nuclei produced in laboratories so far are marked with empty squares. The proton and
neutron drip lines are also indicated.



states and, except for 132Sn, they are all stable or lie close to the /3-stability line. There
are only two more doubly magic nuclei, namely 78Ni and 100Sn, that are stable against
prompt emission of nucleons, and therefore accessible to experimental investigation.
They are crucial tests for the nuclear shell model. The doubly magic nucleus 100Sn
is expected to have particularly interesting properties, since it is the heaviest N=Z
nucleus which may show strong shell closure. It may be either the best example of a
doubly magic nucleus, perhaps even rivaling 208Pb, or it may be deformed like another
N=Z nucleus, namely 80Zr, which was also expected to be spherical. The question of
whether 100Sn is a good doubly magic nucleus or not, i.e., whether it has a spherical
equilibrium shape or not, is directly related to the properties of its lowest excited states.
Since excited states in 100Sn have not been identified so far, some information about its
shape may possibly be obtained by studying nuclei in the vicinity of 100Sn. In addition,
such experiments would measure single particle and single hole energy levels, as well
as the residual interaction matrix elements around the Z=N=50 doubly closed shell,
which are crucial parameters of the nuclear shell model. Finally, since 100Sn is situated
close to the proton drip line, it would be important to find out how this may affect the
structure of 100Sn. The present thesis reports on a series of experiments searching for
excited states of nuclei close to 100Sn, with the aim to resolve some of these questions.



2. Experiments

2.1 Heavy-ion reactions

Heavy-ion induced fusion evaporation reactions are suitable for producing neutron
deficient nuclei. When two heavy ions fuse, the compound nucleus retains the average
N/Z ratio of the two. Thus, the compound nucleus is most often located on the proton
rich side of the /? stability line. To reach nuclei close to 100Sn, two heavy ions of mass
A«50 are required. For example, the lightest Sn isotope that can be produced as a
compound nucleus using stable beams and targets is 104Sn. This nucleus has 8 neutrons
less than the lightest stable Sn isotope. To overcome the Coulomb barrier between the
two heavy ions in such a collision, the average kinetic energy of the projectile must be
larger than about 5 MeV per nucleon. The compound nucleus is formed in a highly
excited state with large amounts of excess energy and angular momentum. It has a
high probability of decaying into other nuclei by neutron, proton or a-particle emission.
The decay process is shown schematically in figure 2.1. On average, a neutron carries
away about 2 MeV kinetic energy [3] and 2 units of angular momentum, which can
be estimated using an approximation from classical mechanics. Assuming that the
nucleon is emitted from the nuclear surface, the maximum l/h becomes

I 0 0 ' " * 2 <21>

where p, I, m and E are the momentum, angular momentum, mass and kinetic energy
of the neutron, respectively, and R is the radius of the compound nucleus. The process
of nucleon evaporation is fast, of the same order as the heavy-ion reaction itself, i.e.,
from about 1(T14 to 10"21s [3].

A substantial amount of excitation energy and angular momentum is left in the residual
nucleus after nucleon evaporation. The density of the states at these high excitation
energies is high and the lifetimes of most states are short, partly because each state
has many possible decay paths. The decay therefore proceeds first by emission of a few
statistical 7 rays, giving rise to a continuum. Second the decay continues by discrete 7-
ray emission, predominantly through the sequence of yrast and near-yrast levels (figure
2.1). An yrast state is defined as the state that for a given value of angular momentum
has the lowest energy. The lifetimes of the yrast and near-yrast levels are typically in

11
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Figure 2.1: Schematic diagram showing the population of yrast levels in heavy-ion
reactions.
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the fs to /xs region and the widths of the 7 rays are narrow as a result of the relatively
long lifetimes.

All experiments described in this chapter used 58Ni ions as projectiles, which combined
with targets of 46Ti and 50Cr lead to the N-Z=4 compound nuclei 1(MSn and 108Te,
respectively. Near 100Sn these are the most neutron deficient compound nuclei that can
be produced with stable beams and targets. Still four neutrons have to be removed in
order to reach the N=Z line. The cross sections for such reactions are very small. The
separation energy for the neutrons is much higher than for the protons because of the
proton excess. Therefore, the compound nucleus usually cools down by evaporating
protons resulting in residual nuclei closer to the /^-stability line. The residual nuclei
with the smallest and most exotic N/Z ratios, and thus the most interesting ones, are
produced with a-particle and neutron evaporation, which represent very weak reaction
channels.

2.2 In-beam 7-ray spectroscopy near 100Sn

In in-beam 7-ray spectroscopy the emitted 7 rays following the heavy-ion reaction
described above are measured. Recently several nuclei near 100Sn have been studied in
in-beam experiments and excited states were observed for the first time in, e.g., 97Ag
[4], 98Ag [5], 100Cd [6], 102In [7], and 104Sn [8]. The nuclei 98Ag, 100Cd, I02In and 104Sn
have four particles with respect to the 100Sn core and 97Ag has three proton holes in
the core, which before this work was the closest neighbor of 100Sn with known excited
states (see figure 2.2).

In this chapter six different in-beam experiments are described. They were performed
in order to reach nuclei even closer to 100Sn. In the first experiment, using the
NORDBALL detector array, excited states in the Tz = 3/2 nuclei " C d (papers [1,11])
and 101In (paper [I] and reference [9]) were identified for the first time. In addition the
level schemes of many other nuclei were significantly extended. The nuclei 103In, 105In,
107In and 109In are described in this thesis in paper [III]. In the following experiments
a recoil catcher setup (paper [IV]) was used. This allowed the identification of excited
states in the nuclei 102Sn and 98Cd described in papers [V] and [VI], which differ from
100Sn by only two nucleons. Finally, three experiments at Argonne National Labora-
tory were done to find the 6+—>4+ transition in 102Sn (paper [VII]), which was not
detected in the recoil catcher experiments.

2.3 The NORDBALL experiment

The first experiment, using the NORDBALL detector array [10, 11], was part of a
comprehensive study aiming at extending the systematics of nuclear excited states
towards 100Sn. It is described in detail in reference [12] and therefore, only the more
important facts are mentioned here. The experiment was performed at the Tandem
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Figure 2.2: Part of the nuclidic chart showing nuclei near 100Sn.
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Figure 2.3: A schematic view of the NORDBALL experimental setup.

Accelerator Laboratory of the Niels Bohr Institute in Ris0, Denmark. A beam of 58Ni
ions with an energy of 261 MeV and two different 50Cr targets with thicknesses 3.1 and
4.8 rag/cm2 were used. The energy loss of the S8Ni beam in these targets was large
enough to produce nuclear reactions in an energy range between the beam energy and
the Coulomb barrier. The ^Cr material was enriched to 96.8% and evaporated onto
an Au backing, which was thick enough to stop all evaporation residues from reactions
on Cr.

2.3.1 Experimental setup

More than 30 nuclei were populated in the reaction with cross sections between 0.1
and 100 mb. The interesting most neutron deficient and unknown residual nuclei
were formed in less than 1% of the total population. Thus, besides an efficient 7-ray
detector array a very high reaction channel selectivity is needed for the identification
of unknown nuclei. A technique based on the detection of 7 rays in coincidence with
evaporated charged particles and neutrons was used to select the residual nuclei. The
NORDBALL detector array consisted of 15 BGO shielded Ge detectors, 21 AE-type
Si detectors [13], 11 neutron detectors [14] and 30 BaF2 scintillators (figure 2.3).

The 7-ray energies were measured with 15 escape-suppressed Ge detectors placed at a
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distance of 19 cm from the target. The detectors were mounted in three rings at the
angles 79°, 101° and 143° with respect to the beam. The total photopeak efficiency of
the 15 Ge detectors was about 1% and the energy resolution was 2.7 keV at 1.3 MeV.

The light charged particles were detected in an array of 21 Si detectors, which covered
about 90% of the whole solid angle 4n. Each detector was 170 /im thick and covered
an area of about 4 cm2. The forward detectors were segmented [15]. The efficiency for
detection and identification of protons and a particles was about 60% and 40%, respec-
tively. These relatively low values are mainly due to the energy loss in the thick target
backing that had to be used in order to stop the evaporation residues. The efficiencies
were also lowered by the low energy thresholds for protons and by the absorbers placed
in front of the detectors in order to avoid radiation damage from scattered beam par-
ticles. Protons and a particles were distinguished according to the energy deposited in
the detectors. Low energy a particles emitted mainly in the backward angles relative to
the beam direction deposit about the same amount of energy as protons, which caused
about 7% of the emitted a particles to be misinterpreted as protons. A small fraction,
less than 0.1%, of the emitted protons were misinterpreted as a particles. About 0.07%
of the events originally connected with the emission of 2 protons, were also found in the
la gated 7-ray spectra. This is because of two protons hitting the same detector, which
was misinterpreted as a la event. Another possibility for observing the 7 rays of a 2p
reaction channel in a la gated spectrum is that the 50Cr(58Ni, xpya) and 52Cr(58Ni,
(x-2)p(y+l)a) reactions both lead to the same residual nucleus. The targets contained
3.0% of 52Cr, which was the main impurity. For weak reaction channels leading to most
neutron deficient nuclei the cross section for the 52Cr(58Ni, xpyazn) reaction is much
higher than for the 50Cr(58Ni, xpyazn) reaction, which presented a serious problem in
the analysis.

Since the emission of neutrons is very rare in the reactions described here and since
those events are the most interesting ones, major emphasis was put on the performance
of the neutron detectors. Neutrons were detected by 11 liquid scintillator detectors
covering a solid angle of about l7r in the forward direction with respect to the beam axis.
The total neutron detection efficiency was 24%. Neutrons and 7 rays were distinguished
off-line by means of a combined time-of-flight and pulse shape discrimination technique
[16]. This technique improves the neutron-7 separation as compared to pulse shape
discrimination alone. Still, the separation is not perfect, resulting in about 0.8% of the
events not connected with neutron emission misinterpreted as a neutron.

The 7-ray calorimeter, composed of 30 BaF2 crystals, had a total 7-ray detection
efficiency of about 40% at 1 MeV. Due to the fast component of the BaF2 scintillation
light, the calorimeter possessed excellent timing properties. By carefully aligning the
time signals from each BaF2 crystal, a time resolution of 1 ns was achieved for the
whole calorimeter. The logical OR signal from the 30 BaF2 crystals was used as a time
reference for all other signals. The BaF2 detector array supplied information about the
total 7-ray multiplicity and the sum energy, which were used to distinguish between
different reaction channels as described later.

The trigger system was designed to select two different types of events. Events were
accepted if a) at least two 7 rays were detected in the Ge detectors within 80 ns from
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each other and at least one 7 ray in the BaF2 array, or b) at least one 7 ray was detected
in the Ge detectors, as well as one in the BaF2 detectors and at least one neutron was
detected in the neutron detectors. For the events of type b), neutrons and 7 rays
were distinguished on-line using pulse shape discrimination technique alone. Because
of many known isomeric states in nuclei near 100Sn, the timing of the various signals
of the trigger system was adjusted to allow for a possible delay of the first Ge detector
signal of up to 75 ns. It also allowed long enough flight time for the neutrons. The
energy and time information about the detected protons, a particles, neutrons and 7
rays were stored on tape for each event. The pulse shape information from neutron
detectors was also stored on tape. The energy and time ranges of the Ge signals were
set to 4 MeV and 0.5 /zs, respectively. During 25 days of effective beam time about
1.1 xlO9 events fulfilling the trigger of type a) and about 1.4 xlO9 events of type b)
were collected.

A considerable build-up of 12C took place on the target during the experiment. In
order to be able to distinguish between reactions on 12C and on ^Cr we also performed
a three day long experiment with the same beam but with a 1.5 mg/cm2 thick 12C
target, placed on a 23 mg/cm2 thick Au backing.

2.3.2 Analysis and Results

A total of 31 different residual nuclei were identified in this experiment (figure 2.4).
The weakest identified reaction channel was the 3aln channel corresponding to 95Pd.
It was populated in only 0.001% of all reactions, which shows the very high selectivity
of the detector setup. Excited states were already known prior to the experiment in
29 of the 31 observed nuclei. For most of them the level schemes could be extended.
The nuclei 103In and 105In are presented in this thesis [III]. In addition, excited states
in "Cd [II] and 101In [9] were identified for the first time.

2.3.3 Identification of "Cd

During the data analysis the events were sorted into particle gated 7-ray spectra and
matrices with 7-ray energies on both axes. The nucleus "Cd was produced by the
emission of two a particles and one neutron. However, as a consequence of the limited
particle detection efficiencies, 7 rays belonging to "Cd were not only present in the
2aln gated spectrum, but also in the 2a, lain, la and In particle gated 7-ray spectra.
The population of "Cd was only 0.008% of the total yield (see figure 2.4). Therefore,
all the particle gated spectra and matrices were dominated by events that did not
belong to "Cd. In addition, a large number of 7-ray peaks belonging to the main
target contaminant 52Cr were also found in the 2aln gated spectrum. Moreover, there
were 7-ray lines present in the spectra originating from reactions on 12C and 16O, which
were present in the targets, as well as 7 rays from transfer reactions leading to residual
nuclei in the vicinity of ^Ni and ^Cr. This was a serious problem in searching for the
weak "Cd channel.



18 2. EXPERIMENTS

9 5Pd
3a 1n
0.001
4Rh

B7Ag
1p2a2n

0.009

"Pd

B5Rh
1p3a
0.06

99Cd
2o1n
0.008
98Ag

1p2a1n
0.09
9 7Pd

2p2a1n
0.4

"Rh
3p2a1n

0.03

101 ln
1p1o2n

0.03
Cd

2p1a2n
0.2

"Ag
3p1o2rV

1p2a
0.2/0.4

9 8Pd
2p2«
1.8

9 7Rh
3p2a
0.4

102ln
1p1a1n

0.2

Cd
2p1a1n

3.2
100Ag
3p1o1n

2.2

"Pd
4p1a1n

0.6
8Rh

104Sn
2p2n
0.6

103ln
3p2n/1p1a

2.1/0.3
102Cd

4p2n/2p1 a

1.3/7.7
101Ag
3p1a

12
100Pd
4p1a
2.4
"Rh

106Sb
1p1n
0.12

105Sn
2p1n
1.4

104ln
3p1n
9.8

103Cd
4p1n
14

- A g
5p1n
0.6

101Pd

°Rh

108Te
CN
7Sb

106Sn
2p
0.7

105ln
3p
14

104Cd
4p
22

103Ag
5p
2.6

102Pd
6p

0.01
101Rh

Z=50

N=50

Figure 2.4: Part of the nuclidic chart showing the nuclei identified in the experiment.
The reaction channel and relative population (in %) are also indicated. The relative
population does not directly correspond to relative cross sections since different 7-
ray multiplicities in different reaction channels may influence the trigger rate. This
correction was not taken into account in the presented relative populations. Only
nuclei with known excited states are labeled. In the shaded nuclei no excited states
were known prior to this work. The relative yields differ from previously published
values, because a new ground state transition was found in 103Cd.
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Figure 2.5: Cleaned 2aln gated delayed (10 to 40 ns) projection.

To find 7-ray transitions belonging to the weakly populated nucleus "Cd it was nec-
essary to clean the 2aIn gated spectrum from its contaminating channels as much
as possible. This was done by subtracting, with a proper normalization, the 3p2aln,
2p2aln, Ip2aln and 2plaln gated spectra. Each of these spectra was first cleaned in a
similar way before the subtraction. The background of the resulting spectrum showed
large fluctuations as well as several 7-ray lines originating from the 12C(58Ni,2aln)61Zn
reaction. The intensity of the 7-ray lines from the reactions on 12C could, however,
be reduced by utilizing the fact that the average 7-ray multiplicity and sum energy
are lower in reactions on 12C. By gating on the 7-ray multiplicity and sum energy as
obtained from the BaF2 and neutron detectors, the intensities of the carbon related
lines were decreased by a factor of about 10, while the intensities of the remaining lines
in the spectrum only decreased by a factor of about 3. These latter 7 rays were not
present in the experiment on the 12C target and they were strong candidates for tran-
sitions in "Cd. Further, three lines were found to be delayed, which finally helped in
reducing the background considerably compared to the prompt spectrum. Figure 2.5
shows the cleaned and delayed (10 to 40 ns) 2aln gated spectrum. It clearly shows
three 7-ray lines with energies 226, 607 and 1224 keV. They are assigned to "Cd as
discussed below.

With the assumption that the particle detection efficiency is independent of the reaction
channel, the intensities of a specific 7 ray in different particle gated spectra depend
only on the multiplicities of the particles accompanying the 7-ray emission. Thus,
a comparison of the intensity ratio for a specific 7 ray in two different particle gated
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spectra with the intensity ratios for 7 rays from previously known nuclei also observed in
the experiment enables an unambiguous assignment of the final nucleus. Results of such
comparisons are shown in figure 2.6. Figure 2.6a) shows the intensity ratio of the 1224
keV line as deduced from the spectra gated with one and zero neutrons, respectively.
It has a similar value as the 7-ray intensity ratios of two known lines belonging to
nRAg and 104In, which are produced in reaction channels where one neutron is emitted.
Thus, the 1224 keV line does not belong to a two neutron or to a zero neutron channel,
which would have been observed in one neutron gated spectra due to imperfect n-7
separation. Figure 2.6b) shows again the intensity ratio of the 1224 keV line, but in
this case extracted from the spectra gated by one and two a particles, which suggests
that the 1224 keY line belongs to a 2a channel. Figure 2.6b) also shows that this line
is not due to an unknown transition in 101Cd, populated in the 52Cr(58Ni, 2aln)101Cd
reaction. Known lines in 101Cd behave predominantly as originating from the 50Cr(58Ni,
2plnln)101Cd reaction as seen from the low ratio in figure 2.6b). The same conclusions
could be drawn for the 226 and 607 keV lines. Further, none of the lines in figure 2.5
are in coincidence with protons.

Figure 2.7 shows a spectrum gated by the 1224 keV 7 ray. It was obtained from the
sum of the 2aln, 2a, la in and l a gated 7-7 matrices. The matrices contained prompt
and delayed 7 rays. The 7-ray peaks at 217, 226, 395, 426 and 607 keV are the only
peaks in this spectrum that arc more than 3cr above the background. The 7-ray gates
put in the 2aln gated matrix and in the summed matrix clearly show that all observed
transitions are in mutual coincidence with each other except for the 395 keV transition.
For this transition the coincidence relations could not be firmly established due to low
statistics in the individual gates. The 7 rays of figure 2.7 all belong to "Cd.

2.3.4 Multipolarities of the transitions

The compound nuclei in heavy ion reactions are highly oriented due to high angular
momentum transfer in the transverse direction of the beam. Thus, information about
the multipolarities of the transitions can be obtained by 7-ray angular distribution
analysis. The angular distributions are calculated using the formula [17]

W(9) = 1 + A2P2(cos6) + AtP4{cos0) (2.2)

where A2 and A4 are functions of the spins of the initial and final states and of the mul-
tipolarity of the transitions and P2 and P4 are Legendre polynomials. The coefficients
A2 and A4 were taken from reference [18].

The Ge-detectors in the NORDBALL detector array were placed in three rings at
the angles 0=79°, 101° and 143° with respect to the beam axis. The 7-ray intensity
ratios 1(0=143°)/ [I(0=79O)+I(0=1O1°)] can be used to determine the multipolarities
of the transitions. The experimental ratios formed two groups with values around 0.9
and 1.5. The first group corresponds to stretched dipole (J—vj-l) transitions and the
second to stretched quadrupole (J—>J-2) transitions. Therefore, it is usually possible
to distinguish between these two types of transitions, but in principle it is not possible
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Figure 2.6: Intensity ratios for different neutron a) and a-particle b) multiplicities.
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Figure 2.7: The 1224 keV 7-ray gated spectrum obtained from the sum of the 2aln,
2a, lain and la particle gated 7-7 matrices.

to distinguish between, e.g., a stretched quadrupole (AJ=2) transition and a non-
stretched dipole (AJ=0) transition. Also mixed E2/M1 transitions cannot be identified
with this simple method.

2.3.5 Experimental level scheme of "Cd

The energies, relative intensities and angular distribution intensity ratios of the six
transitions assigned to "Cd are summarized in table 2.1 together with the calculated
angular distribution intensity ratios for the proposed multipolarities of the transitions.
The relative intensities were obtained from the 2aln gated projection. Due to the high
background in that spectrum, the relative intensities contain large statistical errors.
Because of the resultant large statistical errors in the intensity ratios, one should be
careful with the assignment of the multipolarities of the transitions. The 217 keV
transition is, however, most probably a stretched dipole transition, while the 226, 607
and 1224 keV transitions have ratios consistent with stretched quadrupoles.

Based on the relative intensities, the angular distribution intensity ratios and the co-
incidence relations, the level scheme of "Cd shown in figure 2.8 is proposed. The
ground state spin and parity in "Cd are not known. Both the shell model calculations
discussed in the next chapter and the systematics of the odd A N=51 isotones suggest
J*=5/2+, which was also found necessary to explain the /? decay of "Cd [19]. However,
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Figure 2.8: Experimental (EXP) and calculated (SM) level schemes of "Cd. The white
parts of the arrows correspond to the contribution from internal conversion. Shell model
calculations are discussed in chapter 3.
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Energy
[keV]

216
226
395
426
606
1224

7
0
0
1
8
.2

(3)
(3)
(3)
(5)
(3)
(4)

Relative
Intensity

72(8)
100 (16)
63 (8)

60 (40)
96 (11)
77 (10)

J initial^ J final

(19/2+
(17/2+

(13/2"1

(9/2+

HU7/2+)
M13/2+)

-)_>.(9/2+)
)->(5/2+)

Angular Distribution
Intensity

Experiment

0.8 (2)
1.7 (4)

1.4 (4)
1.3 (3)

Ratio
Theory

0.77
1.46

1.46
1.46

Table 2.1: Energies, 7-ray intensities and angular distribution intensity ratios 1(143°)/
(I(79°)+I(101°)) for 7 rays belonging to "Cd. In the calculation of the ratios, the
19/2+ state was assumed to be completely aligned.

the spin and parity of the ground state are uncertain and all spins and parities in the
experimental level scheme are, therefore, tentative. It is quite clear (see figure 2.5) that
there is a cascade of three 7 rays connecting the ground state with the isomeric state at
an excitation energy of 2057 keV. Since all three transitions probably have quadrupole
character (most likely E2), a spin and parity of 17/2+ are tentatively assigned to the
2057 keV state. This is similar to the situation in the isotone 97Pd [20] and is also in
agreement with the shell model calculations, which will be discussed later. The 217
keV transition has dipole character (most likely Ml). Therefore, the state at 2274 keV
was assigned J* = (19/2+). The angular distribution intensity ratio for the 426 keV
transition could not be determined due to low statistics. The 395 keV transition could
not be placed in the level scheme due to ambiguous coincidence relations, although it
probably feeds the (17/2+) state.

The state at 2057 keV is isomeric. Its half-life was determined by putting gates on the
delayed part of the 7-ray time spectrum and measuring the intensity of the 1224 keV
line in the projected 7-ray energy spectrum. Figure 2.9 shows the result of fitting the
experimental intensities using a time window width of 5.2 ns, indicating a half-life of
13.1(5) ns.

2.3.6 Excited states in light odd-A indium isotopes

As a result of the NORDBALL experiment described in this section the level schemes
of several previously known nuclei were significantly extended. Among them are the
nuclei 103In and 105In. Excited states in L03In were first identified by Schubart et al. [8]
in the reaction 5 0Cr(5 8Ni,lpla). By a mistake they assigned them to 105Sn, since they
missed to detect the a particle. Ishii et al. [21] have corrected this error and properly
assigned five 7 rays with energies 1273, 522, 315, 815 and 322 keV to 103In. Schubart
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Figure 2.9: The time distribution of the 1224 keV 7-ray line.

et al. [5] have later found three more 7 rays with energies 1078, 195 and 439 keV and
thus, the yrast states in 103In were known up to spin and parity 25/2+ prior to this
work. We have confirmed earlier results and found several new 7 rays belonging to
103In. Negative parity states in this nucleus were identified for the first time and the
level scheme was extended up to J*=(31/2~).

The 992 keV ground state transition in 105In was first identified in the /? decay of I05Sn
[22]. The only in-beam study of 105In was done by Ishii et al. [21], who identified
yrast positive parity states up to J*=25/2+ and negative parity states from J*=23/2~
to y=Z\/2~. Also in 105In, we have found several new 7 rays and have identified 20
new excited states. Further details about this work on light odd-A indium isotopes are
given in paper [III], where also new results on excited states in 107In and 109In from
earlier experiments are presented.

2.4 The recoil catcher experiments

In an attempt to reach the nuclei 98Cd and 102Sn, which are only two nucleons away
from the double shell closure at 100Sn, two experiments were performed at the Tandem
Accelerator Laboratory of the Niels Bohr Institute in Ris0, Denmark [IV,V,VI]. The
first experiment used a 215 MeV 58Ni beam to bombard a 1 mg/cm2 thick 46Ti target
enriched to 86 %. The compound nucleus was 104Sn and 98Cd was populated in the
Ia2n exit channel. In the second experiment the beam energy was raised to 225 MeV
and a 1 mg/cm2 thick ^Cr target enriched to 99.0 % was used. This experiment aimed
at populating excited states of 102Sn via the reaction 50Cr(58Ni,la2n).
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Figure 2.10: Experimental setup used for studying nuclei with long lived isomeric
states.

2.4.1 Experimental setup

In the previous experiment (section 2.3), it was possible to identify for the first time
excited states in nuclei produced in about one out of 104 reactions. This was the lowest
limit achievable with the NORDBALL detector array. The cross sections for producing
98Cd and 102Sn were expected to be about an order of magnitude lower. Therefore,
it was essential to considerably increase the reaction channel selectivity. Since long
lived isomeric states were expected in both nuclei [23], a special two-part detector
setup, designed to maximize the selectivity for delayed 7 rays, was assembled (figure
2.10). In the first part, the new version of the NORDBALL Silicon ball consisting of 31
elements [13] was put around the target and 15 neutron detectors [14] were placed in the
forward direction from the target, which resulted in a 2n 'Neutron Wall'. In addition,
5 large BaF2 detectors were placed around the target. These detectors were used for
identification of the reaction channel and for obtaining a precise time reference signal
for each event. By carefully aligning the time signals from all ancillary detectors, a
resolution of 2 ns (FWHM) was achieved for the time reference signal. Such a good time
resolution was essential for good neutron-7 separation in the neutron detectors, which
was as in the previous experiment done off-line by means of a combined time-of-flight
and pulse shape discrimination technique. The constant fraction thresholds for the
neutron detectors were set at about 100 keV 7-ray energy. This turned out to be a good
compromise between the detection efficiency and the quality of separation. Besides a
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fairly high neutron detection efficiency of 27%, the neutron-7 separation also turned out
to be quite satisfactory. Only 0.2% of the events not connected with neutron emission
were misinterpreted as one neutron was detection. About 1% of the events where one
neutron was emitted, were found in the 2n gated spectra due to neutron scattering from
one detector to another. Protons and a particles were detected in the silicon detectors
with detection efficiencies of 64 and 42%, respectively. The separation between protons
and a particles was done in the same way as in the previous experiment. Due to wider
gates for protons, more emitted a particles were misinterpreted as protons, i.e., about
9%, compared to the previous experiment. However, it is more important that very few
of the emitted protons were misinterpreted as a particles, in this case less than 0.1%.
Although a substantial effort was put into the improvement of the performance of the
silicon detector electronics, the detection efficiencies and the quality of the separation
between protons and a particles did not improve considerably compared to our previous
experiment.

The second part of the experimental setup consisted of a recoil catcher foil setup [24]
and two EUROBALL Ge cluster detectors [25] placed 60 cm downstream from the
target. The recoil catcher consisted of two parts. The inner part consisted of a 5 cm
diameter, 40 /im thick 93Nb foil with a 1 cm wide hole in the center allowing the beam
to pass through. Niobium was chosen due to its relatively low Coulomb excitation
cross section. To limit the background from long-lived radioactivity, this inner foil was
exchanged in one hour intervals. A suitable time interval for the foil change would have
been a couple of minutes, due to the /?-decay half-lives of the recoiling nuclei and their
daughter nuclei, but such a short time interval was not suitable for the available recoil
catcher device, which only allowed about 80 foil changes. Fortunately, the background
from radioactivity did not present a major problem in the data analysis. The outer
part of the recoil catcher foil was made of 0.1 mm thick Ta material. Its diameter was
10 cm and it had a 5 cm wide hole, where the inner part of the foil fitted in. The outer
foil was only exchanged when the recoil catcher device had to be opened. According to
calculations of angular distributions of the recoiling nuclei with the code TRIM [26],
about 80% of the 98Cd and 102Sn ions were expected to be caught by the catcher foils.
The flight time of the recoils was about 50 ns.

The Ge detectors were placed around the catcher foil. Therefore, only 7-ray decays,
that occurred after the recoils were stopped in the catcher foil, were detected. With this
setup, the background originating from prompt 7 radiation could be decreased by more
than an order of magnitude compared to our previous in-beam experiment [I]. This is
illustrated in figure 2.11, where the 2pla2n gated spectra from both experiments are
shown. Both spectra correspond to the reaction 50Cr(58Ni, 2pla2n)100Cd. The 7 rays
lying below the J*=8+ isomer in 100Cd with a half-life of 60(3) ns [24] are strongly
enhanced in the spectrum obtained in the recoil catcher experiment. The two Ge
cluster detectors [25] provided the necessary high 7-ray detection efficiency. Each of
these newly developed detectors consists of seven individual Ge crystals packed in a
common cryostat (figure 2.12). Each of the crystals acts as a separate detector, but
the energies of 7 rays simultaneously hitting two neighboring detectors in one cluster
were added in the off-line analysis. If two non-neighboring crystals were hit, it was
assumed that this was not due to Compton scattering and the crystals were treated
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Figure 2.11: The 2pla2n gated spectra obtained in the reaction 50Cr(58Ni,
2p2a2n)100Cd from a) the NORDBALL experiment and b) the recoil catcher experi-
ment.
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10 cm
Figure 2.12: Cross section of the Ge cluster detector with BGO anti-Compton shields.
Five out of seven Ge crystals are seen. Except for the back-catcher, the shields were
not used in the experiment.
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Figure 2.13: Diagram of the Si-detector electronics.

as separate detectors. However, if more than two 7 rays hit the same cluster detector,
that cluster detector was not taken into account in that particular event. In this
way, the peak-to-total ratio was increased by about 50% compared to treating each
crystal separately. The BGO shields of the Ge cluster detectors, except for the back
catchers, were not used and thus, the detectors could be placed very close to the recoil
catcher foil. The distance between the center of the catcher foil and the front face of
the central Ge crystal in the cluster detector was 78 mm, which resulted in a 7-ray
detection efficiency of about 6% at 1.3 MeV. In order to avoid clashes with the neutron
detectors and minimize the distance between the target and the catcher foil the cluster
detectors were tilted, so that the angle between the two detectors was 144°.

Special emphasis was also put on the performance of the electronics to optimize the
output of the detectors and to suit the detection of prompt particles in coincidence with
delayed 7 rays. One important objective was to obtain a precise time reference signal
from all ancillary detectors. Signals from the 'T' output of the Si detector preamplifiers
were first split into two parts (see figure 2.13). A special signal splitter was made in
order to match the input and output impedances of 50 Q. Several amplifiers were tested
to obtain the best time reference signal. The most suitable was a fast timing amplifier,
Ortec FTA820, in combination with a constant fraction discriminator, Ortec CF8000,
with a 50 ns internal delay. The neutron detector electronics was made similar to the
previous experiment except that the energy signals were not read out (see figure 2.14).
For the trigger system we demanded that at least two neutron detectors gave signals
in order to increase the possibility that the time reference was not given by a slow
neutron signal. This was done by gating the narrow time aligned neutron 'OR' signal
by the wide (> 100 ns) signal from the multiplicity logic unit LeCroy 380A. The times
of the BaF2 detectors were also read out to control that the detectors were functioning
properly (figure 2.15). The Ge-BGO anti-Compton circuitry was the standard one for
NORDBALL detector array [27], except that the BGO 'VETO' signal was common for
all seven Ge detectors in one cluster detector. All the fast ancillary detector signals
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were delayed by about 2 /is. This was necessary since the charge sensitive analog-to-
digital converters (FERA) and time-to-FERA converters operated only when a valid
trigger signal was obtained. The time-to-FERA converters operated in 'common stop'
mode, i.e., the conversion was started by the signal itself and stopped by the trigger
signal.

The trigger system was also specially adjusted to allow studies of long lived isomeric
states (figure 2.16). Events were accepted if there was at least one signal from the Ge
detectors between 30 and 880 ns after the reaction (see figure 2.17). The time of the
reaction was determined by the ancillary detectors in the following way. A coincidence
between the fast 'OR' signal from all three types of ancillary detectors and the Ge 'OR'
was made in the programmable logic unit (PLU) CAEN C86. The leading edge of the
output of the PLU is determined by the first Ge signal detected and it can, thus, occur
whenever between 30 and 880 ns after the reaction. A second coincidence is therefore
done in the coincidence unit LeCroy 465, which finally produces a trigger signal whose
leading edge is related to the time of the reaction (see figure 2.17). The energy and
time signals from the Ge and Si detectors, the time-of-fiight and zero-cross-over time
signals from the neutron detectors and the time signals from the BaF2 detectors were
digitized and written to tape for each accepted event. The energy range of the Ge
detectors was between 60 keV and 2.6 MeV.

2.4.2 Identification of 98Cd

In the analysis, the events were sorted into particle gated 7-ray spectra and 7-7 matri-
ces. Parts of various particle gated 7-ray spectra obtained in the reaction 58Ni(46'48Ti,
xpyazn) are shown in figure 2.18. The strongest line in the l a in gated spectrum shown
in figure 2.18a) is the known 1415 keV 2+-M)+ transition in 96Pd, populated in the
reactions 58Ni(46Ti, 2pla2n), 58Ni(46Ti, 2a) and 58Ni(48Ti, 2a2n). Near this line is an
unknown 7 ray at 1395 keV, which is also present in the Ia2n gated spectrum, figure
2.18b), but is not in coincidence with an additional proton, figure 2.18c) or a particle,
figure 2.18d). The neutron multiplicity associated with this 7 ray, i.e., the number
of emitted neutrons in the event, was deduced from the 7-ray intensity ratio in the
Ia2n and lain gated spectra, which is 0.24(4). This number was compared with the
intensity ratio for known transitions belonging to 100Cd in the 2p2n and 2pln gated
spectra. The nucleus 100Cd was produced in the 2p2n exit channel and the ratio was
0.20(1). This suggests that the 1395 keV 7 ray was emitted together with two neutrons
like the transitions in 100Cd. If the 1395 keV transition was present in the Ia2n gated
spectrum due to neutron detector cross talk, the ratio would be about 0.04. Therefore,
the 1395 keV 7 ray most likely belongs to the Ia2n exit channel. It is certainly not due
to an unknown transition in 100Cd populated in the reaction 58Ni(48Ti, Ia2n), since it
was not observed in the 2p2n gated spectrum, where the transitions in 100Cd were pre-
dominantly observed. Although a considerable build up of carbon and oxygen on the
target took place during the experiment the possibility that the 1395 keV 7 ray is due
to an unknown transition populated in the reactions 58Ni(12C, la2n)64Ge or 58Ni(16O,
la2n)68Se can be excluded, since the 1395 keV 7 ray also was observed in the 2a2n
and 2aln gated spectra in the second experiment aiming at 102Sn (see figure 2.21d).



2.4. THE RECOIL CATCHER EXPERIMENTS 33

BAF -OFT

Si-ball "OFT

quad disc.
LeCroy
621BL

1X4

quad disc.
LeCroy
621BL

1X4

delay
Ortec

DV8000
1X8

delay
Ortec

DV8000
1X8

Logic
FiFo

LeCroy
429A

1X4

lime
aligned

O

Nw>r

delay
Ortec

DV8000
1X8

coinc. unit
OR

LeCroy
465

1X4

Fast -OR'

Fast "OR"

Level
translator

Philips
7126

1X16

IN'

Ge-BGO

RTI AMIO

MALU
LeCroy
4532

GAI
1X1

STO

ST1
ORO

delay
LeCroy
4418

1X32

fast -OR'

fast "OR-

delay
Ortec

GG8000
1X8

delay
Ortec

QG8000
1X8

trigger

IN1 OUT1

Rash ADC
LeCroy
4504

1X1

ST

STROBE

Level
translator

Philips
7126

1X16

IN1

PLU
CAEN
C86

IN4

discriminator
LeCroy

821
1X4

delay
Ortec

GG8000
1X8

delay
Ortec

GG8000
1X8

1X1

Logic
FiFo

LeCroy
429A

1X4

from EVENT BUILDER

discriminator
LeCroy

821
1X4

Logic
FiFo

LeCroy
429A

1X4

delay
Ortec

GGB0OO
1X8

NIM/ECL
converter

CAEN
C218

1X4

NIM/ECL
converter

CAEN
C218

1X4

NIM/ECL
converter

CAEN
C218

1X4

NIM/ECL
converter

CAEN
C218

1X4

Linear
FiFo

LeCroy
428A

1X4

I to EVENT BUILDER

coinc. unit
AND

LeCroy
465

1X4
trigger

-f- H5STRT

-*OSTRT

-oOGATE

-f- K)STOP

-•OSTOP

Figure 2.16: Diagram of the trigger electronics.



34 2. EXPERIMENTS

fast "OR"

PLU IN4

PLU STROBE

PLU OUT1

width = 20 ns

- H 30 ns
width = 900 ns

: earliest possible Ge

80nS | > i 1 1 j

120 ns 1

170 ns
width = 1190 ns

latest possible Ge

I -

115ns I I
dth = 20 ns

®

®

trigger

Figure 2.17: The timing of the various signals fed into the trigger system.

In that experiment it was concluded that it belongs to the 2a2n exit channel, which
leads to 98Cd. The nuclei 64Ge and 68Se were also populated in the second experiment
in the Ia2n exit channels. Therefore, we conclude that the 1395 keV 7 ray belongs to
98Cd. The cross section for the reaction 58Ni(46Ti, la2n)98Cd was determined to be
20(10) /ib by a comparison of the 98Cd and 100Cd 7-ray intensities.

In the 7-7 matrices, three other 7 rays with energies 147, 198 and 688 keV were found
to be in mutual coincidence with the 1395 keV transition, see figure 2.19. They had the
same behavior as the 1395 keV 7 ray in the particle gated spectra and were therefore
also assigned to 98Cd, as well. Based on these findings, the level scheme shown in figure
2.20 was constructed. Due to the unknown multipolarities of the transitions all the
spin and parity assignments above the ground state are tentative.

All four observed transitions were found to be delayed. A half-life of 0.48(10) /us was
measured for the isomeric level. It was determined by an exponential fit to the time
distributions of the 688 and 1395 keV transitions. It was not possible to experimentally
determine the half-life from the two low energy transitions due to limited statistics.
However, assuming pure g~f2 configurations for the excited states (see section 3.4),
both the 6+ and 8+ states are expected to be isomeric. From shell model recoupling
techniques, transition energies and electron conversion factors, the calculated ratio
between the half-lives is given by t1/2(8+)/t1/2(6+)=8.85. A two level exponential fit to
the time distributions of the 688 and 1395 keV transitions then gives ti/2(8

+)=0.41(10)
/is and t)/2(6+)=46 (11) ns. Since the half-life of the 8+ state is surprisingly long (see
section 3.7), the possibility that it is determined by a higher lying isomeric state was



2.4. THE RECOIL CATCHER EXPERIMENTS 35

CD

C
cd

er
C

t-
160
120

80

40

30

20

10

250 -

5 150 -o
O

50 ,

30 -

20 -

10 -

1280 1340 1400 1460

Energy [keV]
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Figure 2.19: Sum coincidence spectrum obtained from the sum of the lain and Ia2n
gated 7-7 matrices.

investigated. Such a state, connected to the excitation of the 100Sn core, is for example
known in the N=50 isotone 96Pd. It is possible that a core excited isomeric state exists
also in 98Cd, and that it decays to the observed states by two unobserved transitions.
Due to the the large energy spacing between the core excited states and the 8~l state,
there should be a high energy transition, i.e., higher than 2.6 MeV, that was outside
the ADC range, and a highly converted low energy transition, i.e., lower than 60 keV,
which could cause the long half-life.

2.4.3 Identification of 102Sn

The analysis of the 58Ni+50Cr experiment aiming at excited states in 102Sn was very
similar to the analysis of the 58Ni+46Ti experiment, since 102Sn was also produced in
the Ia2n exit channel. A part of the Io2n gated spectrum is shown in figure 2.21b).
The strongest line at 1454 keV belongs to 58Ni populated in Coulomb excitation of
the beam particles on the niobium catcher foil. The 7 ray at 1461 keV belongs to 40K
present in the concrete walls of the experimental hall. However, the 7-ray line at 1472
keV was not known previously. This line is also present in the lain gated spectrum
(figure 2.21a) due to missed detection of one neutron, but not the in lplaln (figure
2.21c) and 2aln (figure 2.21d) gated spectra. Thus, the 1472 keV line does not belong
to a reaction channel with proton multiplicity higher than 0 and a-particle multiplicity
higher than 1. The 7-ray intensity ratio of the 1472 keV line in the Ia2n and lain
gated spectra was compared to the intensity ratio of the transitions in 100Cd, which was
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populated in the 2pla2n channel. The ratio equals 0.18(9) for the 1472 keV transition
and 0.20(2) for the transitions in 100Cd, which suggests that the 1472 keV transition is
in a nucleus populated in a reaction with neutron multiplicity 2. Therefore, this 7 ray
is assigned to the Ia2n reaction channel.

A considerable build-up of carbon and oxygen took place on the target also during this
experiment, but the possibility that the 1472 keV line is due to an unknown transition
in 64Ge or 68Se was excluded. First, the angular distribution of the coincident a particle
in the silicon detectors was studied. The distribution of a particles emitted from lighter
compound nuclei is more forward peaked due to the kinematics of the reaction. This
is illustrated in table 2.2. The angular distributions of the a particles were obtained

Ring

1
2
3
4
5
6

*[°]

23
43
57
80
117
180

102Cd

0.47
0.18
0.20
0.11
0.03
0.01

100Cd

0.42
0.20
0.30
0.07
0.0
0.0

69Se

0.46
0.21
0.28
0.04
0.0
0.0

68 As

0.46
0.24
0.29
0.01
0.0
0.0

Table 2.2: Number of a particles emitted in the reactions 58Ni(50Cr, 2pla)1 0 2Cd,
s8Ni(50Cr, 2pla2n)1 0 0Cd, 58Ni(16O, la ln) 6 9Se and 58Ni(16O, lp l a ln ) 6 8 As detected in
different Si-ball detector rings and normalized to 1 for each reaction. The average
angles 9 of the detector rings are given in the second column.

from the intensities of the 7 rays in the spectra gated with the a particles detected
in different silicon detector rings. The most significant difference between different
compound nuclei was observed in ring number 4, i.e., the one closest to 90° with respect
to the beam direction. In this ring, 16(6)% of the a particles in coincidence with the
1472 keV 7 ray were detected, similar to the value (11%) obtained for 102Cd populated
in the reaction 58Ni(50Cr, 2pla) . It is much higher than the percentages obtained
for nuclei populated in reactions on carbon and oxygen. Further, the intensity of the
1472 keV 7 ray as a function of beam time was checked. The build-up of oxygen on
the target is illustrated in figure 2.22, where the intensity ratio between the 339 keV
7 ray from the reaction 58Ni(16O, lp la ln ) 6 8 As and the 777 keV transition in 102Cd
is plotted as a function of beam time. It can be seen that the amount of oxygen in
the target was increasing until the target was changed after about 120 hours of beam
time. However, also the second target soon acquired a considerable amount of oxygen.
The intensity of the 1472 keV 7 ray could not be followed in such a detail due to low
statistics. Instead, the number of counts in the 1472 keV line originating from the
parts of the experiment, when the 68As/102Cd ratio from figure 2.22 was lower than
7.1 xlO"3 , was compared to the total number of counts in the 1472 keV line. The
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Figure 2.22: Relative intensity of the 339 keV 7 ray from the reaction 58Ni(16O,
lplaln)68As compared to the 777 keV 7 ray from the reaction 58Ni(50Cr, 2pla)102Cd
as a function of beam time. Each point corresponds to about 6 hours of data taking.
The dashed line indicates the 7.1xlO~3 intensity ratio used in the analysis (see text).
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Figure 2.23: The 1472 keV 7-ray gated spectrum from the sum of the lain, Ia2n and
2n gated 7-7 matrices.

limit was chosen as a compromise between statistics and difference between oxygen
and chromium related intensities. The parts of the data when the 68As/102Cd ratio
was below the limit contained 39.1(1)% of all events belonging to 102Cd and 29(1)% of
the 7 rays produced in the reactions 58Ni(16O, laln)69Se and 58Ni(I6O, lplaln)68As.
The corresponding percentage for the 1472 keV 7 ray was 37(7)%, which is another
indication that this 7 ray was not produced at reactions on oxygen. Therefore, the
1472 keV transition can unambiguously be assigned to 102Sn.

The measured relative cross section for the reaction 5OCr(58Ni,la2n)102Sn compared
to the reaction 50Cr(58Ni,la2p)102Cd was approximately 0.02%. Assuming that the
cross section for the reaction leading to 102Cd is 50 mb, as obtained from the code
CASCADE [28], and knowing that the isomeric 8+ state in 102Cd is populated in only
20% of the reactions leading to 102Cd [29], the cross section for the reaction leading to
102Sn is about 2 nh. While CASCADE generally predicts strong reaction channel cross
sections correctly, it tends to strongly overestimate cross sections for weak reaction
channels leading to nuclei near 100Sn, in this case by about 20 times compared to the
measured value.

In addition, a 7-ray line at 497 keV was found in the Ia2n gated spectrum. It behaved
the same way as the 1472 keV line in the particle gated spectra. These two 7 rays
were in mutual coincidence with each other as seen in figure 2.23. In this figure the
1472 keV 7-ray gate in the sum of the Ia2n, lain and 2n gated 7-7 matrices is shown.
Therefore, also the 497 keV transition is assigned to 102Sn.
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Figure 2.24: The time distribution of the 1472 keV 7 ray.

The 1472 keV and the 497 keV 7 rays both follow the decay of a long lived isomeric state
in 102Sn. The time spectrum of the former is shown in figure 2.24. An exponential
fit to the time distributions of both 7 rays gives a half-life of 1.0(5) /xs, where an
estimated systematic error of 0.5 (is is added due to the uncertainty in the background
subtraction, which comes from the fact that the time windows for the Ge detectors were
only open less than one half-life. Recent shell model calculations [30, 31], including
the calculation described in the next chapter, predict the lowest 6 + state in 102Sn to
be isomeric. The assignment of J* = 6+ to the isomeric state is not excluded by the
experimental results, although only two transitions below the isomer were identified. It
is, however, probable that a low energy transition between the 6+ and 4+ states was not
observed due to low statistics and the strong internal conversion of such a low energy
E2 transition. From the behavior of the conversion coefficient as a function of energy,
an upper limit of 80 keV was deduced for the energy of the 6+—>4+ transition. The
1472 and 497 keV 7 rays are, therefore, assigned to the 2+—>0+ and 4+—>2+ transitions
in 102Sn, respectively.

2.5 The Argonne experiments

The 6+—>4+ transition in 102Sn is very important, since it can yield valuable information
about its electromagnetic decay properties and on the structure of 100Sn (see next
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Figure 2.25: The Fragment Mass Analyzer at Argonne National Laboratory. The
target chamber is denoted as TC, Ql,Q2,Q3,Q4 are quadrupole magnets, ED1,ED2
are electric dipoles, MD is a magnetic dipole magnet, Dl is a multiwire proportional
counter and D2 represents the p-i-n diode and Ge detectors at the focal plane.

chapter). Since it was not observed in the previous experiment, another experiment
with the aim of identifying the 6+ state was performed. The isomeric half-life of 1 /is
is ideally suited to detect 7 rays at the focal plane of a recoil mass separator, since
the flight times of the recoils through such a device usually are about 1 y.s long. In
addition, the expected large conversion coefficient for the 6+-»4+ transition made it
clear that it would be much easier to observe this transition by measuring the conversion
electrons rather than 7 rays. In addition, the aim of the experiment was to measure
the conversion factor of the isomeric transition in 98Cd, which would make it possible
to determine the multipolarity of the transition.

2.5.1 Experimental setup

The experiment utilized the recoil mass separator at Argonne National Laboratory,
the so called Fragment Mass Analyzer (FMA) [32] (figure 2.25). The same reactions
as in the previous experiments were used also in the Argonne experiments, namely
58Ni(46Ti, a2n)98Cd and 58Ni(50Cr, a2n)102Sn. To optimize the transmission of the
FMA the target thickness was only 0.50 mg/cm2 for 46Ti and 0.56 mg/cm2 for 50Cr.
Due to the smaller target thickness as compared to the previous experiment the beam
energy was decreased to 210 MeV and 220 MeV for these reactions, respectively. In
addition, a calibration run with a 239 MeV 58Ni beam was performed, aiming at excited
states of 96Pd populated in the 58Ni(46Ti, 2pla2n)96Pd reaction.

The FMA is used to separate nuclear reaction products from the primary heavy-ion
beam and to disperse them by mass/charge at the focal plane. Magnetic and electric
fields are used to guide the particles and focus them onto detectors at the focal plane.
The mass/charge ratio is obtained from the measured position in front of the focal
plane by a multiwire proportional counter (Dl). Recoiling nuclei were stopped at the
focal plane by a 3.6 mg/cm2 thick Al foil. The thickness of the foil was very important
because the recoils had to be stopped close to the surface to allow the conversion
electrons to escape from the foil. Electrons were measured with 5 silicon p-i-n diode
detectors, which together with the catcher foil formed a cube with a 2.5 cm side.
Gamma rays were detected with four Ge detectors placed in the focal plane. The
distance between the center of the catcher foil and the front face of the Ge detectors
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was on the average only about 3 cm, which resulted in a high 7-ray detection efficiency
of about 5% at 1.3 MeV. The conversion electron detection efficiency was only 15%,
although the detectors covered a solid angle of almost 2n. The electron detection
efficiency was fairly constant between 50 and 150 keV. The lowest detected energy in
the Si detectors came from X rays at 22 keV. The energy range of the ADC was set to
250 keV for the Si detectors and 3.5 MeV for the Ge detectors. The trigger condition
required at least one electron or at least one 7 ray to be detected within 2.5 /is after
the signal from the inultiwire proportional counter.

Duo to problems with particularly the multiwire proportional counter, which did not
allow for count rates of more than 5 kHz, only very few 7-7 events were observed in
')HCd and it, was thus neither possible to draw any conclusion about the conversion
coefficient of its isomeric transition, nor to observe any electrons or 7 rays from the
weakly populated isomeric state in 102Sn.

A third experiment, which focused only on 102Sn, was therefore performed with a
222 MeV 58Xi beam bombarding a 50Cr target. In this experiment the multiwire
proportional counter was replaced by two microchannel plate detectors, allowing much
higher counting rates. The Al catcher foil at the focal plane had a thickness of 4.2
mg/cm2. All other experimental characteristics were the same as described above.

2.5.2 Analysis and Results

In the analysis, 7 - 7 and electron-7 matrices were sorted, as well as energy versus
time matrices for both electrons and 7 rays. Most of the recorded events were due
to ratidom coincidences of the electrons and 7 rays emitted in /? decay of the nuclei
implanted in the catcher foil. However, random coincidences were reduced considerably
by requiring a short coincidence window. Known isomeric states in 96Pd (ti/2=2.2 fis),
94Ru (ti / 2=71 us) and 102Cd (t1 /2=56 ns)[33] were identified by the decay of both 7
rays and conversion electrons.

Six 7-7 coincidences between the 497 and 1472 keV 7 rays, which in the previous recoil
catcher experiment were identified as belonging to 102Sn, were detected. A conversion
electron line at 44 keV was found to be in coincidence with both the 497 and 1472
keV 7 rays (figure 2.26). The spectrum shows events that occurred within 1.7 /us after
the arrival of the recoils to the catcher foil. It was in addition gated by a small time
difference between the signals from the Si and Ge detectors. Although the statistics
is not great, the line at 44 keV is clearly visible and most likely belongs to 102Sn. It
could either be due to K conversion of a 73 keV transition or due to L conversion of
a 48 keV transition. The conversion coefficients for 73 and 48 keV E2 transitions in
the Sn isotopes are: a(73)/f=3.2, a(73)Z/=1.8, a(48)x=9.8 and a(48)j,=11.7 [35]. The
number of observed electron-7 coincidence events is in agreement with the number of
observed 7-7 coincidence events, taking into account the above conversion coefficients
and the 7-ray and electron detection efficiencies. However, the number of counts in the
44 keV line does not give a hint whether it is due to K or L conversion, since about
50% of the deexcitations are expected in both cases.
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Figure 2.26: Sum of the 497 and 1472 keV 7-ray gated electron energy spectra. The
Kolmogorov plot of the times of the 7-7 and electron-7 coincidence events belonging to
102Sn is shown as an insert, with the measured data plotted as a step function and the
fitted function plotted as a smooth curve. The half-life obtained with the maximum
likelihood method is 0.
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Figure 2.27: The experimental and calculated level schemes of 102Sn. The spin-parity
assignments for the excited states are tentative since we have not measured the mul-
tipoiarities of the transitions. The shell model calculations are discussed in the next
chapter.

However, since altogether seven electron-7 coincidences are observed at 44 keV, four
L conversion electrons would be expected at an energy of 69 keV if the observed line
is due to K conversion, and six K conversion electrons would be expected at 19 keV
if the observed line is due to L conversion (see figure 2.26). The electron detection
efficiency at 69 keV is as high as at 44 keV, but no counts are observed at 69 keV.
Although the statistics is too poor to make a definite conclusion, it is likely that this
case can be ruled out. The energy cut-off at about 22 keV (see figure 2.26) prevented
the observation of counts at 19 keV. Thus, it is suggested that the observed electron
line is due to L conversion, and that the transition energy is 48 keV, and we propose
the level scheme of 102Sn shown in figure 2.27. The line observed in the spectrum at
about 25 keV could be due to X rays, possibly from 102Sn itself or from 102Cd or 102Ag,
since this part of the spectrum contained a large X-ray background from the EC decay
of 102Cd and 102Ag. which were the two strongest populated nuclei within the mass
gate.
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Figure 2.28: Background subtracted 7-ray spectrum recorded between 0 and 0.5 /is
after the signal from the multiwire proportional counter. The time spectrum of the
103 keV line is shown as an insert.

The half-life of the suggested 6+ state was obtained by studying the electron-7 and 7-7
coincidence events. A half-life of O.62ioi9 /JS was obtained from the time distribution
of these 13 coincidence events using the maximum likelihood method (see appendix
A.I). The statistical significance of the fit was checked using the Kolmogorov test (see
appendix A.2), where the number of counts collected up to a certain time is compared
to the fit. The maximum difference between the data and the fitted function, which
is decisive in the test, lies well within the 95% confidence limit. The good agreement
between the data and the fit can be seen in the insert of figure 2.26, where the number of
counts collected up to a certain time divided with the total number of counts is plotted
as a function of time. The fitted function in this case becomes (1 - e~'^T)/(l - e~a/T),
where T=t!/2/ln2, a is the upper limit of the measured time and t< a (see appendix
A). The measured half-life of 0.621^19 [is is within the errors in agreement with the
previously measured value of 1.0(5) [is [V]. A weighted average of these two values
gives a half-life of the 6+ state of 0.8(3) [is.

In addition, a previously unknown isomeric state in 106Sb [34] with a half-life of 0.22(2)
^s was identified (see figure 2.28). The isomeric state lies 103 keV above the ground
state and the 103 keV transition that links the isomeric and the ground states has a
total conversion coefficient of 1.8(2), which is consistent with an E2 character.



3. The nuclear shell model

The nuclear shell model has been developed over many years. It describes satisfactorily
many properties of nuclei with magic or near magic numbers of protons and neutrons.
One of the earliest achievements of the shell model was to explain the magic numbers
(see chapter 1). The shell model can also explain the ground state spins and parities
of odd mass nuclei and it gives reasonable agreement with their observed magnetic
dipole and electric quadrupole moments. At present the shell model is widely used
to calculate the properties of excited states of nuclei close to the doubly magic nuclei.
Since 100Sn is expected to be doubly magic it is appropriate to study excited states of
neighboring nuclei using the shell model.

3.1 Single-particle wave functions

To calculate the properties of nuclear states, the many-body Schrodinger equation

E\a>=H\a> (3.1)

has to be solved, where the Hamiltonian H is given by

Jifk). (3.2)
i=l t=l k>i

Ti is the kinetic energy operator of the i-th nucleon and W(?i,rk) is the two-body
interaction acting between pairs of the nucleons. In practice, two problems occur; the
many-body problem can only be solved with approximative methods and the nucleon-
nucleon interaction is not very well known. Therefore, a nuclear model has to be
applied.

The nuclear shell model assumes that the nucleons are moving almost independently
in an average potential. The Hamiltonian describing A independently moving particles
in a spherically symmetric potential is given by

£/(/•,)], (3.3)
t=i

49
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where U(rt) denotes the average potential. The Hamiltonian of equation 3.2 can then
be rewritten as

iit '(r,, n) - £ U(rt) (3.4)
1=1

If the average potential U can be chosen such that the term V, the residual interaction,
becomes small, the solutions to HQ are a good first approximation.

The solutions to the single-particle Schrodinger equation

e.la, >= h,\at >, (3.5)

where a, denotes the quantum numbers characterizing the state occupied by the i-th
micleon, can be separated into a spatial part, depending only on spatial coordinates
and the orbital angular momentum of the nucleon, and a spin part depending only on
the intrinsic spin of the nucleon.

One convenient approximation for the potential Ufa) is a harmonic oscillator well of
the form l/2m!a;2rt

2. The energies of the eigenstates of h{ are then given by Nhu> (figure
3.1a), where N is the oscillator quantum number defining a shell (see, e.g., reference
[36]). For each N, the allowed orbital angular momentum quantum numbers / are N, N-
2 1 or 0. Since the intrinsic spin of each nucleon can have two possible orientations,
each harmonic oscillator shell can accommodate 2£(2/ + 1) protons or neutrons, where
/ is summed over all allowed values for a given N. All protons or neutrons occupying
the same shell are degenerate in energy. This simple approach is already good enough
to explain the magic numbers mentioned in the introduction for the lowest three shells,
namely 2, 8 and 20 (figure 3.1g). To explain also the other magic numbers, two more
terms are needed in the Hamiltonian h{\ one term involving the r operator, which
splits the states with different / (figure 3.1b) and a second one, which couples the
orbital angular momentum of a nucleon to its intrinsic spin, the spin-orbit coupling
(figure 3.1c). The total angular momentum quantum number can be either j — I + s
or j = / — s, where s = 1/2 is the intrinsic spin quantum number of the nucleon.
The strong spin orbit coupling splits the states with different total angular momenta
(figure 3.1e), such that the state, or orbit, with the highest total angular momentum
in the N-th shell is lowered in energy enough to come close to the states of the N-l
shell (for N>3). Each orbit can accommodate 2j + 1 protons or neutrons (figure 3.Id)
and by summing the number of particles in close lying orbits, the magic numbers are
reproduced (figure 3.1g). Each single particle state, or single particle orbit, |a ; > is
denoted by / and j (figure 3.1e). Such an orbit is thus the eigenstate of hi, which
includes the harmonic oscillator, the r and the spin-orbit coupling terms. Each orbit
is also characterized by its isospin tz = +1/2 for a proton (IT) and tz = —1/2 for a
neutron (i/). Note that the Greek character n is also used to denote the parity quantum
number. Some important orbits close to 100Sn, which has 50 protons and 50 neutrons,
are for positive parity |a, >=7rg9/2, ^d5/2, ^g7/2 and for negative parity uhu/2, which
is intruding from the N=5 shell.
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Figure 3.1: Single-particle energies obtained using a) the harmonic oscillator and b)
harmonic oscillator and I2 potentials. The results of the inclusion of the spin-orbit
term are shown in c). The number of nucleons in each orbit, its successive number n,
orbital and total angular momentum quantum numbers and its parity are shown in d),
e) and f), respectively. Orbital angular momentum is denoted with a letter instead of
a number with s,p,d,f,g,... corresponding to /=0,1,2,3,4,... The numbers of nucleons at
shell closures are encircled in g). (Figure based on reference [36]).
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3.2 Residual interaction

The eigenfunctions * 0 of the Hamiltonian Ho are antisymmetrized angular momentum
coupled products of the single-particle wave functions |Q, >. They form the basis
states in shell model calculations. The residual interaction mixes states with the same
total angular momentum / a n d total isospin T and the eigenfunctions of H are linear
combinations of ^o* the eigenfunctions of Ho'-

9

*(pW = Ec"P*o(O./,r, (3.6)
1=1

where g is the number of possibilities to couple angular momenta and isospins of A
nucleons to a total angular momentum J and total isospin T, and the index p = 1,..., g.
The main task of the shell model calculation is then to diagonalize the Hamiltonian and
find the coefficients cip. However, the number g increases very rapidly with increasing
,4, which makes the calculation very time consuming or even impossible. To overcome
this problem, the protons and neutrons are separated into inactive core nucleons, which
fill up the major shells, and active valence particles, which are the nucleons above the
last filled shell. Such a separation is a good approximation, since it is indeed difficult
to excite nucleons from a closed shell and, at least for the lowest lying excited states,
only the valence particles play an important role. The valence nucleons can occupy
all orbits above the last filled proton and neutron shells. For numerical reasons, it is
usually also necessary to restrict the number of orbits allowed in the calculations, i.e.,
the configuration space. A detailed treatment of the nuclear shell model can be found
in for example the textbook by de Shalit and Talmi [2].

The case when there is only one valence nucleon outside the core is identical to the
single particle case described above, except that the valence nucleon can only be found
in orbits not already occupied by the core nucleons. All the contributions of the core
are contained in the central potential U. Since the core nucleons couple to a total
angular momentum with the quantum number J—0, the spin of the nuclear state is
determined by the total angular momentum of the orbit, in which the valence nucleon
is placed, i.e., if the valence neutron outside the 100Sn core is in a ^d5/2 orbit, the spin
of the state in 101Sn is J = 5 / 2 and so on.

3.3 Examples of two nucleon spectra

The easiest way to examine the residual two body interaction is to study nuclei that
have two nucleons more or less than a nucleus with closed proton and neutron shells.
The two nucleons (particles or holes) outside of the closed shells are valence particles
and the total angular momentum J of the nucleus is then a vector sum of the angular
momenta of the two valence nucleons. A multiplet of states can be formed by coupling
the angular momenta of the valence nucleons. The total angular momentum quantum
number J can thus have integer values |ji — j 2 | < J < ji + J2, where jx and j2

are the total angular momentum quantum numbers of the single-particle orbits of the
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valence nucleons (see figure 3.1e). In the special case when both valence nucleons are in
equivalent orbits, J has values between 0 and 2j. In the case of identical nucleons only
certain J values are allowed due to the Pauli principle. The wave function has to be
antisymmetric and is different from zero only if J is even. Therefore, J can have values
0,2,...,2j - 1. For example if both valence neutrons in 102Sn are in the g7/2 orbit, i.e., in
the e(g7/2)2 configuration, J=0, 2, 4 or 6. Correspondingly, the v{Ah/2)

2 configuration
gives J=0, 2 or 4 and the ^d5/2g7/2 configuration J = l , 2, 3, 4, 5 or 6. Without the
residual interaction, all the states within the same multiplet are degenerate and their
energy would be E = e\ + e2, where ej and t2 &re the energies of the orbits of the
valence nucleons. As shown above, there are three ways of forming a J—4 state within
the ^d5/2g7/2 configuration space. The wave function of a J=4 state in 102Sn would
then be written as

*(p)<,i = CipKds/2)2; 4 > +c2pH57/2)2; 4 > +c3p\v{d5/2g7/2); 4 > . (3.7)

The effect of the Pauli principle is illustrated by a simple geometrical picture, which
explains the ordering of the lowest-lying yrast states in nuclei with two valence nucleons.
Due to the short range of the nuclear force, the interaction between two nucleons will
be strongest when their wave functions have large spatial overlap [37]. In the case of
identical nucleons in equivalent orbits, the overlap is largest when the angular momenta
of the two particles are antiparallel or parallel, i.e., in either the Jmin or the Jmax state.
In the Jmax state, the spin part of the wave function is symmetric. Due to the Pauli
principle, which requires the total wave function to be antisymmetric, the spatial part
of the wave function must then be antisymmetric. At the point in space where the
short range attractive interaction is strongest, i.e., when Fi = f2, the spatial part of
the wave function is symmetric and must therefore vanish. The nucleons are thus
seldom close in space and the chances for interaction are small. Therefore, the Jmax

state will lie highest in energy. In the Jmin state, on the other hand, the spin part
of the wave function must be antisymmetric and the spatial part is symmetric. This
allows the wave function to be different from zero also when f\ — r2. In the Jmin state,
which in the case of equivalent orbits always is a J=0 state, the two nucleons move
in opposite directions. There are many possibilities for close contact and thus a large
attractive interaction, which results in the J—0 state having the lowest energy.

Some examples of the yrast states of different nuclei with two identical nucleons more
or less than a doubly magic nucleus are illustrated in figures 3.2 and 3.3. In the nuclei
shown in figure 3.2 the two valence nucleons are predominantly in a j=9/2 orbit (see
also figure 3.1). The highest J that can be obtained by coupling two such nucleons is
8. The level structures are very similar, only the level spacing is different depending
on the varying interaction strength.

The level schemes shown in figure 3.3 are also very similar to each other. In these cases,
the states with the highest J=6 are obtained by coupling two nucleons in a j=7/2 orbit
or one nucleon in a j=7/2 orbit and another with j—5/2. In the ground and lowest
excited states of 102Sn, the two valence neutrons are predominantly in the d^/2 orbit,
which is lowest in energy. However, two d5/2 neutrons can couple to a maximum J=4.
The 6+ state in 102Sn belongs to the d5/2g7/2 multiplet, in which the 6+ state lies lowest
in energy due to the following reasons.
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Figure 3.2: The yrast states in 98Cd, 210Po and 2 I 0Pb. The main wave function com-
ponent of the 8+ state and the reduced transition probability (see section 3.5) for the

transition are shown. Data were taken from this work and ref. [33].
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As in the case of equivalent orbits mentioned above, the overlap of the orbital planes is
highest when J=Jmm and J=Jmax- It is expected that one or both of these states are
the most affected by the short range interaction. However, the Jm;n state, which is the
1+ .state, can only be formed by antialigning the orbital angular momenta and aligning
the intrinsic spins. Since the spins are aligned, the spin part of the wave function is
.symmetric. Antisymmetrization of the total wave function due to the Pauli principle
requires that the spatial part is antisymmetric and therefore, the wave function must
vanish when ft — r2. The J = l state is thus not affected by the short range attractive
interaction. This is not the case in the Jmax—6 state, which has the lowest energy in the
('v2g7/2 multiplet. A .7=6 state can also be formed by coupling the angular momenta
of two neutrons in the g7/2 orbit. However, the J=6 state lies highest in energy in the
(g7/2)

2 multiplet and therefore has a higher energy than the J=6 state from the d5/2g7/2
nniltiplet.

The nucleus 98Cd provides another interesting example. Here the J=2 , 4, 6 and 8
states with positive parity can only be formed by putting the two valence proton
holes into the 7rg9/2 orbit, since there are no other close lying orbits which can couple
to such an angular momentum, i.e.. the wave functions of these states are therefore
pure. In this special case the wave functions >̂0 coincide with the eigenfunctions of
the Hamiltonian H (equation 3.1) with the eigenvalues E=2e99//2 + Vj. The values of
the residual interaction matrix elements Vj, which are the input parameters in a shell
model calculation, can then be read explicitly from figure 3.2.

The highest spin states shown in these examples are isomeric due to the the low energy
of the decaying E2 transitions. The measured B(E2) values of these transitions are very
similar in the cases shown in figures 3.2 and 3.3 and they are close to the Weisskopf
single particle estimate (see section 3.5). Even though these B(E2) values are quite
similar, it is interesting to note that the largest B(E2) value is from 102Sn and the
smallest from 98Cd. The important implications of this are discussed in section 3.7.

3.4 Full shell model calculations

More detailed properties of the nuclear states can be obtained from a full shell model
calculation. Such shell model calculations were performed using the program RITSS-
CHIL [38], which diagonalizes the Hamiltonian H of equation 3.4, for 98 i"Cd (figures
2.20 and 2.8), 102Sn (figure 2.27) and 103In (paper [III]). A ^Sr50 core with a configu-
ration space consisting of the 7rg9/2, 7rpi/2> v^s/i, v%iii, vs\ji, 1^3/2 and ̂ h u / 2 orbits
was used (see figure 3.1). In a finite configuration space, the Hamiltonian H (equa-
tion 3.4) is completely specified if all the single particle energies and two body matrix
elements are given. These are also the input parameters to RJTSSCHIL. Data from
various sources has been adopted. The proton g9/2 and pi/2 single particle energies
and effective residual interaction is fairly well established [39, 40, 41]. The values from
reference [39] were taken for the single particle energies and from reference [40] for the
two-body matrix elements. Neutron single particle energies were taken from the neu-
tron stripping 88Sr(d,p)89Sr and 88Zr(d,p)89Zr reactions [42]. Empirical proton-neutron
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two body matrix elements were deduced from the known members of the /
7rPi/2'yd5/2, 7^1/2^3/2 and 7rp!/2^Si/2 multiplets in 90Y [43], which has one proton and
one neutron outside the 88Sr core. Realistic two-body matrix elements for the Trgg/2,
"d5/2, ^g7/2, ^Si/2 and i/d3/2 orbitals, except for the diagonal two-body matrix elements
corresponding to the 7rg9/2^d5/2 configuration, were taken from reference [42]. Two-
body matrix elements involving the uhn/2 orbital were taken from the lead region [44]
and rescaled. Details about the calculations are given in reference [45]. For the calcu-
lation of 98Cd, where only the configuration space involving the g9/2 and pj/2 proton
orbits was considered, the more recently deduced single-particle energies and two-body
matrix elements by Blomqvist and Rydstrom [41] were used.

The calculations fairly well reproduce the four experimental level schemes. In 98Cd the
ground state is calculated to have a mixed wave function with the squared amplitudes
c2

p from equation 3.6 given by 0.87 for the 7rg<r,2 configuration and 0.13 for the 7rpr,2
configuration, whereas the excited states of 98Cd correspond to the pure Kg§j2 two-
proton-hole spectrum in 100Sn.

In "Cd the calculated lowest lying 5/2+, 9/2+, 13/2+, 17/2+ and 19/2+ states (figure
2.8) are all dominated by the 7rg ,̂22i/d5/2 configuration. The calculated lowest 7/2+,
11/2+, and 15/2+ states, with no experimental counterparts, contain large wave func-
tion components with the neutron occupying also the g7/2 orbit.

The lowest states in 102Sn are governed by the two close lying neutron orbits. The main
configuration of the 0+, 2+ and 4+ states is d2/2. Both the 2+ and 4+ states, however,
have large admixtures of the d5/2g7/2 configuration, which exhausts almost the entire
wave function of the 6+ state. Another 6+ state, based on the g2/2 configuration, is
calculated to lie much higher in energy.

The In isotopes are the closest neighbors of Sn isotopes that are strongly affected
by the Z=50 shell closure. Thus, the odd-A In isotopes with 49 protons allow an
investigation of the coupling of the proton hole to the Z=50 core. The experimental
level scheme of 103In is also well reproduced by the calculation, allowing to extract the
main wave function components as TrggAKdj^g2-^)./ an(^ ̂ ggLvftl^J with J=0 and
4 for the lower lying and Trgg/^Kd^gT^s f°r the higher lying positive parity states.
The negative parity states involve the excitation of one neutron to the hn/2 orbit (see
paper [III]). Full shell model calculations for odd-A In isotopes heavier than 103In were
not feasible because of limitations in available computer resources.

3.5 Transition probabilities

The shell model can be used not only to calculate the energies, spins and parities of
levels, but also to calculate the transition probabilities between them. These transition
probabilities can then be compared with the ones deduced from measured lifetimes
of states. Since only the lifetimes of states decaying via electric quadrupole (E2)
transitions were measured in this work, the following discussion deals only with this
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type of transition. In the case of an E2 7-ray transition between an initial state i and
a final state / , the transition probability is given by the expression

where a is the fine structure constant, E7 is the transition energy and Q is the
quadrupole operator. This formula can be deduced from Fermi's golden rule (see
reference [46]). Sometimes a conversion electron is emitted instead of a 7 ray and the
transition probability, which needs to be compared with the experimental one, must
therefore be corrected for internal conversion by multiplying W(E2) by a factor (1 + a),
where a is the total conversion coefficient [47]. All the spin dependence is collected in
the last two terms which form the so-called reduced transition probability

B(E2) = | ^ ± I | (Jf\Q\Jt) |
2. (3.9)

B(E2) is usually measured in units of e2fm4, reducing equation 3.8 to

W{E2) = 1.23 x 109(l + a)Eb
1B{E2)MeV'be-2frays'1 (3.10)

The electric charge in a nucleus is carried by the protons and the electric quadrupole
operator is given by

Q = £,e(i)r?Y2Q (3.11)

In those cases when only one nucleon is active in the transition, the matrix element of
the quadrupole operator can be calculated by the formula [48]

To make an estimate of the transition rates, Weisskopf [46] simplified expressions 3.9
and 3.12. By assuming the nucleus to be a sphere of uniform density with the radius
given by R = r0A

lf3, the radial integral reduces to

-5rlA^ (3.13)

It was also assumed that ji—1/2 and j /=5/2 , for which equation 3.12 gives a factor
l/(47r). The reduced transition probability is then in the Weisskopf single-particle
estimate given by

B(E2) = ±-(f)2r*0A^e* (3.14)

and the single-particle transition probability becomes

W{E2) = 7.4 x 107A*/3E*MeV-5s-1 (3.15)

The Weisskopf estimates are often used as units for measuring transition rates. The
reduced transition probability in Weisskopf units becomes
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where t\/2 is the measured half-life given in seconds and E1 is given in MeV.

Equation 3.12 is only valid for nuclei with one particle more or less than a closed
shell nucleus. In cases when more than one nucleon is active, the matrix element of the
many-body wave function can be reduced to a sum of matrix elements of single particle
wave functions. The electromagnetic multipole operators are one-body operators. The
wave functions ^ 0 from equation 3.6 are angular momentum coupled products of single
particle wave functions. Before the quadrupole operator can operate on a single particle
wave function, $o has to be decoupled. This is done using Racah algebra [49].

In the first step, the E2 transition matrix element is calculated for two valence nucleons.
In the initial state the first particle is in a ju orbit and the second particle in a j 2 , orbit.
The total angular momentum quantum number of the initial state is J{ and in the final
state the quantum numbers are j\j, j2f and Js. The transition matrix element can
be calculated as a sum of two terms, where in the first term the quadrupole operator
Q acts only on particle 1 and in the second term only on particle 2. When Q acts
on particle 1, the transition matrix element can be reduced to a single particle matrix
element by the formula [49]

> = ( - ) s /
xWtiifiuJfJi;2j2/) < ji/\Q(l)\ju

where the Racah coefficient W is related to the Wigner 6-j symbol by a phase factor
[50]

{3 * ^Y (3.18)

The single particle matrix element < ji/|Q(l)|jii > is given by equation 3.12. The
mirror formula to 3.17, when Q(2) acts only on particle 2, can easily be calculated
since changing the order of coupling of particles 1 and 2 only introduces a phase factor

U1J2J >= (-iyi+i7-J\j2jiJ > • (3-i9)

Other more complex systems with more than two particles may be treated by repeated
application of the technique described above. An example for three valence particles
is shown in the calculation of the effective charges in "Cd (section 3.6).

In the case of mixed initial and final state wave functions, the transition matrix ele-
ment can be calculated as the sum of matrix elements of the wave functions with one
component ^0- It follows from equation 3.6 that

>, (3-20)

where the summation over k accounts for all configurations in the final state and the
summation over / accounts for all configurations in the initial state.
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3.6 Effective charge

In many cases the experimental B(E2) values deviate from the values calculated from
equations 3.9 and 3.12. This deviation can be corrected for by introducing an effective
proton as well as an effective neutron charge to take into account the distortion of the
orbits of the inactive core nucleons caused by the active particle. The effect is similar
to the polarizability and dielectric phenomena that modify the electric field generated
by electrons in atoms and is therefore often referred to as the E2-polarization effect.
One reason behind the large effective charge for E2-transition operators is the relatively
small number of active nucleons and restricted configuration space used in the shell
model calculations. Although the energy level positions are well accounted for, this
restriction is often inadequate to explain the observed E2-transition rates. The E2
transitions are induced by charge currents that are usually associated with the motion
of protons. But in the case of 102Sn, the active nucleons are two neutrons carrying
no net charge. Therefore, an E2 transition in this nucleus must clearly involve some
of the protons considered as inactive core nucleons in the shell model calculation.
This is accounted for by renormalizing the electric quadrupole transition operator.
An enhanced E2 transition rate can also be associated with deformation, which near
a doubly magic nucleus is manifested in the form of shape vibrations. As these are
predominantly of quadrupole nature, it is not surprising that the difference between
the effective and real charge is most pronounced for E2 transitions.

Hence, an effective charge eejf is introduced to the nucleons [51], where

ee// = e{- + tz) + epol (3.21)

in the isospin notation (tz = l/2 for protons and -1/2 for neutrons). The polarization
charge epoi depends on the orbit of the nucleon. For example a nucleon outside the
nuclear surface is less effective in polarizing the core than when inside. Furthermore,
epo; may be different for protons and neutrons. In fact, it has previously been observed
that a neutron outside a closed shell polarizes the protons in the core more strongly than
a proton. Polarization charges required to explain the observed transition probabilities
in the vicinity of doubly magic nuclei are generally between 0.5 and 1.5e.

mCd - The effective charges in nuclei that are only two nucleons away from doubly
closed shells are relatively simple to calculate. In 98Cd, the wave functions of the iso-
meric 8+ state and the 6+ state, to which the isomeric state decays, are both calculated
to have a pure g^2

2 configuration. From equations 3.12 and 3.17 follows

^, ?,6,8; 2, ?)x

= -0.179 • ee//(7r) < 9|r
2|<? > (3.22)

where the factor 2 arises from the fact that both protons contribute equally to the tran-
sition. The total angular momentum quantum numbers were omitted in the matrix
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elements of the r2 operator, since these matrix elements depend only on the orbital an-
gular momentum of the particles. The value for the radial integral < g\r2\g >=25.9 fm2

was obtained using harmonic oscillator wave functions with the parameter (fi/mw)'/2 =
2.17 fm [3]. A similar value was also obtained in references [54, 55] with a Woods-Saxon
potential. With this value the theoretical B(E2)=16.4 e2yyfm4. This is to be compared
with the value deduced from the half-life of 0.41(10) //s and the measured 8+—>6+

transition energy that (equation 3.10) give B(E2)=14.5i2'g e2fm4. The experimental
value is thus reproduced assuming ee//(7r)=0.94+o}o e-

l02Sn - The calculation of the neutron effective charge from 102Sn is more complicated,
since the two valence neutrons are distributed over several active orbits and the wave
functions of the states involved in the transition are mixed. Besides the d5/2 and g7/2

orbits, which have the largest contributions to the wave functions of the 6+ and 4+

states, also the d3/2 and S1/2 orbits allowing for stretched g7/2~>d3/2 and d5/2—>Si/2 E2
transitions are important in the calculation, because the 3-j symbols (equation 3.12)
for such transitions are large. The wave functions from the shell model calculation of
section 3.4 give B(E2;6+-»4+)=28.7 e2^fm4 using harmonic oscillator wave functions
for the radial integrals as described above. The experimental value, B(E2) = 114t3o
e2fm4, obtained from the 48(2) keV transition energy and 0.8(3) ^s half-life, is repro-
duced by choosing ee//(^)=2.0io3 e- A shell model calculation by Andreozzi et al.
[52], which uses a realistic effective interaction and reproduces the measured excitation
energies in 102Sn slightly better than the calculation from section 3.4, requires a similar
eef/(i/) of 2.3 e to explain the measured transition rate. The difference mainly comes
from different radial integrals used in reference [52]. A third calculation by Blomqvist
[53], which reproduces the experimental level scheme best, gives ee//(^)=1.6 e. The
calculated B(E2) value is fairly sensitive to the amplitudes of the ds/2d3/2 and g7/2Si/2
components in the wave function of the 4+ state, which in turn strongly depend on the
single-particle energies of the d3/2 and Si/2 orbits. These single-particle energies are not
well known and are about 0.3 and 1 MeV, respectively, lower in reference [53] than in
section 3.4 and reference [52], which is the largest difference between the calculations
and the main reason for the different deduced values of eeff(u).

"Cd - Effective charges can also be obtained from the measured B(E2;17/2+->-13/2+)
value in "Cd. Here the situation is even more complicated than in 102Sn since both
protons and neutrons are involved in the transition. The wave functions from the calcu-
lation described in section 3.4 were used to deduce the theoretical B(E2;17/2+->13/2+)
value. This calculation nicely reproduces the measured energies of the excited states
in "Cd (see figure 2.8).

The main contributions to the B(E2; 17/2+—+13/2+) value in "Cd are coming from
the following configurations

*17 /2+ = 0.7951(^-/2)81/^2 > -0.6061(^9/2)6^5/2 > (3-23)

and

(3.24)
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(see section 3.4 and reference [12]). With these wave functions, six transition matrix
elements are non-zero:

< *13/2+|<5l*17/2+ > =

= -0.919 • 0.606 < ( T T ^ W S / : , ; l3/2+\Y2eeff{it)r2\(ng^2)audi/2; 17/2+ >

+0.393-0.606 < {Trggj2)6ud5/2]U/2+\Y2eeff(-!r)r2\(TTg~2
2)6iyd5/2;17/2^ >

-0.393 • 0.795 < (Trg-2
2)6vd5/2; 13/2+ |y2ee/ /(7r)r2 |(7r$972)8^5 /2; 17/2+ >

+0.011 • 0.795 < (7rg972Vd5/2; 13/2+\Y2eeff{ny\(ng^2)s»d5/2; 17/2+ >

+0.393 • 0.606 < (irg-f2)&vdbl2- \2>/2+\Y2ee!!{y)r2\{T:g-2
2)&ydbl2- 17/2+ >

+0.011 • 0.795 < (TT^Dgi/ds/a; n/2+\Y2eeff{u)r2\{TTg-2
2)^ds/2; 17/2+ >

The first four involve the g9/2 protons and the last two the ds/2 neutron.

• proton contributions

3/2+\Y2eefJ(Tr)r2\(Trg-j2)6,i;d5/2; 17/2+ > =

1,6, f ,^;2,f)N/l3V/10H/(f,f,4,6;2,f) x

9/2 9/2 :
1/2 - 1 / 2 1

= 0.281 •ee / /(7r)<<? | r2 |<?>

,6, f, li; 2, §)>/i3v^lO^(|, | , 6,6; 2, f) x

-1/2 5)-2 •«.//(»)
0.00603 • ee//(7r)

13/2+|y2ee//(7r)r2|(7r59/
2)8ii/d5/2; 17/2+ > =

f ) N / T 7 V T 0 ^ ( | , f, 6,8; 2, f),8, f , ^ ; 2, f )N /T7VT0^ ( | , f, 6,8; 2, f) x

J ^ -1/2
= 0.166 •ee/zM

< ( w ^ B . ^ 5 / 2 ; 13/2+|y2ee//(7r)r2|(7rp972)8,i/d5/2; 17/2+ > =

= V T 8 V / 1 7 ^ ( 8 , 8, f, f; 2, f )y/Tfy/lOW^, f, 8,8; 2, f) x

9/2
-1/2 J) -2 •«-//(*)

= 0.0291 • ee//(7r)
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• neutron contributions

, ./d5/2; 17/2+ > =

= -0.206-ee / /(v) < d | r 2 | d >

The factor two in the proton contributions comes from the fact that there are two proton
holes in the gg/2 orbit. By summing all the contributions, it follows from equation 3.9

B(E2; 17/2+ -+ 13/2+) = (-0.182 • ee//(7r) < g\r2\g > -0.026 • ee/f{u) < d\r2\d >)2

(3.25)
The diagonal radial integrals of r2 in the orbits 7rg9/2 and fds/2 were calculated using a
harmonic oscillator potential to be 25.9 fm2 in both cases [3]. The same value was also
used in references [54] and [55]. The calculation of the effective charges differs from
reference [12], where the truncated wave functions of the 17/2+ and 13/2+ states were
not normalized. Since both proton and neutron effective charges appear in equation
3.25, one of them has to be fixed in order to calculate the other effective charge. If the
neutron effective charge is set to 2.0 e as obtained from 102Sn, it follows from equation
3.25, that ee//(rr)=1.4(l) e. However, fixing ee/y(7r)=0.94 e as obtained from 98Cd
requires ee//(f) ~5 e, which is an unreasonably large value. Thus, the low ee//(7r)
obtained for 98Cd is not applicable for "Cd.

3.7 Discussion

An important property of 100Sn is the degree of rigidity of its spherical equilibrium
shape. This is directly related to the excitation energy and transition probabilities of
its lowest 2+ state. In a microscopic description, the main wave function component
of this state is an isoscalar mixture of proton and neutron 2d5/2lgjw2 excitations across
the N=Z=50 shell closures, but this 2+ state will be lowered in energy and its collective
strength increased by coupling to the high-lying giant quadrupole vibrations.

The excitation energy and collectivity of the 2f state in 100Sn are not known from
experiment. In the heavy closed-shell nuclei 132Sn and 208Pb, the excitation energies
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Figure 3.4: The square root of the B(E2;8+->6+) values in even-A N=50 isotones 90Zr,
92Mo, 94Ru, 96Pd and 98Cd [33.VI]. The solid line is drawn only to guide the eye.

of the 2+ states are 4.04 and 4.09 MeV, respectively, while it is 2.70 MeV in the light
N=Z doubly magic nucleus 56Ni. The splitting of the relevant single particle states,
2p3/2lf7/2 (56Ni 6.40 MeV), 2d5 / 2lg9 / 2 (100Sn, « 6 MeV [45]), 2f7/2lh11/2 (132Sn, 4.90
MeV) and 2g9/2lii3/2 (208Pb, 5.07 MeV), are comparable in these four doubly magic
nuclei. The highest lying orbit in 100Sn is the gg/2 orbit, which has the same parity as
the orbits above the shell gap. Such a core is referred to as a non-LS-closed core and
allows for strong E2 particle-hole excitations across the shell gap. In the case of an
LS-closed core, such E2 excitations must be done across two major shells (see figure
3.1). The 56Ni core is also non-LS-closed and therefore, it is not unlikely that, as in
56Ni, the 2f state comes lower in 100Sn than in 132Sn or 208Pb, which are LS-closed cores
[56]. As a result of such strong particle-hole excitations, low-energy E2 transitions in
the neighborhood of 100Sn may be enhanced, yielding large effective charges.

The square root of the measured B(E2;8+—>6+) values in the even-mass N=50 isotones
from ^Zr to 98Cd is shown in figure 3.4. These values change smoothly with the
number of valence protons for the following reason. The wave functions of the 6+ and
8+ states are fairly pure for all nuclei shown, i.e., the valence protons are predominantly
in the gg/2 orbit. This is because other high-j orbits in the Z=28 to 50 shell lie much
lower in energy than the gg/2 orbit due to the subshell closure at Z=40. In the BCS
approximation, the B(E2) value is proportional to (w2 — v2)2, where v2 — 1 - u2 in this
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case is the degree of filling of the g9/2 orbit [57]. The square root of the B(E2;8+—»6+)
leaves an ambiguity about the sign of the E2 matrix element, but in principle this
causes no difficulty because opposite signs are required by the u2 — v2 factor in the
bottom and top halves of the subshell. Equation 3.22 suggests that the E2 matrix
element is negative in 98Cd. At the point of half filling, v2 — u2 — 1/2, the particle
and hole contributions cancel each other and the transition strength vanishes. This
happens in the N=50 isotones near Z=44, which is reflected in a small B(E2;8+—»6+)
value in 94Ru.

The B(E2;8+-+6+) values in the N=50 isotones from 90Zr to 98Cd, which mainly involve
the g9/2 protons and proton-holes, can be quantitatively described by multiplying the
expression for the B(E2) value in 98Cd (equation 3.22) with the factor (u2 - v2)2 from
the BCS approximation, which gives [57]

B(E2; 8+ -> 6+) = 16.4 e2
eff(u

2 - v2)2 fm\ (3.26)

where < g\r2\g >=25.9 fm2 and u 2 =l in 98Cd. The effective charge should in principle
remain constant if the parameters u and v are properly chosen. It should also be
constant in shell model calculations, if the configuration space is properly chosen. The
measured B(E2;8+->6+) values in the nuclei 96Pd, 92Mo and 90Zr can be well accounted
for in a full shell model calculation with ee//(7r)=1.72 e [5]. The low B(E2) value in
94 Ru cannot be explained in full shell model calculations [VI], but it can be understood
from the BCS approximation (equation 3.26), since in the midshell nucleus 94Ru the
particle and hole contributions almost cancel each other. Thus, the effective charge of
the g9/2 protons appears to be rather constant. However, the values of ee//(7r) deduced
from the T2 = - 3 / 2 nuclei "Cd and 97Ag, which are 1.4 and 1.3 e [VI], respectively,
point to a lower ee//(7r) near 100Sn. The effective charge of the gg/2 protons can be
most accurately deduced from 98Cd, which has only two proton holes in the 100Sn core
and the wave functions of the 6+ and 8+ states are calculated to be pure. However, the
value deduced from 98Cd, which is ee//(7r) ssl.O e, is surprisingly low. Thus, it appears
from the lighter isotones that the g9/2 protons do polarize the 100Sn core, while in
98Cd they cannot polarize the core. A low value of eeff(n) could possibly be explained
by a stiffness of the 100Sn core, but a value of eeff(n) <1.0 e cannot be explained,
since, contrary to the neutrons, the protons carry a bare charge of 1 e. Such a low
value has not been calculated in any other nucleus and it disagrees with the concept
of polarization introduced in section 3.6. Since the low proton effective charge is very
surprising, the measurement has to be more carefully checked in another experiment.

The square root of the B(E2;6+-+4+) values in the light Sn isotopes are shown in figure
3.5. These values depend on the number of valence particles somewhat differently than
the square root of the B(E2;6+—>4+) values in the N=50 isotones (figure 3.4). In this
case the wave functions of the 6+ and 4+ states are mixed and the transition rates
depend strongly on the amount of configuration mixing. The B(E2) values in 104~108Sn
can be successfully explained using an effective neutron charge of about 2.0 e [5]. It does
not decrease in 102Sn, which retains all the collective E2 strength of the heavier isotopes.
Since the effective charge is not only connected to the particle-hole excitations across
the shell gap, but also to the coupling to the high lying giant quadrupole vibration,
the large ee//(^) in 102Sn suggests that the 100Sn core may be as soft as the lighter
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Figure 3.5: The square root of the B(E2;6+—>4+) values in even-A Sn isotopes from
102Sn up to m S n [5,33,VII]. The solid line is drawn only to guide the eye.
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56Ni core with respect to quadrupole shape changes. These are the only two self-
conjugated non-LS-closed cores, in contrast to the heavier 132Sn and 208Pb, which are
not self conjugated, and where the effective charges are relatively low, ., 1.5 e and
1.0 e for protons and neutrons, respectively [59, 47]. This may possibly suggest that
the proton-neutron interaction, which is largest when N=Z and therefore, proton and
neutron orbits overlap, is responsible for the collectivity.

However, the low proton effective charge and large neutron effective charge disagree
with Hartree-Fock calculations using the Skyrme III interaction [60], which predict that
er//(7 r)= 2.0 e and eey^(^)~1.5 e. A detailed theoretical investigation of the unexpected
results on effective charges in the 100Sn region is therefore needed, but beyond the scope
of this thesis.

HEX?
left



4. Summary

The doubly magic nucleus 100Sn represents a crucial test for the nuclear shell model,
which is a widely used tool for a quantitative description of nuclei. Until excited states
in 100Sn itself become experimentally accessible, some information about its structure
can be obtained from the properties of excited states of neighboring nuclei, which are
by themselves very interesting since they provide basic parameters of the shell model.
Excited states in the Tz = -3/2 nuclei "Cd and 101In and in the Tz = - 1 nuclei
98Cd and 102Sn were identified for the first time in this work. The latter two nuclei
are now the nearest neighbors of 100Sn with known excited states. Several new excited
states were also found in the nuclei 103In and 105In. The experimental level schemes are
well reproduced by shell model calculations. From the measured half-lives of isomeric
states, effective proton and neutron charges were deduced for 98Cd, "Cd and 102Sn.
The shell model fails to reproduce the measured B(E2;8+—»6+) value in 98Cd, since
it requires eeff(ir) <1.0 e. The neutron effective charge deduced from 102Sn is about
2.0 e, which is as large as in the heavier Sn isotopes. This points to a softness of the
I00Sn core with respect to quadrupole shape changes. The shell model also fails to give
consistent answers for the E2 transition probability in 102Sn. The excitation energies
mainly depend on the parts of the wave functions with large amplitudes, whereas
the transition probabilities are sensitive also to the small parts of the wave functions,
which usually are much more difficult to study experimentally. Therefore, when trying
to obtain the best effective interaction for the shell model, not only the excitation
energies but also the experimental transition probabilities should be included in the fit
as much as possible.

As is often the case in scientific research, this thesis work has hopefully answered some
questions, while, at the same time, provoking several new questions that need to find
answers.

NEXT
left BLAUK
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A. Appendix

A.I Maximum likelihood method

The maximum likelihood method can be used to obtain half-lives from time spectra
that do not have enough statistics to enable a least squares fit. The method is derived
in the following way [61]. The decay probability distribution is given by

f(t) = ie"^, (A.I)

where T is the lifetime of the state. However, the measurement can only be performed
up to a maximum time limit a set by the electronics and therefore, f(t) needs to be
corrected for not observing any counts at t > a. The measured distribution is given by

f{t) = jer«\ (A.2)

where the factor

N = I - l - / T ( A - 3 )

comes from normalization of

I f(t)dt = 1. (A.4)
The n observed decays (in the case from section 2.5.2, u=13) occurred at times
t\, <2> •••, ̂ n- The likelihood function

(A.5)
t=i

is the probability for observing the sequence of values <i,<2, •••,<n- The method now
states tha t this probability is maximum for the observed values t\,t2,...,tn [61]. Since
L is a regular function, the maximum can be found by

| | - a (A.6,

Due to the form of L it is easier to first take the logarithm of L:

inL = -n(lnT + ln{\ - e~alT)) - &-?» (A.7)
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and then differentiate

^ = 0 , (A.8)

which is equivalent to A.6. It follows from equations A.7 and A.8 that

which gives the maximum likelihood estimate for r

n 1 - e-°/T l ;

The above nonlinear equation can be solved using a suitable numerical method.

The upper and lower standard deviation limits on r are obtained from the equations
[62]

and

JT-<T, (XT I

which give

in£ + , i z £ ^ + ( I _ I ) £ k * * (A,3)
r l - e " a / T \x r) n 2n x '

where x = T + au and x = r — a;, respectively.

A.2 The Kolmogorov test

The maximum likelihood method described in the previous section uses the sum of all
counts to estimate the lifetime. To check if the measurement is consistent with the
expected decay curve the Kolmogorov test [63] can be applied (see figure 2.26). First,
the smooth cumulative distribution F(t) is defined with the integral

F{t) = fj{x)dx, (A. 14)

where f(x) is the probability distribution A.2. This gives

for t < a. The sample distribution function is then

G(t) = ^ ,
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where k(t) is the number of counts smaller than t. G{t) is always an increasing step
function. The measure of deviation of the fit is the maximum absolute difference
between F(t) and G(t). Thus,

D = sup\F(t) - G(t)\. (A.17)

The probability that D%/n is smaller than d is given by the expression

t=-oo

If Dsjn is larger than a chosen d, the measurement is not consistent with the fit. The
risk that a good measurement was rejected is given by the probability a, where

Some often used values of d are

d(a = 40%) = 0.90, d{a = 5%) = 1.36, d(a = 1%) = 1.65, d(a = 0.1%) = 1.96.
(A.20)

Most often d(a = 5%) is used corresponding to the so-called 95% confidence limit.
In the case of the measurement of the half-life of the 6+ state in 102Sn (figure 2.26),
Ds/n=0A0, suggesting that the data are consistent with the exponential decay and
the fitted half-life.

left BIMMK
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