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Abstract 

The even-even tin isotopes are known to exhibit shape coexistence, the 

phenomenon where multiple shapes coexist in a narrow energy region at relatively low-

lying levels of the nucleus. These nuclei have a 0+ spherical ground state and multiple 

excited 0+ states, one of which is a band head for a deformed rotational band, caused by 

the promotion of two protons across the Z=50 shell gap. Experimental and theoretical 

investigations have been performed on 116Sn to describe the nature of the mixing that 

occurs between the vibrational phonon levels and the deformed rotational band by 

probing the character of the excited 0+ states. At the time it was thought that the 0+ 

states showed almost equal mixing of rotational and vibrational character, but this result 

was based on an indirect observation and fit of the intensity of a weak 85 keV transition. 

The current work, a high-statistics 116Sn measurement, demonstrates unequal mixing of 

character between the two excited 0+ states based on a direct measurement of the 

intensity of the 85 keV transition. These new results might prompt a new interpretation of 

the structure of 116Sn.  

The experiment to investigate the low-lying structure of 116Sn was conducted at 

TRIUMF, Canada’s National Laboratory for Nuclear and Particle Physics. A high-

intensity and high-purity beam of 116In was used to populate states in 116Sn via beta 

decay. The resulting gamma rays were observed with the 8π detector array, which 

consists of twenty high-purity Compton-suppressed germanium detectors coupled to a 

suite of ancillary detectors for β particle detection and conversion electron spectroscopy.  

From this high-statistics measurement 57 gamma-ray transitions were observed, 

with 4 new transitions that depopulate the 3096 keV level observed for the first time with 

energies of 101 keV, 296 keV, 447 keV, and 871 keV. Branching ratios were determined 

for all of the observed transitions. For the 57 transitions observed, a relative intensity 

had not been reported for 17 of them, and a branching ratio had not been reported for 12 

of them. Transition rates were determined for 25 transitions that depopulate levels with 

previously reported lifetimes, and 2 of these transition rates had not been previously 

observed. 
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Chapter One 

Introduction 

 

1.1 The Atomic Nucleus 

 A typical nucleus has a diameter on the order of a femtometer (10-15m), yet it can 

contain hundreds of orbiting protons and neutrons that are bound together by the 

nuclear force. Fundamentally, each individual nucleus is just a different combination of 

protons and neutrons, which may seem simple to understand and study, but there is a 

lot of diversity in the research that is being done in nuclear science. Before discussing 

some of the complexities of nuclear structure it will be useful to have a discussion of the 

nuclear force. 

 

1.1.1  The Nuclear Force 

 Much can be understood about the nuclear force just from deduction and from 

simple observations of the different nuclei [1]. First, it can be deduced that the nuclear 

force must be strong and attractive as it overcomes the Coulomb repulsions that occur 

between the positively charged protons. Second, it would appear that the nuclear force 

is short-ranged since the nucleus is small and its effects can be neglected when looking 

at atoms and molecules. 

 Experimental data can be used to look at how tightly bound the protons and 

neutrons are in different nuclei. The nuclear force is charge independent and does not 

distinguish protons from neutrons, so these particles are both referred to as nucleons. 

The binding energy per nucleon is shown in Figure 1.1 as a function of nuclear mass. It 

is obvious that the nuclear binding energy initially increases quite rapidly in light nuclei 

as more and more nucleons are added to a nucleus up until 56Fe, where it levels off at 

about 8.5 MeV  
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Figure 1.1: The binding energy per nucleon as a function of atomic mass number [2]. 

 

and stays constant. From this information it can be seen that the nuclear force saturates, 

and does not continue to increase in strength proportionally to the number of nucleons 

present [1].  

 The comparison of mirror nuclei, nuclei with interchanged numbers of protons (Z) 

and neutrons (N), shows that the nuclear force is charge independent, which allows us 

to treat protons and neutrons in the same manner [3]. When comparing the masses of 

mirror nuclei, it is found that they are nearly identical after correcting for the Coulomb 

interaction caused by the differing number of protons. This shows that the difference in 

numbers of protons and neutrons in these nuclei does not affect the strength of the 

nuclear force present, so it is likely to be charge independent. This means that for the 

nuclear force the residual proton-proton (p-p), neutron-neutron (n-n), and proton-neutron 

(p-n) interactions should all be equal. 

 

1.1.2 Isospin Coupling in Two-Nucleon Systems 

The nature of the residual interactions can be investigated further if the proton 

and neutron are considered as two different states of the same particle, the nucleon [1]. 

In this instance, each nucleon can be assigned a value of t=1/2 for the isospin quantum  
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Figure 1.2: Two-nucleon systems coupled into different isospin systems. There is a 
triplet of states that exist with total isospin T=1 and a singlet state that exists with total 
isospin T=0. Protons are shown as red circles, neutrons are shown as blue circles, and 
the spin of each nucleon is represented with an arrow. 

 

number. Protons and neutrons can be distinguished by assigning each a different 

isospin projection along an imaginary third axis, such that t3=+1/2 for protons and t3=-1/2 

for neutrons [4]. Now, with these assignments, it is possible to probe the characteristics 

of the different residual nucleon interactions by coupling the nucleons into two-nucleon 

systems. The total isospin projection (T3) can be determined for the p-p, n-n, and p-n 

systems. In a p-p system, each nucleon has an isospin projection of t3=+1/2, which 

couple to give a total projection of T3=1. A n-n system will couple to T3=-1, and a p-n 

system will couple to T3=0. It is important to note that the p-p and n-n systems can only 

be coupled such that their spins are anti-aligned in order to obey the Pauli principle as 

the nucleons being coupled are identical [5], but the p-n system can couple to both the 

parallel and anti-parallel spin configurations.  

There is a triplet of total isospin T=1 two-nucleon states that exist with anti-

parallel spin configurations and a singlet state of total isospin T=0 with a parallel spin 

configuration as is seen in Figure 1.2.  The T=1 states unbound since the spins of the 

individual nucleons are not aligned, whereas the T=0 p-n system is bound since the 

spins are aligned. This means that the interactions between nucleons in the T=1 states 

are repulsive and that the interaction between the nucleons in the T=0 state is attractive. 

An examination of nuclei with the same mass number but with different proton and 

neutron numbers would suggest that the T=0 interaction channel is much stronger than 
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the T=1 channel. For example, the nucleons in 27Mg (Z=12) are less bound than the 

nucleons in 27Al (Z=13), and this has been attributed to fewer p-n interactions in 27Mg [1].  

 

1.2 The Collective Model 

Excited nuclear states arise from the rearrangement of nucleons within a 

nucleus. Often an excited state is the result of the promotion of a single nucleon from a 

lower orbital to a higher orbital [4], but it is also possible that an excited state can be the 

product of a collective rearrangement of many nucleons. When a nucleus has an excess 

of valence nucleons, the single particle motion of each nucleon becomes overshadowed 

by the residual nucleon-nucleon interactions that take place [1]. This mass-movement of 

nucleons will manifest itself as either vibrational or rotational movement of the nucleus. It 

is generally accepted that spherical nuclei will vibrate and that deformed nuclei will 

rotate.  

The focus of this thesis, 116Sn, is an even-even nucleus with 50 protons and 66 

neutrons. Even-even nuclei have a 0+ ground state as all of the spins of the nucleons are 

paired adding up to a total angular momentum of 0 with positive parity, and these nuclei 

are spherical in their ground state. As was mentioned before, spherical nuclei vibrate, so 

a detailed discussion of the vibrational model is necessary in order to properly 

understand the structure of 116Sn. However, as will be addressed in Section 1.4, this 

nucleus also has a deformed rotational band so a brief discussion of the rotational model 

will also be useful.  

 

1.2.1 The Vibrational Model 

When an even-even nucleus vibrates it will have an average spherical shape, but 

at any instantaneous point in time its shape may not be spherical. Nuclear vibrations 

arise from residual interactions between nucleons in multipoles, such as dipole, 

quadrupole, and octupole. Each mode of vibration carries a unit of vibrational energy 

called a phonon that carries angular momentum and parity, which are produced 
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whenever a nucleus begins to vibrate. The angular momentum of the phonon is related 

to the multipolarity of the residual interaction, such that the phonon produced by a 

quadrupole interaction will carry away two units of angular momentum. The parity (!) of 

a phonon can be calculated with Eqn. 1.1, where λ is the multipolarity of the phonon 

involved [1]. 

! = −1 !                                                       (1.1) 

The three lowest vibrational modes of a nucleus are shown in Figure 1.3. The 

lowest vibrational mode λ=1, the electric dipole, corresponds to a shift in the center of 

mass versus a more traditional vibration. This typically occurs at high energies between 

8 and 20 MeV as it requires such a large-scale movement of the nucleus, so it does not 

affect the low-lying structure of a nucleus. 

The next vibrational mode with λ=2 is the quadrupole vibration, which has a great 

effect on the low-lying structure of even-even nuclei. When an even-even nucleus in its 

ground state is excited with the addition of a quadrupole phonon, an additional two units 

of angular momentum and even parity will be added to the nucleus. As an even-even 

nucleus has a 0+ ground state, the addition of this phonon would excite it to a 2+ excited 

 

 

 

 

 

Figure 1.3: The three lowest vibrational modes of an even-even nucleus. The dashed 
lines represent the spherical equilibrium of each vibration and the solid lines show an 
instantaneous view of the vibrating surface [4]. 
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state at an energy that is equivalent to that of the phonon, this state is referred to as a 

one-phonon state.  

It is also possible to have multiple phonon excitations exist simultaneously, so if 

another quadrupole phonon were added to this nucleus other higher-lying excited states 

would be created. There are three different ways that the angular momentum of two 

quadrupole phonons can couple during a multi-phonon excitation, which result in a triplet 

of two-phonon states with angular momentum and parity of 2+, 4+, and 6+. These states 

will occur at about twice the energy of the one-phonon state, as each phonon is 

expected to carry the same amount of energy. If three quadrupole phonons were to exist 

simultaneously 5 excited states with spin and parity of 0+, 2+, 3+, 4+, and 6+, each at 

energies about three times that of the one-phonon state will be created. A mock level 

scheme that shows the quadrupole vibrational structure of excited states is presented in 

Figure 1.4. The coupling of angular momenta to create the two and three phonon states 

can be summarized in an m-scheme as is shown in Appendix A. 

 

 

Figure 1.4: Level scheme showing quadrupole vibrational structure for an even-even 
nucleus. 
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Electromagnetic Transition Rates 

Another important aspect of the vibrational model centers on the electromagnetic 

transition rates of transitions that decay from one vibrational state to another. Typically 

the transition rates of collective transitions will be large compared to those of non-

collective transitions, as they represent the movement of many nucleons. The transition 

probability for a nucleus with an initial state !! that decays to a final state !! by emitting a 

photon of angular momentum ! with electromagnetic character is given in Eqn. 1.2 [6]. 

The (!!) calls for a double factorial and 

!!" !" = !! !!!
ℏ! !!!! ‼ !

!!
ℏ!

!!!!
!(!":  !! ⟶ !!)                            (1.2) 

!(!":  !! ⟶ !!) is the matrix element for the reduced transition probability. For an 

electromagnetic transition this can be found using Eqn. 1.3 [6], where ! is the electric 

multipole operator and Ψ! and Ψ! represent the wavefunctions of the final and initial 

states respectively. 

! !":  !! ⟶ !! = !
!!!!!

Ψ! ! Ψ!
!

                                    (1.3) 

This expression is quite complex, so a physicist named Victor Weisskopf derived 

a general expression with the assumption that each transition was the result of the 

rearrangement of a single nucleon inside of a nucleus of uniform density with a radius 

!! = 1.2!! !    [!"]. His expression, Eqn. 1.4 [7], is referred to as the Weisskopf 

estimate.  

! !" !"#$$ = !.!!!

!!
!

!!!

!
!!! !                        [!! !" !!]               (1.4) 

Weisskopf estimates can be compared to values that are determined 

experimentally to give a reduced transition strength in Weisskopf units (W. u.), but it is 

necessary to know the branching ratio of the transition as well as the likelihood for 

internal conversion to occur in order to relate the transition probability of a γ ray to the 

composition of an entire state, which is shown in Eqn. 1.5 [6]. The observation of an 
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enhanced ! !"  is indicative of collective behavior since there would be more than one 

nucleon that would have to rearrange in order for the transition to take place. 

! !" = ℏ  !"!   !!!! ‼ !!"
! !.! !! !!! !!! !!!

!

!"#"! !!!
   !!!

!

! ℏ!
!!

!!!!
            [!.!. ]     (1.5) 

The predicted relative B(E2) values, with L=2, for a quadrupole vibrator are shown in 

Figure 1.5. Note that the two-phonon state decays at twice the rate of the one-phonon 

state as this state is made up of two phonons, which gives it two different ways to decay 

to the one-phonon state. The transition rates of the three-phonon states are slightly more 

complicated since each can decay to multiple states, but the total sum of all of the 

transition rates from each state adds up to three, since there are three different phonons 

that are involved in the collective excitation. 

 

 

Figure 1.5: Relative B(E2) values for transitions between quadrupole phonon states 
predicted for a vibrational nucleus [7]. 
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1.2.2 Rotational Model 

When nuclei are deformed, either permanently or temporarily, they will rotate 

when excited. Heavier nuclei with permanent deformation are present in the mass 

ranges 150 < A < 190 and have an excess of valence nucleons [6]. It is usually a rough 

approximation that the more valence nucleons of each type a nucleus has the more 

susceptible to deformation it is due to the increase in residual p-n interactions [1]. The  

! = ℏ!

!!
!(! + 1)                                                     (1.6) 

energy (!) of a quantum mechanical rotating object can be described by Eqn. 1.6, where 

! is the moment of inertia and  ! represents the angular momentum quantum number [4]. 

An example of a level scheme showing rotational structure is shown in Figure 1.6. 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Level scheme showing rotational structure for a deformed nucleus. 

 
 

 
 



 

10 

1.3 Two-State Mixing 

In reality, the structure of an excited state is rarely ever purely due to one type of 

excitation. States of the same spin and parity can mix, which would change the level 

energies and transition strengths. When a nucleus exhibits shape coexistence it is 

possible that mixing will occur between intruder and normal state configurations. It is 

often the case that transition rates found for a nucleus with quadrupole vibrational 

character will not agree with those predicted in the model, and this difference is usually 

attributed to a mixing of states.  

Consider the level scheme in Figure 1.7 with two 2+ levels that are formed from 

different types of nuclear excitations [1]. The first excited 2+ level (21
+) at E1, has an 

allowed (A) transition to the ground state and the second excited 2+ (22
+) state at E2 has 

a forbidden (F) transition to the 0+ ground state. The 21
+ and 22

+ levels can be described 

with the wavefunctions !! and !! respectively. If the two states became mixed the 

mixing matrix element would be described by Eqn. 1.7, where ! is the strength of the  

!! ! !!                                                          (1.7) 

mixing interaction. The mixing that occurs is dependent on both the difference between 

E1 and E2 as well as the matrix element. For any interaction (!) with any initial energy 

spacing (Δ!!) the ratio in Eqn. 1.8 can be defined. Once the two states have been  

! = !!!
!

                                               (1.8) 

mixed, then the final perturbed energies of the 21
+ and 22

+ state are EI and EII . The 

perturbed energies can be calculated with Eqn. 1.9 where EII comes higher in energy 

then EI. 

!!,!! =
!
!
(!! + !!) ±

!!!
!

1 + !
!!

                               (1.9) 
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Figure 1.7: Effects of mixing on allowed (A) and forbidden (F) transitions. Adapted from 
[1]. 

 

After mixing, the mixed wavefunctions are !! and !!! for the 21
+ and 22

+ state 

respectively. The mixed wavefunctions are shown as Eqn. 1.10 and Eqn 1.11 with the 

constraint that !! + !! = 1. 

!! = !!! + !!!                                                (1.10) 

!!! = −!!! + !!!                                              (1.11) 

 The forbidden transition from 22
+ to 0+ will only exist if there is mixing between 

the 22
+ and 21

+ states. There cannot be an E2 transition from an intruder state to a 

normal state unless there is some mixing between these states. For example, vibrational 

excited states are created by the addition of phonons and intruder states are created by 

2p-2h excitations, so there is not a simple rearrangement of nucleons that would allow 

the nucleus to decay from an intruder state to a phonon state. These transitions are 

forbidden. If an E2 transition is found between these two different types of excited states, 

it is typically very weak, and it is an indicator that there is normal-intruder state mixing 

present in the nucleus. This mixing can be probed by looking at the transition rates of the 

linking E2 transitions. 

 

1.4 Shape Coexistence 
In chemistry, it is known that a single molecule can exhibit different isomeric 

shapes, which can affect how it interacts with its surroundings. For example, the differing 
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odours of oranges and lemons are due to two different shapes of the molecule called 

limonene [8]. The shape of a molecule depends on the geometric arrangement of its 

atoms, whereas the shape of a nucleus is dependent on the arrangement of individual 

nucleons. Shape is one of the most fundamental properties of the nucleus. As discussed 

in the previous section, the shape of the nucleus depends very heavily on residual 

interactions that occur between nucleons. It has already been well established that 

residual p-n interactions will cause spherical nuclei to vibrate and deformed nuclei to 

rotate, but this is not the complete picture as experiments done over the last fifty years 

has revealed that some nuclei exhibit both vibrational and rotational character. These 

nuclei are said to have multiple shapes that coexist at low-lying excited states in a 

narrow range of energies typically between 100 to 200 keV. Shape coexistence was 

once thought to be an exotic phenomenon that only occurred in some select nuclei, but it 

is becoming more likely that it occurs in all but the lightest nuclei [8].  

One textbook example of a nucleus that exhibits shape coexistence is 186Pb, 

which was extensively studied by A. N. Andreyev in the late 1990’s [9]. This is an even-  

 

Figure 1.8: Calculated potential energy surface for 186Pb showing spherical, oblate, and 
prolate minima. The β2 parameter represents the elongation of the nucleus along the 
symmetry axis, and the γ parameter represents the relative lengths of the three principle 
axes of the spheroidal nucleus [8]. 
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even nucleus with a closed shell of 82 protons and a mid-shell number of 104 neutrons. 

Each minimum in the calculated potential energy surface for 186Pb, seen in Figure 1.8, 

represents the existence of a different shape. Note that they all occur in a very small 

energy range of less than 1.5 MeV, which is why the shapes are said to coexist. The 

lowest minimum is the spherical 0+ ground state and the other two minima represent 

deformed excited 0+ states. The first excited 0+ state has a prolate shape and the second 

0+ state has an oblate shape. Shape is often defined by the β2 parameter, which 

represents the elongation of the nucleus along the symmetry axis. When β2=0 the 

nucleus is said to be spherical, when β2 is a positive value the nucleus is said to have a 

prolate shape, and when β2 is negative the nucleus is said to have an oblate shape. 

 

1.4.1 Intruder States 

The presence of intruder states is what causes shape coexistence to occur. 

These are states that “intrude” on the energies of states that are built on single particle 

excitations or other collective excitations. A nucleus becomes deformed when there is an 

accumulation of p-n interactions amongst the valence nucleons, so in a nucleus that is 

normally spherical there must be a rearrangement of nucleons that occurs to increase 

the amount of p-n interactions necessary to create deformed intruder states.  

The 116Sn nucleus has a closed shell of protons so it has a spherical ground state 

due to stabilizing shell effects, but it is possible to excite 116Sn by promoting two protons 

from the Z=50 shell into the next higher shell, which will cause an increase in valence p-

n interactions. It would seem that it would require a lot of energy to promote protons out 

of a closed shell configuration, but as was discussed previously the p-n interactions are 

quite strong and attractive, which makes this an energetically favourable configuration. 

When the two protons are promoted into the valence band they leave behind two 

proton holes, so this intruder state is said to be the result of a 2-proton 2-hole (2p-2h) 

excitation. Figure 1.9 highlights the difference between the normal state configuration 
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Figure 1.9: Schematic illustration of proton configurations for 116Sn. Protons are 
represented with crosses and proton holes are shown as circles. Adapted from [1]. 

 

and the intruder state configuration. The intruder state configuration has more active 

valence nucleons than the normal configuration, which will make the nucleus susceptible 

to deformation [1].  

The energies of the intruder states are completely dependent on how many 

valence nucleons are present. They appear lowest in energy at mid-shell numbers of 

nucleons due to maximal valence proton-neutron interactions that occur away from full 

shell configurations. As nucleon numbers move closer to full shell configurations, the 

stabilizing shell effects take over, making valence p-n interactions less energetically 

favourable. In the case of the Sn isotopes, it is known that the energies of the intruder 

states are at their minimum for the 116Sn nucleus due to its mid-shell number of neutrons 

as is seen in Figure 1.10.  
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Figure 1.10: Energies as a function of neutron number of the intruder states in the Sn 
isotopes (red). Note that the energies reach a minimum for 116Sn, which has a mid-shell 
number of neutrons [10]. The energies of the normal states are shown in green. 

 

 

1.4.2 Spectroscopic Fingerprints 

There are a couple of γ ray spectroscopic fingerprints that have been found to 

point at the existence of shape coexistence in a nucleus. A first step is to investigate the 

excitation energies and decay properties of bands that might be more deformed. This 

band should be more deformed than those of the normal states, so it will show some 

rotational features. Another clue is large intraband B(E2) values for transitions that are 

between a normal band and a shape coexisting band, as there needs to be a large 

rearrangement of nucleons for the nucleus to transition from one shape to another [11]. 

In order to determine the B(E2) values, both branching ratios and level lifetimes need to 

be measured, which each require different experimental techniques. This is why there 

was initially so little evidence for shape coexistence, but with recent experimental 

evidence it is being discovered in the structures of more and more nuclei. 
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Chapter Two 

Literature Review 

 

2.1 Shape Coexistence in 116Sn 

116Sn is an even-even nucleus with a full shell of 50 protons and a mid-shell 

number of 66 neutrons. The full shell of protons creates stabilizing shell effects that 

make this nucleus spherical in its 0+ ground state. It was expected that the structure of 

this nucleus would easily be explained with single particle excitations and the vibrational 

model, due to its spherical shape, but the observed energies of the excited states were 

much lower than those of the phonon states that were predicted by the model [12].  

 

2.1.1 Intruder states in 116Sn 

In 1976, researchers from the University of Alberta and the University of Western 

Ontario in Canada discovered that, in addition to the 0+ ground state (01
+), the first 

excited 0+ state (02
+) in 116Sn was easily populated with a two-proton transfer reaction 

(3He, n) [12]. The observed peak is at 1.84 MeV. Due to the poor resolution of 400 keV 

for the spectrum it was decided that this must be the 1757 keV 0+ state. Note that the 

poor resolution makes it difficult to determine whether or not the 2027 keV 0+ state could 

also have been populated by the reaction. A spectrum of their results, which shows the 

states in 116Sn that were populated in the experiment, is presented in Figure 2.1. 

Previously, the structure of the low-lying excited 0+ states in several tin isotopes had 

been difficult to explain [13], but this discovery suggested that the 02
+ state could be the  
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Figure 2.1: States populated in 116Sn observed for the (3He, n) reaction shown in a 
neutron time-of-flight spectrum [12]. The time scale is 0.18 ns per channel. 
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head of a rotational band-like structure [14]. It had been found that proton excitations in 

odd indium nuclei had resulted in the creation of deformed states [15], so perhaps the 

same was also true for the Sn isotopes.  

To further substantiate the existence of a rotational band in 116Sn it was 

necessary to determine absolute transition rates for transitions between low-lying levels. 

New techniques to determine the transition strengths were utilized by researchers in 

1978 from the University of Jyväskylä in Finland and from the University of Uppsala in 

Sweden. These included utilizing high-efficiency coincidences from Coulomb excitation 

measurements, the use of an electron-heavy particle coincidence spectrometer, and the 

use of delayed-coincidence lifetime measurements [13]. The absolute E0 and E2 

transition strengths that were observed are shown in Figure 2.2.  

It was concluded from the observed transition rates that the 02
+, 22

+, 41
+, and 42

+ 

levels were much more collective than had originally been assumed. It had been 

confirmed that the “simple phonon model described the structure of 116Sn rather poorly” 

[13], and that there had to be another explanation for its structure. An examination of the 

results determined that there was a rotational band present, which was built upon the 02
+ 

state and included the 22
+ and 42

+ states as band members. Also, it was noted that 

several of the larger B(E2) values, such as the observed  ! !2; 4!! → 2!! = 60  !. !., 

could be evidence for possible mixing between different types of states. In particular, it 

was believed that there was strong mixing between the low-lying 0+ and 4+ states.  It was 

likely that there was not much mixing between the 2+ states as the observed transition 

rates showed that most of the 2+ collective character was located in the 22
+ state as the 

23
+ state was not linked to any other state with an enhanced transition.  

 

2.1.2 Mixing of Low-lying Excited 0+ States in 116Sn 

The 02
+ state was identified as the band-head of the quasi-rotational band based 

on the two-proton transfer reaction results [12] and due to the observed strong transition 

strength of the 2!! → 0!! transition [13], but the structure of the 03
+ state was yet to be  
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Figure 2.2: Absolute E0 and E2 transition rates for 116Sn as determined by [12]. 
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determined. It was proposed that the 03
+ state could be the two-phonon 0+ state, but the 

observed ! !2;   0!! → 2!!  for the decay to the one-phonon state was 98% smaller than 

what was predicted by the vibrational model. The only observed enhanced transition to 

populate the one-phonon state from an excited 0+ state was the 0!! → 2!! transition, and 

as the 02
+ was rotational in nature it could not be the two-phonon 0+ state. It was decided 

that in order to account for the discrepancies between what had been observed 

experimentally and what had been predicted theoretically, strong mixing would have to 

be occurring between the 03
+ and 02

+ states such that each had a vibrational and 

rotational component. It was quickly found that any possible mixing between these 

states was difficult to quantify [13].  

The observed transition rates for states populating and depopulating the 02
+ and 

03
+ states create a complicated picture. The rotational 22

+ state decays to each 0+ state, 

so it is likely that each state has rotational character. However, if each 0+ state also had a 

vibrational component, then it would be expected that each should have an enhanced 

transition to the one-phonon 21
+ state. An enhanced transition rate was observed for the 

0!! → 2!!
 transition of !(!2; 0!! → 2!!) = 17  !. !, but, the 0!! → 2!!transition was observed 

to be much slower with !(!2; 0!! → 2!!) = 0.5  !. !. The 03
+ state had been proposed to 

be a two-phonon state, but its observed weak decay to the one-phonon state made it 

difficult to argue that the 03
+ state contained any phonon character, even if it were 

strongly mixed with the 02
+ state. The mixing between the two different types of states 

would have to be strong enough to create constructive interference for the 0!! → 2!! 

transition and destructive interference for the 0!! → 2!! transition.   

As was mentioned, the 02
+ and 03

+ states are both populated from the 2112 keV 

22
+ state with a 356 keV and 85 keV transition respectively. This is shown in the partial 

level scheme presented in Figure 2.3. Observed B(E2) values showed that the absolute 

transition strengths of the 356 keV and 85 keV transitions could be used to determine 

how much of the 0+ rotational character was distributed to each state. The B(E2) value 

for the 356 keV transition had already been reported [13] as 17 W.u., but the 85 keV 

transition had yet to be observed so its B(E2) value was not known. The 85 keV 

transition was difficult to observe due to its direct competition with strong, high-energy 

transitions; such as the 356, 818, and the 2112 keV transitions. In order to observe the  
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Figure 2.3: Partial level scheme of 116Sn, all energies are in units of keV. Note that the 
2111 keV level populates both excited 0+ states. Arrow widths represent B(E2) values in 
W.u. [13]. 

 

85 keV γ ray, special precaution would have to be taken in order to minimize the 

Compton background in the low-energy region. 

The experiment was conducted in 1979, at the University of Uppsala with a Low 

Energy Photon Spectrometer (LEPS) Ge(Li)-detector [16]. This detector was chosen 

because it was highly efficient at low energies and it had a low sensitivity to high-energy 

radiation. Also, as an extra precaution to absorb low-energy x-rays and electrons, 0.1 

mm Pd and 4 mm plastic sheets were placed between the detector and the source. The 

source in this experiment was a 116In source that was produced by the 116Cd(p,n) 

reaction. The observation of the 85 keV transition was complicated because its energy 

directly coincides with an x-ray from Pb, which is present in the measurement due to 

soldering from inside the detector. Therefore, the area of the transition could not be 

measured directly, but rather in proportion to the neighbouring 99.7 keV transition as the 
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ratio Iγ(85)/ Iγ(99.7). Since the ratio Iγ(138)/ Iγ(356) was known [13], the desired B(E2) 

ratio of Iγ(85)/ Iγ(356) could be determined by measuring Iγ(99.7)/ Iγ(138) as is seen in 

Eqn. 2.1. The B(E2) ratio was determined to be 1.3(5) and it was noted that this value 

“should be treated with some caution” [16],  due to its indirect measurement. 

! !!;  !!!→!!!

! !!;  !!
!→!!

! = !! !"
!! !!.!

∙ !! !!.!
!! !"#

∙ !! !"#
!! !"#

∙ ( !"
!"#
)!! = 1.3 5           (2.1) 

From this result it was deduced that about 55% of the rotational 0+ character was 

contained in the 03
+ state and that 45% was contained in the 02

+ state. It was clear that 

each state had a rotational component, but the phonon character of each was still in 

question. The 02
+ state could reasonably be made up of vibrational and rotational 

components due to the enhanced !(!2; 0!! → 2!!), but it seemed improbable that the 03
+ 

state contained vibrational character due to the observed weak  !(!2; 0!! → 2!!). It was 

proposed that the non-rotational component of the 03
+ state might not be vibrational and 

that other models needed to be investigated. 

. 

2.1.3 Theoretical Interpretations of States in 116Sn 

In 1980, theoretical work was done to describe the collective bands in even-even 

Sn nuclei by Wenes et al. at the Belgium Institute of Nuclear Physics [16]. A simplified 

model was constructed to describe the quadrupole vibrational excitations, the 2p-2h 

excitations, and the mixing that could possibly occur between the two different types of 

excitations. The vibrational 116Sn core was modeled so that its unperturbed energies 

could be used to describe the quadrupole vibrational configurations. Then, two proton-

holes were coupled to this model to create a vibrational 114Cd core, such that it could 

then be coupled to two valence protons. This allowed the energies of the 2p-2h band 

members to be determined. The vibrational and rotational bands were then coupled 

together with two different coupling strengths of 7.5 and 8 to determine what the 

energies of the observed levels would be if strong mixing occurred. Two level schemes 

were created from this model, each with a different coupling strength, and they were 

compared to experimental work [13] as is seen in Figure 2.4. The experimental levels  
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. 

 

Figure 2.4: Comparison of experimental [13] and calculated level schemes for 116Sn. 
Level scheme (I) has a coupling strength of 7.5 and level scheme (II) has a coupling 
strength of 8. Thick lines represent the levels that contain most of the 2p-Cd core 
character [16]. 
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are reported on the left, and the two different level schemes calculated from the model 

are shown on the right. It is noted that the experimentally observed rotational-like band 

was well described by the 2p-Cd configurations. However, the specific character of the 

0+
2,3, 2+

2,3, and 4+
1,2 was difficult to describe due to rather strong mixing between levels.  

The mixing between the 02
+ and 03

+ states was investigated by Wenes et al. in 

some detail. It was decided that strong mixing between different deformations was 

necessary to explain the large E0 transition rate for the 0!! → 0!! transition. Also, it 

seemed probable that the weak 0!! → 2!!
 transition could be understood as the result of 

“interference effect between the vibrational and rotational-like E2 transition amplitudes” 

[16]. The previously reported distribution of rotational character to the 0+ states was 

found to be in good agreement with the calculated wavefunctions. However, it was 

determined that in the “detailed comparison between experiment and theory, substantial 

deviations still occur(ed)” [16]. 

Ten years later, in 1991, Raman et al. took on a detailed experimental and 

theoretical program to investigate 116Sn in the hopes of creating a “nearly complete level 

scheme below 4.3 MeV” [18]. They were able to observe ~100 levels and assign spins 

and parities for more than half of them by utilizing the 115Sn (n,γ) and 115Sn (n,n`γ) 

reactions. Once the level scheme had been created, Raman et al. embarked on a 

theoretical study of 116Sn to determine if the various models that had already been 

applied to the nucleus [16] were enough to describe the structure of the complete level 

scheme. A focus on the application of the shell model, which was found to describe most 

of the states with neutron excitations, the deformed collective model, which accounted 

for the structure of the 2p-2h states, and the collective vibrational model, which 

described states that were built on phonon excitations, was applied.  Each experimental 

level was matched to one calculated from one of the models mentioned above and 

theoretical interpretations were given for each level as to whether is had broken-particle 

character, 2p-2h character, or phonon character. The results for select low-lying states 

of interest are shown in Table 2.1. Interpretations of states that were calculated with the 

broken-pair model have the percentage of two-broken-pair structure (%2bp) listed, with 

the remaining percentage of the wavefunction having one-broken-pair structure. For  
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Table 2.1: Theoretical interpretations of select levels in 116Sn [18]. 

 

levels that did not have 2bp character, it was noted that their decay pattern suggested 

their particular type of configuration, which is listed in the comments of Table 2.1. For the 

most part, the levels shown in Table 2.1 are characterized as either a vibrational or a 

rotational state. It is mentioned that the 2p-2h states are built on top of quadrupole 

vibrations of 116Sn, but there is no attempt to characterize the mixing.  

As is shown in Table 2.1 Raman et. al. determined that the 03
+ state at 

2027.50(4) keV showed two phonon character, the possibility that this state may also 

have a rotational component, as had been discussed in great detail in previous works 

[12,15], was not addressed. This is particularly interesting as it is pointed out by Jonsson 

et al. [16] that it was unlikely that the 03
+ state had any phonon character as the transition 

rate observed for the 0!! → 2!! transition was weak. 

The 85 keV transition was not observed by Raman et al., and it is also not 

addressed in their theoretical discussion. The existence of this transition is crucial to the 

argument of mixing between the low-lying excited 0+ states, because an E2 transition 

cannot exist between an intruder state and a normal state unless there is some mixing 

between these states as was discussed in section 1.4. The existence of the 85 keV 

transition, which decays from 2!! → 0!!, is evidence that the 03
+ state must have some 

rotational character.  

 

Experimental  

Energy (keV) 

Calculated 

Energy (kev) 

Difference 

(Ee-Ec) (keV) 

J! % 2bp Comments 

1293.60(3) 1543 -250 21
+ 5  

1756.85(3)   02
+  Proton 2p-2h band 

2027.50(4) 1451 +577 03
+ 18 Also two phonon 

2112.33(3)   22
+  Proton 2p-2h band 

2225.45(3) 1991 +234 23
+ 38 Also two phonon 

2390.92(3) 2387 +4 41
+ 23 Also two phonon 

2529.25(5)   42
+  Proton 2p-2h band 
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In summary, it is generally agreed upon that the low-lying structure of the 116Sn 

nucleus is quite complicated due to the strong mixing that occurs between states. At the 

moment, it has best been described as a mixture of rotational and vibrational bands. The 

character of the 03
+ state has not been well defined, and there are some contradictions 

as to its composition within the literature.  

 

2.2 Excited 0+ States in Other Nuclei 

Recently, there has been an on-going discussion as to the nature of excited 0+ 

states in even-even nuclei [19,20,21]. There are many different theories that have been 

put forth in an attempt to characterize these states, but a unified theory does not yet 

exist. The most popular theory is that the 0+ states are phonon states, described by the 

harmonic vibrator model as was discussed in Section 1.2.1. Many nuclei have been 

determined to be harmonic vibrators solely based on the energies, spins, and parities of 

their excited states, but as was pointed out in Section 1.2.1, the transition rates between 

phonon states must also fit with those that are predicted by the model. For a long time 

these transition rates were not known because precise knowledge of the level lifetimes is 

required, which is difficult to observe experimentally. Over the last twenty years there 

have been huge advances in experimental techniques that are only now making it 

possible to observe these transition rates, which allows experimenters a chance to take 

another look at nuclei that had been previously assumed to be harmonic vibrators.  

 

2.2.1 Low-Lying Excited States in Even-Even Cadmium Isotopes 

Recent investigations of 110,112,114,116Cd by Garrett et al. have revealed that the 

quadrupole vibrator model does not accurately describe the low-lying structure of these 

isotopes with the aid of detailed spectroscopic information [21]. It is also suggested that 

possibly there are no even-even nuclei that truly exhibit non-intruder collective 

excitations [21]. The cadmium isotopes had once been considered textbook examples of  
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Figure 2.5: Simple level scheme of levels expected in the quadrupole vibrator up to the 
three-phonon state, labeled by their spins, parities, and with energies in ‘oscillator’ units, 
ħω. [21] 

 

 

 

Figure 2.6: Simple level scheme of levels observed in 112Cd that have previously been 
assigned as phonon states. Level energies are in keV. [21] 

 

quadrupole vibrators based on the observed energies, spins, and parities of their excited 

states. For example, a simple level scheme for 112Cd is shown in Figure 2.6 with the 

levels expected by the quadrupole vibrator shown in Figure 2.5. Garrett et al. took on a 

systematic study of the low-lying excited states of the even-even cadmium isotopes to 

investigate whether or not the observed pattern of E2 transition rates would fit with those 

predicted by theory, and the results are shown in Figure 2.7 [21]. It was found that the  
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Figure 2.7: Systematics of B(E2) values for the even-even cadmium isotopes 110-116Cd. 
Transition rates have units of W.u. and dashed lines represent upper limits [21]. 

 

transition rates did not fit with those predicted by the model, shown in Figure 1.5, and 

there are also some predicted transitions that were not observed. Note that the B(E2) 

value for the decay of the two-phonon 02
+ state to the one-phonon 21

+ state is quite weak 

and that the decay from the 03
+ state is not even observed. 

Garrett et al. decided to examine possible mixing between states in order to 

account for the differences between experiment and theory. Cadmium has 48 protons so 

it has two proton holes present in the Z=50 shell, and it was found that 2p-4h excitations 

are possible from two-proton transfer reactions [12]. As in the tin isotopes, quasi-

rotational bands with excited 0+ band heads have been identified in the cadmium 

isotopes as a result of proton excitations across the Z=50 gap [14]. It was argued that 

the small B(E2) value for the 0!! → 2!!  transition was the result of maximal mixing 

between intruder and phonon 0+ states, as had also been argued for 116Sn [16]. 

However, mixing between these states was found not to be a credible mechanism 

because it was discovered that it could only account for the structure of a single isotope. 

It appeared that the mixing could not be applied consistently to describe all of the 

cadmium isotopes. The nature of the 02
+ state has yet to be defined, and it is now being 

argued that it may be the result of a proton-pair excitation across the p1/2 and g9/2 

subshell [20]. At the time, shape coexistence had only been established in nuclei with a 

closed proton shell and as the result of proton excitations across the shell gap. 
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2.2.2 Shape Coexistence in the Closed-Subshell 94Zr Nucleus 

Very recently it has been proven with direct evidence based on B(E2) values that 

shape coexistence exists in the closed-subshell 94Zr nucleus [22]. This was determined 

with data from a 94Zr(n,n`γ) reaction [23], new lifetime data, [24] and a detailed study of 
94Zr from the β- decay of 94Y. 94Zr has a full subshell of 40 protons and an excess of 54 

neutrons.  A quasi-rotational band was found with a band-head at 1300 keV; a partial 

level scheme highlighting the excited collective structure is shown in Figure 2.8.  It is 

believed that the deformed band may continue to higher spins, and there is already 

evidence for the 6+ member of the band at 3142 keV [25, 26]. Also, it has been shown 

that the 1300 keV state is strongly populated in the 94Mo(14C,16O) and 94Mo(6Li,8B) 

reactions, which is further evidence for underlying proton excitations across the Z=40 

subshell [27, 28]. The existence of a quasi-rotational band in 94Z shows that it is possible 

for shape coexistence to appear in more nuclei than had originally been thought, as 

subshell structure occurs more often than shell structure does. This is supporting 

evidence that the 02
+ state in the before-mentioned cadmium isotope may in fact be the 

result of proton excitations across the p1/2 and g9/2 subshell. It seems likely that more 

low-lying 0+ states will be characterized this way in the future. 

 

 

Figure 2.8: Low-lying levels of 94Zr with emphasis on the collective band formed on top 
of the 1300 keV 0+ state. B(E2) values are in W.u. [22]. 
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2.3 Conclusions 

The 116Sn nucleus has been extensively studied in the past and it has generally 

been agreed upon that its structure can accurately be described as a mixture of intruder 

and phonon states. The character of the first excited 0+ states has been extensively 

studied, and it is has been agreed upon that the 02
+ state is the head of a rotational band 

created by a 2p-2h excitation, but there has been no definitive answer as to what the 

composition of the 03
+ state is because the transition rate of the 85 keV transition has not 

been directly observed. It was concluded in the systematic investigation of the even-

even 110-116Cd isotopes that invoking mixing between intruder and phonon states couldn’t 

accurately describe the structure of the 02
+ state, so perhaps it is also true that the low-

lying excited 0+ states in 116Sn cannot be accurately described in this manner. Recent 

results in 94Zr show that it is possible to create deformed collective bands as the result of 

a proton-pair excitation across the p1/2 and g9/2 subshell. Maybe this is the key to 

understanding the structure of the 03
+ state in 116Sn. Perhaps it is possible that the 03

+ 

state is the result of a 2p-2h excitation into a higher subshell, such as the d5/2 subshell. It 

is possible that the poor resolution of the neutron time-of-flight spectrum obtained for the 

two-proton transfer reaction [12] obscured evidence that the 03
+ state was also 

populated. If the 85 keV transition can be directly observed such that an absolute B(E2) 

value can be calculated, then it may be possible to have more insight as to what the 

structures of the low-lying excited 0+ states are in 116Sn. 
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Chapter Three 

Experimental Facilities and Apparatus 

 

3.1 γ-ray Spectroscopy 

In nuclear science, γ-ray spectroscopy is one of the primary experimental 

methods that is used to learn more about the structure of excited nuclear states. When a 

nucleus is excited, it will de-excite by emitting γ rays, which when observed, will give 

information as to its nuclear structure. There are a number of different ways in which a 

nucleus can be excited, some of which are coulomb excitation, scattering, and β decay. 

In this particular experiment we were interested in looking at the low-lying levels of the 
116Sn nucleus for weak transitions with collective properties. The levels in 116Sn were 

Figure 3.1: Schematic representation of the population of low-lying states in 116Sn via the 
beta decay of the 1+ and 5+ states in 116In. Only select levels are shown. !"##$%"&'()&"'

*+"',-"'.",/'0"1/2')%'3345#'''''''3346#'

334
785#''''''3349:6#'; <'; "

'

3345#'

3346#'

<'

<'

3=4'>"?'

:@:'>"?'

3=8A'>"?'

=33='>"?'
=A8:'>"?'
=9=8'>"?'
A:74'>"?'

:@:'>"?'

=BB'>"?'

37@3:'+'

97@=8'C'

3;'

9;'

B<'

."/CD'7'E'3:4'FF+'

G'H/IJ"'K'A@7''L"?'

()FJI/,"'M)N<M2$#O'6,/,"+'

=+'

33'

34='>"?'



 

32 

populated via the β- decay of the 116In isomer, which can β decay from either a 1+ (14.10 

s) ground state or a 5+(54.29 m) meta-stable state as is seen in Figure 3.1. The 8- (2 s) 

isomeric state in 116In does not populate levels in 116Sn because it decays exclusively to 

the 5+(54.29 m) meta-stable state via a 162 keV transition. After the beta decay of 116In 

occurs, the excited 116Sn nucleus will de-excite by emitting γ rays that can be observed 

with the aid of γ-ray detectors. The selection rules for γ-ray decay are shown in 

Appendix B. The intensities of the observed γ rays along with known level lifetimes 

allowed us to determine electromagnetic transition strengths, which will highlight any 

collective structure that is present.  

High-purity germanium (HPGe) detectors are the most commonly used γ-ray 

detectors because they have good energy resolution for γ-ray detection and fast timing 

capabilities. However, it is necessary to shield them with high-Z material in order to 

reduce background caused by Compton scattering events. Many facilities, including the 

Tri-University Meson Facility (TRIUMF), now house large germanium arrays in order to 

obtain high statistics γ-ray data sets. The use of multiple detectors makes it possible to 

take coincidence measurements that can allow an experimenter to observe weak 

transitions that would not necessarily be visible in a singles measurement. In order to 

accurately analyze these data sets it is necessary to have a good understanding of how 

γ rays interact with detectors. 

 

3.1.1 γ-ray Interactions with Matter 

A γ ray is pure electromagnetic radiation, so it does not have charge or mass, 

which means that it will not continuously lose energy as it travels through a material. 

Typically a γ ray will only experience one or a few interactions with the detecting material 

that will result in either a significant loss or a complete loss of energy. When γ rays move 

through materials they undergo discrete interactions that will lead to the production of 

fast moving electrons. A low energy γ ray can easily be stopped in the detector so it will 

give rise to one primary electron, whereas a high energy γ ray can interact with the 

detector several times giving rise to several primary electrons. Also, γ rays that have 

energies above 1.022 MeV can create electron positron pairs, which will lead to the 
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creation of secondary cascades of electrons. These interactions are known as 

photoelectric absorption, Compton scattering, and pair production; each will exhibit a 

different response from a HPGe detector. A mock spectrum high-lighting each of these 

interactions is shown in Figure 3.2. 

 

The Photoelectric Effect 

The photoelectric effect is the main process that occurs for γ rays that have 

energies below 100 keV. When a low-energy γ ray interacts with an absorber atom in the 

detector its full energy will be absorbed. This will cause the absorber atom to emit an 

electron from one of its bound shells with the full energy of the γ ray (ℎ!) minus the 

binding energy of the photoelectron (!!) as is shown in Eqn. 3.1, where !!! is the kinetic 

energy of the electron [29]. 

!!! = ℎ! − !!                                                            (3.1) 

Once the electron has been emitted it will leave behind a hole in its place, which 

will quickly be filled by either a free electron or from rearrangement of electrons within 

the atom. These processes can produce Auger electrons and x-rays characteristic to the 

detector that are usually rapidly re-absorbed by the detector. The detector will usually 

absorb the energy of the emitted electron and of the x-ray simultaneously so this 

process will result in the observation of a full energy photopeak in the γ-ray spectrum. 

However, if the x-ray were to escape detection then there would be a peak in the γ-ray 

spectrum at an energy that is equivalent to the energy of the photopeak minus the 

energy of the x-ray, as is seen in Figure 3.2. 

The probability, or cross-section (σphotoelectric absorption), that photoelectric absorption 

will occur roughly follows Eqn. 3.2 [6].  Here Z is the proton number of the absorbing 

material, Eγ is the energy of the interacting γ ray, and n ranges from 4 to 5. 

     !!!!"!#$#%"&'%  !"#$%&'($) ∝   
!!

!!
!
!

                                                           (3.2) 
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The high dependence of the cross-section on Z is why high-Z materials are used 

for γ-ray shielding. It ensures that the γ rays will be absorbed rather than just scattered 

back towards the detector.  

 

Compton Scattering 

Compton scattering is the main process that occurs for γ rays with energies 

between 0.06 and 4 MeV. A Compton scattered event occurs when a single γ ray 

scatters off an electron within the detector at some angle θ with respect to its original 

direction. This causes the electron to be emitted with a fraction of the γ ray’s initial 

energy. After the initial Compton event the γ ray can Compton scatter multiple times 

more, dispersing a fraction of its energy at each interaction, before having a low enough 

energy to undergo photoelectric absorption. When the γ ray scatters off the electron, θ 

can vary from 0° to 180°, therefore the energy transferred to the electron can range from 

zero to a large portion of the original γ-ray energy as is seen in Eqn. 3.3 [29]. 

  

 

Figure 3.2: Mock γ-ray spectrum for a single γ ray energy high-lighting the different types 
of peaks resulting from photoelectric absorption, Compton scattering, and pair 
production. 
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ℎ!′ =    !!

!!   !!
!!  !!

(!!!"#$)
                                                        (3.3) 

Here, ℎ! is the original energy of the photon, ℎ!′ is the scattered γ-ray energy, 

!!  !! is the rest-mass energy of the electron, and ! is the scattering angle. There is a 

continuum of energies that is possible for the emitted electron below the energy of the 

photopeak, all of which will be absorbed in the detector and seen in a γ-ray spectrum. 

There will always be a gap between the full energy peak and the Compton continuum 

because any scattered γ ray will always take with it at least the minimum amount of 

energy for a 180° backscattered γ ray. A majority of the background seen in a γ-ray 

spectrum is due to Compton scattering events.   

!!"#$%"&  !"#$$%&'() ∝   
!
!!

                                              (3.4) 

The probability, or cross-section (σCompton scattering), that Compton scattering will 

occur roughly follows Eqn. 3.4 [6].  It is directly proportional to how many electrons are 

present in the absorber material, and therefore to the Z of the material.  

 

Pair Production 

When a γ ray has more than 1.022 MeV of energy, twice the rest mass of the 

electron, it can react with the coulomb field of the nucleus and be converted into an 

electron-positron pair that shares the initial energy of the γ ray, and both will go on to 

create secondary cascades of electrons. Eventually the positron will annihilate with an 

electron producing two 511 keV γ rays. If one of these γ rays escapes detection then a 

peak will be observed at the energy of the original photopeak minus 511 keV; this peak 

is known as the single escape peak (SEP). If both of the γ rays escape detection then a 

peak will be observed at the energy of the original photopeak minus 1.022 MeV; this 

peak is referred to as the double escape peak (DEP). 
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The probability, or cross-section (σpair production), that pair production will occur 

roughly follows Eqn. 3.5 [6]. This equation applies only to γ rays with energies over 4 

MeV. 

!!"#$  !"#$%&'(#) ∝ log !! (!)!                                       (3.5)                                              

 

 

3.2 TRIUMF and ISAC 

The Tri-University Meson Facility (TRIUMF), Canada’s National Laboratory for 

Particle and Nuclear Physics is located in Vancouver, British Columbia. Nuclear 

physicists from Simon Fraser University, the University of Victoria, and the University of 

British Columbia conceived the facility in 1965 to meet research needs that no one 

university could meet. In 1974, TRIUMF became home to the world’s largest cyclotron, 

which has the capability of producing proton beams up to 500 MeV with a current of 100 

µA. This beam can be delivered to several different experimental halls, such as the 

Isotope Separator and Accelerator Facility (ISAC), where it can be used directly or to 

make secondary beams.  

The ISAC facility, seen schematically in Figure 3.3, produces ion beams that are 

used to produce short-lived isotopes for experimental studies. To make the ion beams, 

the proton beam is accelerated from the cyclotron onto a production target, which 

causes spallation to occur such that lighter fragments are produced. All nuclei with 

proton and neutron number less than or equal to the target material can be created. At 

this point several different methods can be used to selectively ionize the nuclei of 

interest. For this experiment a surface ionization chamber was used.  

Once the ion beam has been created it is then transported to the desired 

experimental apparatus, which in our case was the 8π γ-ray spectrometer. To do this the 

beam is passed through a mass separator, where magnetic fields are used to direct the 

beam of ions. A mass-to-charge ratio corresponding to the desired isotope is selected to 
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Figure 3.3: An artist’s rendition of the ISAC experimental hall highlighting the 
experimental sets of apparatus located in ISAC-I and ISAC-II including the 8π γ-ray 
spectrometer [30]. 

 

 

be deflected by the magnets, which makes it possible for other isobaric contaminants 

with the same mass-to-charge ratio to remain in the beam. The beam is separated 

underground before being transported to the ISAC halls. For this experiment the mass 

separator selected A=116 products with a resultant cocktail beam of 1.24x104 pps of 
116gIn (T1/2=14.1 s), 4.0x106 pps of 116m1In (T1/2=54 min), and 3.2x105 pps of 116m2In 
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(T1/2=2.18 s). Only the 1+ 116gIn and 5+ 116m1In states will β decay into states in 116Sn, the 

8- 116m2In decays to the 5+ 116m1In state emitting a 162 keV γ ray. 

 

 

3.3 The 8π γ-ray Spectrometer 

The 8π γ-ray spectrometer [31], currently installed in the ISAC-I hall at TRIUMF, 

is comprised of four detector systems each with its own purpose. Canadian physicists at 

the Chalk River Laboratories first commissioned it in 1986 at a cost of five million dollars 

funded by NSERC and the Atomic Energy of Canada Limited. When Chalk River closed 

in 1997, the 8π was moved and operated at the Lawrence Berkeley National Laboratory 

before it was finally moved to the ISAC-I hall at TRIUMF in 2000. The 8π will be 

decommissioned in January of 2014 to make way for the more efficient GRIFFIN 

spectrometer.  

 The 8π contains an array of twenty Compton-suppressed HPGe detectors used 

for detecting γ rays emitted from excited nuclear states with high resolution. The analysis 

of the data collected from the HPGe detectors will be the main focus of this thesis. Each 

individual HPGe detector has a 20% relative efficiency and the entire array is about 1% 

efficient at 1.3 MeV.  Also the typical resolution of a peak observed at 1.3 MeV is 

between 1.8 and 2.2 keV. The second of the four detector systems is an array of lithium-

drifted silicon detectors used for detecting conversion electrons and is called the 

Pentagonal Array for Conversion Electron Spectroscopy (PACES). The third detector 

system is made up of an array of a total of ten detectors, six barium fluoride (BaF2) and 

four lanthanum bromide (LaBr3) detectors used for fast timing measurements of γ rays 

and is called the Dipentagonal Array for Nuclear Timing Experiments (DANTE). The final 

detection system is a zero degree plastic scintillator used for detecting β particles. The 

combination of these four detection systems makes the 8π a powerful tool for looking at 

the low-lying nuclear structure of many different nuclei. 
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Figure 3.4: (Top) Half of the 8π γ-ray spectrometer is shown with the target chamber 
removed. A BaF2 detector is visible in the upper left-hand corner, and a LaBr3 detector is 
visible in the lower left-hand corner. (Bottom) Half of the 8π γ-ray spectrometer is shown 
with the chamber in-place. The beam enters the chamber on the left-hand side and the 
tape exits the chamber on the right-hand side. During an experiment the two halves of 
the 8π γ-ray spectrometer are closed with the chamber at the center. 
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The HPGe detectors are arranged in a spherically symmetric truncated 

icosahedron configuration, like a soccer ball, around a chamber that houses the beam 

implantation site. The overall shape is comprised of twenty hexagonal faces and twelve 

pentagonal faces. The hexagonal faces house the twenty HPGe detectors used for 

detecting γ rays, ten of the twelve pentagonal faces house DANTE, and the other two 

pentagonal faces allow the beam to enter the chamber on one end and the tape to leave 

the chamber on the other end. Photos of the HPGe detectors are shown in Figure 3.4. 

For this experiment, half of PACES was installed in the chamber in the upstream 

position and the zero degree scintillator was installed in the downstream position.  

The implantation site for the incoming beam is a chamber at the center of the 8π 

array as seen in Figure 3.4. The beam is delivered from the target station and implanted 

on aluminized Mylar tape at the center of the spherical chamber. The implanted 

radioactivity decays inside the chamber into the excited states of the isotope of interest 

emitting γ rays. To avoid the presence of long-lived radiation in the chamber it is 

necessary to cycle the tape out of the chamber. The tape exits through the downstream 

part of the chamber, under vacuum, and be stored in a box placed behind a lead wall, so 

that any radiation cannot be detected by the 8π as is seen in Figure 3.5.The tape system 

is also useful for experimenters that want to only look at certain isomers from the beam. 

For example, if a beam contains both a long and short-lived isomer and only the levels 

populated by the long-lived isomer are of interest, then beam can be implanted on the 

Mylar tape and the short-lived isomers can be allowed to decay such that only the long 

lived isomers are present on the tape. At this point data can be taken to observe the 

results of the decay of the long-lived isomer.  For this experiment the 116In beam was 

implanted on the aluminized Mylar tape for an hour and the data was collected in beam-

on runs and then the built up radioactivity decayed for an hour after that and the data 

was collected in beam-off runs. The tape was then cycled through the chamber before 

the next implantation of the beam would occur. 

Each individual 8π HPGe detector is made up of a cylindrical HPGe crystal that 

is housed in aluminum and shielded with bismuth germanate (BGO), which is a high-Z 

material good at absorbing γ rays. There are also internal BGO suppressors located 

behind the HPGe crystal. If a γ ray scatters out of the HPGe crystal then it should be  
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Figure 3.5: The box that houses the Mylar tape located behind a lead wall to prevent 
radiation from reaching detection of the 8π array. 

 

detected by the BGOs, so this event will be vetoed in the software to suppress 

background due to Compton scattering. This is useful because it increases the peak-to-

background ratio observed in a spectrum, which might result in the observation of a 

transition that would not be readily observed if the Compton background was not 

suppressed. The BGO shield is placed 13 cm from the source and the HPGe detector is 

placed 14 cm away. In order to prevent the BGO shield from direct radiation there are 

two 2.54 cm thick Heavimet collimators placed in front of the sides of the BGO shield. 

Heavimet (HM) is a dense alloy made up primarily of tungsten, which is high-Z and good 

at absorbing γ rays. The HM will also suppress backscattering events, in that a γ ray will 

not scatter off the initial detector and then enter the detector opposite to it. 

 

 



 

42 

3.4 Experimental Specifics 

The experiment to determine the collective properties of the low-lying states in 
116Sn was performed in July 2011 at TRIUMF in Vancouver, B. C., using the 8π γ-ray 

spectrometer. The cyclotron was used to produce a 70 µA current of 500 MeV protons, 

which were bombarded into a High-Power Tantalum target causing spallation to occur. 

At this point surface ionization was used to select out a radioactive beam of 116In, which 

was then delivered to the 8π γ-ray spectrometer in ISAC-I. A nucleus of 116In underwent 

the nuclear process of β- decay to create an excited 116Sn nucleus with a Q-value of 

3278(4) keV. 

The data was taken in both beam-on and beam-off runs. The beam was 

implanted on the aluminized Mylar tape for one hour, and then a faraday cup was 

inserted in the beam-line to prevent the beam from entering the 8π, and beam-off data w 

was collected for an hour. At this point the tape was manually cycled through the 

apparatus and the process started over. Data was taken for 4 days resulting in 2 x 109 γ 

singles events and 2 x 108 γ-γ coincidence events. 
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Chapter Four 

Analysis of the 8π γ-ray Data 

 

4.1 Germanium Data Stream and Timing 

Each of the different detector systems in the 8π γ-ray spectrometer has its own 

independent data stream. The focus of this discussion will be on the germanium data 

stream as the purpose of this thesis is to discuss the γ-ray data analysis. The 

germanium data stream has two different signals that are output from the germanium 

pre-amplifiers, one for energy and one for timing. This means that for every event 

collected by a germanium detector there is an energy and a timing signal for that event. 

A FERA driver operates the data stream and the data are transferred to a FIFO memory 

unit, where it is then read out and sent to a computer with the MIDAS data acquisition 

system. 

 

4.1.1 Analysis of the Germanium Energy Signal 

When a γ ray interacts with a detector, the detector measures an electrical pulse 

amplitude that is proportional to the number of electrons collected and also to the energy 

deposited by the γ ray. The pre-amplifier serves to maximize the signal-to-noise ratio 

and to amplify the initial small signal. It is important that the pre-amplifier is as close to 

the detector as possible so that there is not a loss of signal. Then, an Ortec 572 

spectroscopy amplifier amplifies the pulse and the height of the pulse is proportional to 

the energy of the detected γ ray. At this point the pulse is converted to a digital signal 

with an Ortec AD114 analog-to-digital converter (ADC). When the analog signal is 

converted into a digital signal, each pulse is placed in a bin between 0 and 8192 based 
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on the height of the pulse event-by-event; the number of events for each channel is 

tallied over the course of a run. The gain was adjusted such that the signal sent to the 

ADC corresponded roughly to 0.5 keV per channel. For the most part the output of the 

digital channels of the ADC is linear with respect to the charge collected by the HPGe 

detectors, but there is a slight non-linearity that occurs, which needs to be corrected for 

in order to properly determine the energies of the γ rays collected during the data 

analysis. The energy calibration is discussed in detail in section 4.3.  

 

4.1.2 Analysis of the Germanium Timing Signal 

The germanium timing signal is passed from the germanium pre-amplifier to an 

Ortec 474 Timing Filter Amplifier (TFA) where it is processed and then fed into an Ortec 

583b constant-fraction-discriminator (CFD) to create a timing logic pulse. The output of 

the CFD is used both as the input to a LeCroy 3377 time-to-digital converter (TDC) and 

to generate pre-triggers for the Master Triggering Logic. The Master Triggering logic 

looks for coincidences between the pre-triggers from the four data streams, and if they 

are found, a Master Trigger (MT) signal is sent to the data stream involved in the trigger 

[32]. A schematic showing the data flow is shown in Figure 4.1. There were multiple pre-

triggers in the germanium data stream during this experiment, SCaled down germanium-

singles (SCG), Germanium-Germanium coincidences (GG), Beta-Germanium-Barium 

Fluoride (BGBaF), Germanium-Barium Fluoride-Barium Fluoride (GBaFBaF), and 

Germanium- SIlicon (GSI). For the purposes of this thesis only data from SCG and GG 

will be discussed in detail.  

Events that are detected by the BGO detectors have associated TDC times 

within the germanium data stream. This makes it possible to veto events that come in 

coincidence between a BGO and a HPGe in order to suppress Compton scattering 

events in the γ ray spectra and matrices. There is a hardware veto gate that is in place, 

but additional events were vetoed in the software when it was clear that the BGOs were  
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Figure 4.1: Conceptual timeline representation of a signal in the 8π data acquisition [32]. 

 

still collecting events outside of the hardware veto gate. Spectra showing the TDC gates 

taken on the BGOs are shown in Figure 4.2. 

In order to look at γ-γ coincidences it is important to understand the timing of 

each germanium event. Each event has an associated TDC time and a Universal Logic 

Module (ULM) time that is recorded in the data stream. A TDC time represents the time 

of the event relative to another event, and the ULM time represents the time within the 

overall experiment that the event took place. A raw TDC spectrum shows multiple peaks 

that each arise from the multiple different triggers that are present in the data stream, for 

example one peak will represent GG coincidences while another will represent GSI 

coincidences. The software GSORT [33], developed at the University of Guelph, was 

used to generate a germanium TDC difference spectrum by subtracting the raw TDC 

spectra of two germanium detectors, which eliminates other trigger times, such that only 

the GG coincidence was examined. Both the raw TDC and germanium TDC difference 

spectra are shown in Figure 4.3. The resulting germanium TDC difference spectrum has 

one large central peak with two smaller satellite peaks to either side of it. These peaks 

represent the time window where γ-γ coincidences occur. Time gates were set on the 

prompt peaks and background gates in the software based on the germanium TDC 

difference spectrum to eliminate possible time-random γ-γ coincidences. The prompt 

time gate was taken between channels 8160 and 8220 giving a 240 ns coincidence-

timing window. From these gates a γ-γ matrix was created, which was used to analyze 
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γ-γ coincidences and to determine branching ratios. Note also that there is a secondary 

“table-like” structure that occurs underneath the prompt peaks, this is due to a long-lived 

isomeric state present at 2366 keV with a lifetime of 348 ns in 116Sn. Events that are in 

coincidence with transitions that depopulate that state had to be analyzed with different 

TDC time gates, which will be discussed further in Section 5.3.4.  

 

4.2 Rejected Germanium Detectors 

The 8π γ-ray spectrometer contains twenty Compton suppressed HPGe 

germanium detectors. In this experiment events recorded from two of the detectors had 

to be removed from the data analysis. The gain set on the spectroscopy amplifier of 

HPGe #4 was accidentally set to twice that of all of the other detectors, so it had to be 

removed. Also, HPGe #17 showed significant gain-drift over time. Removing these 

detectors allowed us to avoid the possibility of false coincidences when analyzing the γ-γ 

coincidence data. 

 

4.3 Beam Contamination 

Some contaminants might be present in the beam since the beam is selected 

with a mass separator that selects out a mass-to-charge ratio. The most likely 

contaminants in this experiment are 116Cd and 116Sb.  116Cd is not a concern since it does 

not populate states in 116Sn, but the presence of 116Sb is a concern as it undergoes 

electron capture to populate levels in 116Sn with a Q value of 4707(5) keV. It has been 

reported [18] that about 97% of 116Sb electron capture events lead to population of the 7- 

levels at 2908 kev and 3209 keV, neither of which has ever been reported as being 

populated by the β- decay of 116In. Both of these levels were populated in our 

experiment, and if they were populated from the β- decay of 116In, then their population 

would be from first forbidden β decays. The β feeding was determined for each state and 

the findings for the 2908 keV and 3209 keV levels were found to be consistent with that  
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Figure 4.2: (Top) Germanium-BGO TDC difference with the hardware veto gate shown. 
(Bottom) Germanium-BGO TDC difference with extended software veto gates shown. 
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Figure 4.3: (Top) Raw germanium TDC spectrum. (Bottom) Germanium-germanium 
TDC Difference Spectrum with prompt gates shown in red and background gates shown 
in blue. 
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of first forbidden transitions. The determination of the β- feeding from the β- decay of 
116mIn (54.29m) isomer to states in 116Sn is discussed in more detail in Section 5.5. 

 

4.4 Energy Calibration 

As discussed in 4.1.1 the output of the ADCs is non-linear, therefore an energy 

calibration needs to be done to correctly determine the energies of the γ rays collected in 

the experiment. The energy of a γ-ray as a function of channel number E(x) can be seen  

! ! = !!! +   !! + Δ! !                                               (4.1) 

in Eqn. 4.1 [34], where Ml is the slope of the linear response of the ADC, Bl is the 

intercept and ΔE(x) is the non-linear response of the detector given by Eqn. 4.2. 

Δ! ! = ! ! =
!!  ! + !!, ! ≤ !"#$%&'#  

!!!! + !!! + !!, ! ≥ !"#$%&'#                       (4.2) 

In order to determine the fit parameters standard calibration sources of 56Co, 
60Co, 133Ba, and 152Eu were used because the energies of these sources are known to a 

very high precision. The use of these sources gives us an energy calibration from 53 

keV to 3.202 MeV, matching the energy range of γ-ray transitions observed in 116Sn. The 

source data was taken at the time of the experiment so that the response of the ADC’s is 

the same as for the experimental data. Fit source energies, the previously reported 

values from the Evaluated Nuclear Structure Data Files [35], as well as the residuals 

from the initial linear fit are listed in Appendix C. 

First it is necessary to gain match the detectors so that each  reads out the same 

energy at the same channel number, which was done with the software GSORT. 

Basically, for a given source, a linear transformation was done to align the centroids of 

two strong transitions for each detector, and then the runs were summed together. 
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Figure 4.4: (Top) Linear fit of the source gamma ray energies vs. channel number. 
(Bottom) ΔE fit of the residuals.      
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Once all of the detectors were aligned an energy calibration was performed.  The 

γ-ray software analysis package RadWare [36] only allows 4096 x 4096 matrices, so the 

γ-ray spectra had to be set to 1 keV/Channel to fit into the analysis window. Therefore 

the energy calibration was done at 1 keV/Channel. A linear fit was taken of the channel 

vs. energy data from the calibration sources, and the residuals were extracted from the 

fit to show the non-linear response of the ADC’s. From the residuals it is possible to 

determine ΔE(x) by fitting a linear function for channels below 1122 keV and quadratic 

function above 1122 keV. The fits can be seen in Figure 4.4, and the parameters are 

listed in Table 4.1. 

 

 

 

Table 4.1: Energy calibration parameters for the 1 keV/channel binning. The turnover 
point is at 1122 keV.      
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Table 4.2: Systematic error calculation for the fit energy calibration using γ-ray 
transitions found in the background of the 8π chamber. 

 

To determine the systematic error in the energy calibration, the fit was compared 

to the high-precision energies of transitions seen from the room background decay of 40K 

and 207Bi. 207Bi is present in small amounts in the 8π chamber due to previous 

contamination, so it is present in the background. An additional uncertainty of 0.33 keV 

makes these measured energies consistent with the accepted energies of these 

transitions as is seen in Table 4.2. So, a systematic uncertainty was added in quadrature 

to the energies determined for the transitions in 116Sn. Due to the high statistics in this 

experiment, the systematic error makes up the bulk of the error on the energies of the 

observed transitions.  

 

4.5 Germanium Relative Efficiency Calibration 

The efficiency of a germanium detector is energy dependent since higher energy 

γ rays have a tendency to scatter out of the detector, which will result in missing counts 

in their respective observed photopeaks. It is necessary to determine the efficiency of 

the HPGe detectors at different energies so that it is possible to correct the area of the 

photopeaks for the missing intensity.  The intensity of a given transition is found by 

dividing the γ-ray peak area by the efficiency of the detector at the energy of the γ ray. 

For this experiment the efficiency of the 8π HPGe array needs to be well known between 

50 keV and 3200 keV, as all of the transitions in 116Sn that we observed lie within that 

energy region. To determine the efficiency of the HPGe array, calibration data were 

taken immediately following the experiment with well-known sources 56Co, 60Co, 152Eu, 
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and 133Ba. Each calibration source was placed at the center of the array and data was 

taken for several hours, which resulted in high statistics data sets for each. 

The efficiency curve data points were made using various RadWare programs 

[36], including gf3, Source, and EFFIT, and then the curve was fit in a program called 

Igor Pro [37]. The energies and relative intensities of the sources needed to create .sou 

files for the program Source were taken from [35] and are known to high precision. The 

transitions in the calibration data were fit with gf3 and stored in .sto files. The energies 

and intensities of these transitions are shown in Appendix D. At this point it was possible 

to use the program Source to create a .sin file for each calibration source that could be 

input into EFFIT. The files were input in the following way, first 152Eu, second 56Co with a 

normalization of 1.32, third 60Co with a normalization of 0.282, and finally 133Ba with a 

normalization of 2.58. The efficiency of each energy point was taken from EFFIT and 

was fit as a function of energy (! ! ) in Igor Pro using Eqn. 4.3 [38]. The efficiency of  

! ! = 10(!!!∗!"# ! !!∗!"#(!)!!! !!)                             (4.3) 

 

Table 4.3:  Relative efficiency fit parameters determined using 133Ba, 152Eu, 56Co, and 
60Co sources. 
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Figure 4.5: Relative efficiency curve for the HPGe detectors with parameters from Table 

4.3 and the experimental data from 56Co, 60Co, 152Eu, and 133Ba.  
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Table 4.4: Systematic uncertainties on the relative efficiencies for different energy 
regions. 

 

each energy point taken from EFFIT is shown in Appendix D. The efficiency curve is 

shown in Figure 4.3 and the fit parameters are listed in Table 4.3. Using the efficiency 

curve it was possible to extract intensities for transitions in 116Sn from the germanium 

data.   

The turnover point for the efficiency curve is at about 120 keV, and the 

systematic errors on the efficiency of energies on either side of the turnover point need 

to be closely examined. It is difficult to fit the curve at low energies below the turnover 

point, so the systematic uncertainty is higher for those energies than for energies above 

120 keV.  The systematic uncertainties for the relative efficiencies of different energy 

regions are reported in Table 4.4 [38]. 

 

4.5.1 Germanium Relative Efficiency at Energies Below 100 keV 

 For this data analysis it is very important to have a good understanding of the 

germanium relative efficiency at energies below 100 keV due to the presence of a 85 

keV transition in the data set. In order to report an intensity for this transition it is 

necessary to show that the fit parameters presented in Table 4.3 can accurately give 

efficiencies for low energy transitions. 133Ba emits both a 79.6142(12) and an 

80.9979(11) keV γ-ray when it undergoes electron capture to decay to 133Cs. This was  
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Table 4.5: Comparison of the fit relative intensity of the unresolved low energy 
doublet with a centroid of 81.012(2) keV to the combined relative intensity of the 
79.6142(12) and the 80.9979(11) keV transitions from 133Ba. 

 

observed as an unresolved doublet in the source data taken during the experiment.  It 

was verified that the combined intensity of these transitions could be deduced from the 

area of the observed peak with the fit parameters for the relative efficiency given in 

Table 4.3. The relative intensity found for the unresolved doublet is shown in Table 4.5 

along with the previously reported value from [35]. 

 

4.6 Branching Ratios 

For this experiment we were interested in looking at the collectivity of low-lying 

levels in 116Sn, so it was necessary to determine the γ-branching ratios for each state so 

that we could calculate transition rates. The γ-branching ratio represents how much a 

given level is depopulated by each of the transitions that depopulate it. This can be 

determined by probing the γ-γ coincidence data in two different ways, either by gating 

from above the level of interest or by gating from below the level of interest. 

 

4.6.1 Gating from Above 

When a high-intensity γ ray feeds the level of interest it is convenient to take a 

gate on that γ ray to obtain a spectrum of the γ-ray transitions that depopulate that level. 

When looking at a level from above, any β-feeding that may occur into that level does 
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not modify the intensities of the γ rays that depopulate the level. The intensities of the γ 

rays are found by dividing the fit peak areas by the germanium efficiency. The intensity 

of each transition (Iγ) was divided by the total intensity out of the state (Σ!!!")  to 

determine the branching ratio !"!, as is seen in Eqn. 4.4.  

!"! =
!!

!!!!"
                                                               (4.4) 

Standard error propagation was used to determine the uncertainty on !"! . 

 

4.6.2 Gating from Below 

If there are no high-intensity γ rays that populate the level of interest then it is 

necessary to look at transitions fed by the γ rays that depopulate the level. It is actually 

possible to observe weak γ-rays in this way, that are not observed from gating from 

above, if most of the intensity is fed through one draining transition. In the gating from 

below method the γ ray intensities are determined with Eqn. 4.5 [39] before the γ-

branching ratio can be determined. 

!!! = !!!"!!"!!!!!!!!!! !!!                                                                                     (4.5) 

In Eqn. 4.5 it is assumed that a gate is taken on γ1, which directly feeds γg, to observe γg 

as is seen in Figure 4.6. Here !!! is the number of counts of γg that appear in a gate 

taken on γ1, !!" is the intensity of γg, and !!!is total branching fraction of γ1. !!"  and 

!!!  are the singles photopeak efficiencies of γg and γ1 respectively, and !!! represents 

the coincidence efficiency, which is dependent on the set-up of the experiment and not 

the energies of the γ-rays in coincidence.  ! is a constant that is characteristic of the 

branching ratio calculation. If we rearrange Eqn. 4.5 we have a simple equation that 

allows us to determine !!". 
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Figure 4.6: Simple level scheme showing how a gate taken from below on γ1 will result in 
the observation of γg. 

 

 

!!" =
!!!

!!!!!!!
                                                   (4.6) 

Once !!" has been determined for each γ ray that depopulates the level of interest, the 

γ-branching ratio !"! was calculated for each transition with Eqn. 4.7. 

!"! =
!!"

!!!!"#
                                                           (4.7) 

Standard error propagation was used to determine the uncertainty on !"! . 

 

 

4.6.3 Ground State Transitions 
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The intensity of a ground state transition can be observed from gating from 

above. However, when determining branching ratios, if all of the transitions that 

depopulate a given level cannot be observed by gating from above, as it might be very 

weak, then it is necessary to use the gating from below method to find the intensities for 

all of the transitions that depopulate the level. If one of these transitions happens to be a 

ground state transition then it is not possible to gate from below to determine its 

intensity, so its intensity must be deduced in another manner such that it is still 

comparable to the intensities of the other transitions that were observed from below.  

Such an instance only occurred once in analysis of the 116Sn data set, which was 

for the 2112 keV level. Most of the transitions depopulating this level are quite strong 

and easily observed with the gating from above method, except for a weak 85 keV γ ray 

that could only be observed by gating from below. This means that all transitions that 

depopulate the 2112 keV level had to be analyzed with the gating from below method.  

One of the transitions, the 2112 keV γ-ray transition, is a ground state feeding transition, 

so to deduce its intensity it was necessary to gate from above. A gate was taken on the 

strong 417 keV γ ray that populates the 2112 keV state to determine the intensity of the 

2112 keV γ ray and the 356 keV transition using Eqn. 3.4. Once the relative intensity of 

the 2112 keV transition to the 356 keV transition was known, a gate was taken from 

below the 356 keV γ ray to determine !!!"# using Eqn. 4.6. Then, it is possible to use 

!!!"# and the relative intensity of the 2112 keV transition found from the gating from 

above method to determine !!!""!. More details on this level are discussed in 5.3.1. 

 

4.6.4 E0 Transitions and Highly-Converted γ Rays 

When using the gating from below method and Eqn. 4.5 it is sometimes 

necessary to take into accounts the intensities of E0 transitions and the total intensity, 

both of the γ rays and the conversion electrons, of a highly converted transition when 

determining !!!. In the 116Sn data set two different states were depopulated with E0 

transitions, the 1757 keV state and the 2027 keV state. There was also one γ-ray, the 

100 keV γ ray depopulating the 2366 keV state, which is highly converted and was often 
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used in the gating from below method to determine intensities of other γ rays that directly 

feed it. In order to correctly deduce those intensities !!!"" needed to include the 

conversion electron component of the 100 keV γ ray as well as the γ component. The 

analysis of the 2365 keV state is discussed in more detail in Section 5.3.4. 

  

4.7 Electromagnetic Transition Strengths 

Once the γ-branching ratios have been determined it is possible to calculate 

electromagnetic strengths rates given that the level lifetimes are known. Some of the 

level lifetimes for 116Sn had been previously reported [35], which makes its possible to 

calculate the transition strengths for transitions depopulating those levels. The equations 

for calculating these are presented below with the units labeled for each equation [7]. 

! !2 = !.!"#×!"!  !!
!!!!! !!"  (!)!(!!!)

!!

!!!!
[!.!. ]                                (4.8) 

! !1 = !.!"!×!"!!  !!
!!!!"  (!)!(!!!)

!
!!!!

[!.!. ]                                    (4.9) 

! !1 = !.!"#×!"!!  !!
!!!!! !!"  (!)!(!!!)

[!.!. ]                                   (4.10) 

For a given transition, !" is the total branching ratio, Eγ is the energy of the γ ray 

in keV, ! is the lifetime of the level in seconds, ! is the total internal conversion 

coefficient, and ! is the mixing ratio between two mixed transition types. Calculating the 

electromagnetic transition strengths allows us to probe the collective structure of the 

nucleus. Large transition strengths show that there are many nucleons rearranging from 

one level to the next, so these transitions are more collective than transitions where only 

a few nucleons need to be rearranged. 
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Chapter Five 

Results of the γ-ray Analysis 

 

5.1 Relative γ-ray Intensities 

 In order to determine the γ ray relative intensities it is necessary to analyze the 

germanium-singles data, which is free of coincidence constraints that will have an effect 

on the relative peak areas of each transition. The germanium-singles events are 

basically a count of how many of each γ ray were detected throughout the experiment. 

The spectrum for this experiment is shown in Figure 5.1. From the observed peak areas 

for each transition it is possible to extract the intensity of each transition since the 

efficiency of detection is known. By convention, it is useful to report the intensities 

relative to the most intense transition observed in the data set. In this case, the most 

intense transition observed in the 116Sn nucleus is the 1293 keV 21
+ to 01

+ transition. To 

determine the intensity (!!) of a transition the peak area (!!) observed in the 

germanium-singles is divided by the efficiency of detection at the energy of the transition 

(!!) as is seen in Eqn. 5.1. 

!! =
!!
!!

                                                          (5.1) 

Unfortunately, all of the transitions in this data set could not be observed in the 

germanium-singles spectrum as some were too weak to be observed over the Compton 

background. The intensities of these transitions were deduced from the γ-γ matrix. As 

will be discussed in Section 5.2, the γ-γ matrix is used to determine the γ-branching ratio      
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Figure 5.1: The germanium-singles spectrum observed for 116Sn used to determine the 
relative intensities of transitions whose peak areas could be fit. 
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of each transition per level, and these branching ratios were then used to determine the 

intensity of each transition. It is only possible to determine the intensity of a weak 

transition if there is another strong transition depopulating the same level that can be 

observed in the germanium-singles spectrum. The intensity of the weak transition (!!) 

can be found if its γ-branching ratio is known (!"!) and if the intensity of the strong 

transition (!!), that depopulates the same level, as well as its γ branching ratio (!"!) is 

known as is seen in Eqn. 5.2. If there is not a strong transition depopulating the level 

present, then the intensity of the weak transition cannot be determined because the ratio 

of branches is only useful if the intensity of the strong transition is known. 

!! =
!!  !"!
!"!

                                               (5.2) 

 Prior to this experiment, Krane et al. reported the most recent observed relative 

intensities for the 116Sn nucleus, via population by the beta decay of 116In, in 2006 [40]. 

The relative intensities observed in this experiment are reported in Table 5.1 alongside 

the values, which were reported by Krane et al. The transitions whose intensities could 

not be directly extracted from the germanium-singles spectrum are denoted with a (*). In 

general, there is good agreement with the values observed in this experiment compared 

to the values reported by Krane et al. There were intensities determined for 56 

transitions in this data set, only 37 of which had been observed by Krane et al. 

The discrepancies between the intensities observed for the 100, 139, and 163 

keV transitions are mostly likely due to differences in efficiencies, as it is difficult to fit the 

efficiency at low energies. However, the discrepancies between the intensities observed 

for the 356 and 463 keV transitions cannot be explained in this manner and the reason 

for the discrepancy is unknown. There were more transitions reported in this data set 

than there were observed by Krane et al., so not all transitions in Table 5.1 have a 

corresponding previously reported value for comparison. 
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Table 5.1: Relative intensities and γ-branching ratios (!"!) for transitions observed for 
116Sn. Relative intensities are compared to [40] and !"! are compared to [35]. 
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Table 5.1 cont.  
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Table 5.1 cont. 

 

 *Relative Intensity deduced from germanium-germanium coincidences 

1Newly observed transition 

2Transition never before observed via population by the β- decay of 116In 

Multipolarities that are listed in italics have not been confirmed with angular correlations. 

E0 transitions cannot be directly observed through analysis of the γ-ray data, so there 
are no reported measured energies or intensities for them. 

 

5.1.1 Absolute Intensity Normalization  

 It is possible to determine the absolute intensity for each transition per 100 

decays of the 116Sn nucleus if all transitions decaying to the ground state are observed. 

To do this the total number of decays observed to the ground state need to be summed 

together and then normalized to 100 decays as is seen in Eqn 5.3. Then an absolute  

!! 1293 + 1757 + 2112 + 2225 + 2266 + 2650 = 100              (5.3) 

intensity normalization can be determined to correct all of the relative intensities 

observed to absolute intensities per 100 decays of the nucleus. Since all of the 

intensities in this data set are reported relative to 100 decays of the 1293 keV transition, 
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it is useful to determine the absolute intensity normalization for the 1293 keV transition 

as it can then be applied to all other relative intensities reported in the data set. To do 

this all that is necessary is to divide the observed intensity of the 1293 keV transition 

(!!"#$!) by the total number of decays that were observed to the ground state as is seen 

in Eqn. 5.4. 

!"#.!"#$.= !!"#$!
!! !"#$!!"#"!!""!!!!!"!!!""!!"#$

                   (5.4) 

The absolute normalization determined for this data set per 100 decays of the nucleus is 

0.848(22), which is in good agreement with the previously reported value of 0.848(8) 

[40]. 

 

5.2 116Sn Decay Scheme 

In order to create the 116Sn decay scheme populated by the beta decay of 116In it 

was necessary to use the γ-γ matrix to confirm the placement of each transition. This 

data set has a coincidence condition set such that each γ-ray event detected is 

correlated with another γ-ray event as was discussed previously in Section 4.1.2. The 

final decay scheme is shown in Figure 5.2. Four new transitions were observed and their 

placements were dependent on gates taken on the γ-γ matrix. These new transitions are 

reported in Table 5.2 along with the gates that they are visible in, which aided in their 

placement in the decay scheme. Also, there were 19 transitions observed that had never 

before been observed in 116Sn via the beta decay of 116In, but had been observed 

previously from different population of the 116Sn nucleus.  

The 100.92(33) keV transition, which decays from the 3096.30(19) to the 

2995.85(25) keV level, was not initially observed directly. Rather the gate taken on the 

100.18(33) keV transition, which decays from the 2365.67(24) to the 2265.76(21) keV 

level, showed the previously reported 195.13(34), 467.20(44), 604.40(44), 770.90(52), 

and 1703.07(34) keV transitions, which decay from the 2995.85(25) keV level. This 

made it apparent that the 2995.85(25) keV level was being populated by a 100.92(33)  
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Figure 5.2: Decay scheme of 116Sn via the beta decay of 116In. The width of the arrows 
are proportional to the intensities of each transition relative to the 1293 keV transition. All 
energies are reported in units of keV. 
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Table 5.2: New transitions observed for 116Sn along with the gates, which aided in their 

placement.  

 

keV transition from the 3096.30(19) keV level. Also, a gate taken on the 1703.07(34) 

keV transition revealed a strong peak at 100.92(33) keV. 

 

5.3 Observed γ-branching Ratios 

 The methods used for determining γ-branching ratios (BRγ) were previously 

discussed in Section 4.6. There were 56 BRγ values observed in this data set, 12 of 

which have not been previously reported. All BRγ values were determined with either the 

gating from above or with the gating from below method so it was necessary to analyze 

the γ-γ matrix. This data set has a coincidence condition set such that each γ-ray event 

detected is correlated with another γ-ray event. Each gate taken on the γ-γ matrix was 

applied with the RadWare program SLICE [36], and Compton background was 

subtracted from each gate normalized to the number of channels of the gate. This 

section is a discussion of this analysis organized by energy level, and all of the BRγ 

values observed are reported in Table 5.1 alongside previously reported values [35] for 

comparison.  Levels that decayed by a transition that did not require the calculation of 

BRγ values, as the single transition accounted for 100% of the γ decay of the level, will 

not be discussed. Some figures depicting specific gates will be shown alongside the 

discussion of a level, but for the most part the gates discussed are organized 

numerically in Appendix E. 
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Figure 5.3: Gate on 100.18(33) keV γ ray showing placement of the new 100.92(33) keV 
γ ray through observation of the 1703.07(34) keV transition, which depopulates the 
2995.85(25) keV level.  
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Figure 5.4: Gate on the 1506.96(33) keV γ ray showing the observation of the 
295.94(33) keV γ ray, which depopulates the 3096.30(19) keV level. 
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Figure 5.5: Gate on the 1355.95(34) keV γ ray showing the observation of the 
446.63(34) keV γ ray, which depopulates the 3096.30(19) keV level. 
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Figure 5.6: Gate on the 931.39(33) keV γ ray showing the observation of the 870.94(33) 
keV γ ray, which depopulates the 3096.30(19) keV level. 
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5.3.1 Analysis of the 2111.85(21) keV Level 

The BRγ values for the transitions that depopulate the 2111.85(21) keV level 

were determined with the gating from below method, even though the state is populated 

with a strong 417.01(33) keV. The state is depopulated by a weak 85.08(33) keV 

transition that could not be observed in the gate taken on the 417.01(33) keV transition 

from above, so the level had to be analyzed with the gating from below method. The 

transitions that depopulate the 2111.85(21) keV level are listed in Table 5.3 alongside 

the transitions that were gated from below to determine the BRγ values. The 2111.89(33) 

keV transition, which depopulates this level is a direct to ground state transition, so its 

BRγ value was determined with an intensity deduced from that of the 355.63(33) keV 

transition as was discussed previously in Section 4.6.3. 

The 85.08(33) keV transition was observed in this data set in a gate taken from 

below on the 734.40(77) keV transition, which is shown in Figure 5.7.  Also, gates were 

taken to the right and left of the 734.40(77) keV transition to verify that the observed 

85.08(33) keV peak was not the result of scatter, which can be seen in Figure 5.8. Since 

the centroid of the peak did not shift in this second gate we concluded that the 85 keV 

peak is evidence of a real transition. This is the first direct observation of this transition 

as it is seen cleanly in a gate without an excess of contamination from x-rays, as the γ-γ 

matrix was created such that time random events were removed, and Compton 

background was also subtracted out when the gate is taken. In order to correctly 

calculate I85 with the gating from below method, it was necessary to know the total 

branching ratio for the 734.30(77) keV transition as the 2027 keV level is also 

depopulated by two E0 transitions with energies of 270 keV and 2027 keV. Since these 

E0 transitions were not directly observed in the data set, a total branching ratio of 

0.95(2) was set for the 734.30(77) keV transition taken from [41]. 

Table 5.3: Gates taken from below on the transitions that depopulate the 2111.85(21) 

keV level. 
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Figure 5.7: Gate taken on the 734.40(77) keV transition to show the observation of the 
85.08(33) keV transition. 
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Figure 5.8: Gates taken to the right and left of the 734.70(77) keV peak to show that the 
centroid of the observed 85 keV peak does not shift compared to the original gate. 
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5.3.2 Analysis of the 2225.34(19) keV Level 

 The BRγ values for the transitions that depopulate the 2225.34(19) keV level 

were determined with the gating from above method. The gate was taken on the 

304.02(33) keV transition, which populates the state via the 2528.86(21) level. In Table 

5.1 it can be seen that previously only an upper limit had been set on the intensity of the 

113.97(34) keV transition, but it was directly observed in the gate on the 302.02(33) keV 

transition from above, which allowed for the BRγ and intensity to be determined. The 

observed BRγ for the 468.83(39) transition is larger than what had previously been 

reported. This is the first time that this transition has been observed in the decay of 116Sn 

as the result of the β decay of 116In. It had only been observed previously from the 

electron capture decay of 116Sb isomers [42]. 

 

5.3.3 Analysis of the 2265.77(21) keV Level 

The BRγ values for the transitions that depopulate the 2265.77(21) keV level 

were determined with the gating from above method. The gate was taken on the 

100.18(33) keV transition, which populates the state via the 2365.67(24) level. 

 

5.3.4 Analysis of the 2365.67(24) keV Level 

The 2365.67(24) keV level is an isomeric state with a half-life of 348(19) ns, 

which is longer than the TDC coincidence-timing window of 248 ns that was used to 

create the γ-γ matrix. In order to analyze this level it was necessary to create another γ-γ 

matrix with a larger coincidence-timing window of 928 ns. The prompt peak selected 

from the germanium-germanium TDC difference was between channels 3980 and 4214. 

The background projections were taken from channels 7000 to 7116 and from channels 

8800 to 8916. Once the new γ-γ matrix was created, the BRγ values for the transitions 

that depopulate the 2365.67(24) keV level were determined with the gating from above 

method. The gate was taken on the 407.46(33) keV transition, which populates the state 

via the 2772.91(36) keV level. As is seen in Table 5.1, it was observed that the 
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1072.11(33) transition had a larger BRγ than was observed for the 100.10(33) keV 

transition, this is different than what was previously observed.  

 

5.3.5 Analysis of the 2390.56(22) keV Level 

The BRγ values for the transitions that depopulate the 2390.56(22) keV level 

were determined with the gating from above method. The gate was taken on the 

138.71(33) keV transition, which populates the state via the 2528.86(21) level. There 

had previously been reported a 165.72(10) keV transition [40] that depopulated this level 

that was not observed in this data set. It is not observed from above in the 138.71(33) 

keV gate nor from below on the gate on the 2225.11(33) keV transition. There is a small 

peak at 165 keV in the 931.39(33) keV gate, but it acts as scatter and shifts in centroid 

whenever the placement of the initial gate is slightly moved. 

 

5.3.6 Analysis of the 2528.86(21) keV Level 

The BRγ values for the transitions that depopulate the 2528.86(21) keV level 

were determined with the gating from below method, as there was not a strong transition 

that populated the state. The transitions that depopulate the 2528.86(21) keV level are 

listed in Table 5.4 alongside the transitions that were gated from below to determine the 

BRγ values. As is seen in Table 5.1, a BRγ for the 163.06(34) keV transition had not 

previously been reported from another measurement, so this is the first time that it had 

been observed. Also, the BRγ values for the 263.28(33) and 304.02(33) transitions are 

reported here with more precision than from the previous measurement. 
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Table 5.4: Gates taken from below on the transitions that depopulate the 2528.86(21) 

keV level. 

 

5.3.7 Analysis of the 2649.73(24) keV Level 

The BRγ values for the transitions that depopulate the 2649.73(24) keV level 

were determined with the gating from above method. The gate was taken on the 

395.97(33) keV transition, which populates the state via the 3045.57(22) keV level. 

 

5.3.8 Analysis of the 2800.70(22) keV Level 

The BRγ values for the transitions that depopulate the 2800.70(22) keV level 

were determined with the gating from below method, as there was not a strong transition 

that populated the state. The transitions that depopulate the 2800.70(22) keV level are 

listed in Table 5.5 alongside the transitions that were gated from below to determine the 

BRγ values. It can be seen in Table 5.1 that the BRγ values had not previously been 

reported for the 272.21(33) and the 410.37(11) keV transitions, so this is the first time 

that these values have been observed. 
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Table 5.5: Gates taken from below on the transitions that depopulate the 2800.70(22) 

keV level. 

 

5.3.9 Analysis of the 2908.69(38) keV Level 

The BRγ values for the transitions that depopulate the 2908.69(38) keV level 

were determined with the gating from below method, as there was not a strong transition 

that populated the state. The transitions that depopulate the 2908.69(38) keV level are 

listed in Table 5.6 alongside the transitions that were gated from below to determine the 

BRγ values.  

 

Table 5.6: Gates taken from below on the transitions that depopulate the 2908.69(38) 

keV level. 
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5.3.10 Analysis of the 2995.85(25) keV Level 

The BRγ values for the transitions that depopulate the 2995.85(25) keV level 

were determined with the gating from above method. The gate was taken on the 

100.92(33) keV transition, which populates the state via the 3096.30(19) keV level. The 

BRγ values are not in agreement with what had previously been observed, particularly 

the BRγ for the 195.13(34) keV transition, which is much smaller. These transitions were 

observed in a mixed gate that contained transitions from both the transition between 

2365.67(24) to 2265.77(21) keV levels and the 3096.30(19) to 2995.85(25) keV levels. It 

is possible that the peak areas of the transitions that depopulate the 2995.85(25) keV 

level are obscured by the Compton background created by the transitions that 

depopulate the 2265.77(21) keV level. This could account for the discrepancies between 

the observed and previously reported BRγ values. 

 

5.3.11 Analysis of the 3045.57(22) keV Level 

The BRγ values for the transitions that depopulate the 3045.57(22) keV level 

were determined with the gating from below method, as there was not a strong transition 

that populated the state. The transitions that depopulate the 3045.57(22) keV level are 

listed in Table 5.7 alongside the transitions that were gated from below to determine the 

BRγ values. From Table 5.1, it can be seen that there had not previously been BRγ 

values reported for the 395.97(33), 516.26(33), 679.93(33), and the 779.62(33) keV 

transitions. This is the first time that these values are being reported.  

 

5.3.12 Analysis of the 3096.30(19) keV Level 

The BRγ values for the transitions that depopulate the 3096.30(19) keV level 

were determined with the gating from below method, as there was not a strong transition 

that populated the state. The transitions that depopulate the 3096.30(19) keV level are 

listed in Table 5.8 alongside the transitions that were gated from below to determine the 
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BRγ values. There was a previously reported 730.7(3) keV transition [40] that 

depopulated this level, but it was not observed in this data set. As is seen in Table 5.1, 

the BRγ values for the 100.92(22), 295.94(33), 446.63(34), 870.94(33), and the 

1802.90(38) have not previously been reported. This is the first time that these values 

are being reported. 

 

Table 5.7: Gates taken from below on the transitions that depopulate the 3045.57(22) 

keV level. 

 

Table 5.8: Gates taken from below on the transitions that depopulate the 3096.30(19) 

keV level. 
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5.3.13 Analysis of the 3209.41(38) keV Level 

The BRγ values for the transitions that depopulate the 3209.41(38) keV level 

were determined with the gating from below method, as there was not a strong transition 

that populated the state. The transitions that depopulate the 3209.41(38) keV level are 

listed in Table 5.9 alongside the transitions that were gated from below to determine the 

BRγ values. Neither of these transitions have relative intensities reported as neither was 

visible in the singles spectrum and they could not be deduced from coincidences. 

 

Table 5.9:  Gates taken from below on the transitions that depopulate the 3209.41(38) 

keV level. 

 

5.4 Observed Electromagnetic Transition Rates 

 In order to determine the electromagnetic transition rates for transitions in 116Sn it 

is necessary to know the level lifetimes and the branching ratios of the transitions so that 

the equations listed in Section 4.7 may be used. Level lifetimes were not measured 

during this experiment, so previously reported values [35] were used along with the 

observed branching ratios to determine the transition rates.  Most of the level lifetimes 

for this nucleus have not been reported, which puts a limit on the number of transition 

rates that can be determined from this data set. The mixing ratios (δ) were taken from 

[35] and the internal conversion coefficients (α) were calculated using [43]. From this 

data set is was possible to determine 28 transition rates, two of which, for the 163.06(34) 

and 436.43(34) keV transitions, had not previously been observed. The observed 

transition rates are listed in Table 5.10 alongside previously reported values [35] for 

comparison.   
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Table 5.10: Observed transition rates for 116Sn compared to the values previously 
reported [35]. The mixing ratios (δ) were taken from [35] and the internal conversion 
coefficients (α) were calculated using [43]. The table is continued on the next page. 
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Table 5.10 cont. 
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5.5 Observed β- Feeding for the Population of States in 
116Sn from the β- Decay of the 116mIn (54.29m) 5+ Isomer 

 As the data in this experiment was taken in both beam-on and beam-off runs it 

was possible to determine the β- feeding of the 116mIn (54.29 m) isomer to states in 116Sn. 

The 116mIn (54.29 m) 5+ isomer is much longer-lived than the 1+ 116In (14.10 s) 1+ ground 

state, so there should not be any population of states in 116Sn via the short lived isomer 

in the beam-off data runs as it should have already decayed away. The germanium-

singles spectrum produced from beam-off runs exclusively was analyzed to determine 

the β- feeding from the 116mIn (54.29 m) 5+ isomer. The efficiency corrected intensities of 

all the transitions populating and depopulating each individual level in the 116Sn decay 

scheme were investigated to determine if there was any missing intensity populating the 

state. Any missing intensity would suggest that that state is populated by the β decay of 

the 116mIn (54.29 m) 5+ isomer. There were eight levels identified that were likely being 

populated: five 4+ states, one 3- state, and two 7- states. The intensity of feeding to each 

state was determined and then the logft values were calculated [44] to confirm that the 

type of β transition observed, either allowed or first forbidden, was in agreement with the 

logft value calculated. The selection rules for β decay as well as the logft formula are 

shown in Appendix F. 

Two new states were determined to be populated by the β- decay of the 116mIn 

(54.29m) isomer that had not previously been observed, all of which would be the result 

of a first forbidden β decay. The logft values calculated from the observed feeding 

percentages are in the required range of 6 to 10 to confirm that these states are 

populated by a first forbidden β decay. There is likely also feeding into the 3209.41(34) 

keV level, but absolute intensities for the transitions that depopulated that level could not 

be determined as they were not visible in the germanium-singles spectrum. The results 

of this analysis are presented in Table 5.11 in comparison to the previously reported 

values for Krane et al. [40]. The β feeding observed in this experiment is in good 

agreement with what was observed previously. 
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Table 5.11: Observed β- feeding for the β- decay of the 116mIn (54.29m) 5+ isomer to 
levels in 116Sn. 
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Chapter Six 

Discussion and Conclusions 

 

6.1 Examination of the Mixing of the Low-Lying Excited 
0+ States in 116Sn 

 The low-lying structure of 116Sn has often been described as a mixture of 

rotational intruder states and vibrational phonon states. There is a rotational band built 

upon the 02
+ state that is the result of increased p-n interactions due to a 2p-2h excitation 

across the Z=50 shell gap. The properties of this rotational band have been reproduced 

fairly well theoretically [16]. As 116Sn is an even-even nucleus, spherical in its ground 

state, and has an enhanced !(!2;   2!! → 0!!), it has been argued that there are phonon 

states present in its structure with the 21
+ state assumed to be the one-phonon state 

[18]. The 03
+ state has been assigned as the two-phonon 0+ state, but the observed 

!(!2;   0!! → 2!!)  is 98% smaller than what is predicted by the vibrational model. The 

only observed enhanced transition from an excited 0+ state to the one-phonon state is 

from the intruder 02
+ state, which would normally be considered a forbidden transition as 

the two states have completely different compositions.  

In order to explain the missing strength of the !(!2;   0!! → 2!!) and the enhanced 

strength of the !(!2;   0!! → 2!!), nearly maximal mixing between the intruder and phonon 

states would have to exist in order to create enough destructive interference between 

the two different wavefunctions to completely suppress the ! !2;   0!! → 2!!  and enough  
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Figure 6.1: Simple level scheme showing the 22
+ state directly populating the two low-

lying 0+ states. Energies are in units of keV. The widths of the arrows represent the 
relative B(E2) values in W.u. 

 

constructive interference between wavefunctions to enhance the !(!2;   0!! → 2!!). 

Attempts have been made to quantify the mixing that occurs between the two different 

types of states by analyzing the distribution of rotational character to the 02
+ and the 03

+ 

excited states [16]. It is believed that the 22
+ state holds the majority of the 2+ rotational 

character, as the 23
+ state does not decay by any enhanced transitions. As is seen in 

Figure 6.1, the 22
+ state directly populates both the 02

+ state as well as the 03
+ state, 

which shows that the rotational 0+ character is distributed amongst those two states as 

the 2!! → 0!! transition would be forbidden if the 03
+ state did not contain some rotational 

character. A ratio of !(!2;   2!! → 0!!) to ! !2;   2!! → 0!!  would show how much rotational 

character is distributed to each 0+ state. 

In early studies, the 2!! → 0!! 85 keV transition was difficult to observe because it 

is weak and low in energy, so its observation is obstructed by x-rays in the low energy 

region of a spectrum. An indirect measurement of the 85 keV transition resulted in a ratio 

of !(!2;   2!! → 0!!) to ! !2;   2!! → 0!!  equal to 1.3(5), which would suggest that about 

55% of the rotational character would be distributed to the 03
+ state and that 45% of the 

rotational character would be distributed to the 02
+ state [16]. This is in agreement with 

there being maximal mixing present between the rotational and vibrational states, which 

would be required to explain the inconsistent transition rates observed from the excited 
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0+ states to the 21
+ state. However, invoking maximal mixing between the phonon and 

intruder states cannot describe the entire decay scheme of 116Sn theoretically [17]. 

The 85 keV transition was directly observed in this data set in a gate taken from 

below on the weak 734 keV transition. The !(!2;   2!! → 0!!) was determined so that the 

ratio between it and ! !2;   2!! → 0!!  could be observed as can be seen in Eqn. 6.1. 

! = !(!!;  !!!→!!!)
!(!!;  !!

!→!!
!)
= 1.92(14)                                      (6.1) 

The observed ratio of 1.92(14) suggests that about 66% of the rotational character is 

distributed the 03
+ state and that 34% of the rotational character is distributed to the 02

+ 

state. This is different than what was previously observed and suggests that the mixing 

is not as maximal as once thought, but still quite strong. This result suggests that the 03
+ 

state has more rotational character than the 02
+ state, which has long been established 

to be a rotational intruder state. Perhaps it is possible that the 02
+ state is actually the 

true band-head for the rotational band. This would suggest that there might be another 

rotational band present built upon the 02
+ state that has yet to be observed. Also, if it is 

true that the 02
+ state is the band-head for the observed rotational band, then is it 

possible that there might be another rotational band built upon the 03
+ state that has yet 

to be observed? Maybe it has been overlooked as to whether or not the 03
+ state can 

also be populated in a two-proton transfer reaction and there could potentially be 

another intruder band present in the structure of 116Sn. 

 It would seem in the case of such strong mixing between the rotational and 

vibrational states, that there should also be other enhanced transitions that could be 

observed between the two different types of configurations. The transition rates 

observed in this data set do not indicate that there is any other strong mixing that occurs 

between intruder and phonon states besides those that are present between the 

deformed and ground state bands.  The rotational 42
+ state populates both the 23

+ two-

phonon state and the 22
+ intruder state, so the distribution of rotational character can 

also be examined in this case in a similar way as was done for the 0+ states, as is seen 

in Eqn 6.2. From the present work, this ratio is reported as 0.022 without quoting an 

error, as there are only lower-limits set on the B(E2) values for each transition.  
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! = !(!!;!!!→!!!)
!(!!;!!

!→!!
!)
= 0.022                                         (6.2) 

This result would suggest that about 2% of the rotational character is distributed 

to the 23
+ state and that 98% of the rotational character is distributed to the 22

+ state. 

This result is not consistent with the mixing that was observed between the two low-lying 

0+ states. It seems improbable that the rotational and vibrational configurations would be 

strongly mixed for the excited 0+ states, but weakly mixed for the excited 2+ states. 

 A recent study by Garrett et al. of the states in 110Cd has invoked a similar 

discussion [45]. In this nucleus it was also believed that there was maximal mixing 

between intruder and phonon states, such that the ! !2;   0!! → 2!!  would be enhanced 

and the !(!2;   0!! → 2!!) would be minimized. It was determined that there was a 

complete absence of mixing between the intruder and non-intruder configurations except 

for those that occurred for the ground state band. It was concluded that if there was 

mixing occurring between intruder and non-intruder states, it was unlikely that the non-

intruder states were phonon states. Perhaps this is also the case in 116Sn, and it needs 

to be investigated if invoking mixing between the intruder states and with another model 

would better reproduce the observed transition rates. 

 

 

6.2 Conclusions 

 The levels and transitions in 116Sn were investigated to examine the mixing that 

occurs between intruder and non-intruder states, and in particular the mixing between 

the low-lying 0+ states . A high statistics measurement of the β- decay of 116In to states in 
116Sn was studied with the 8π γ-ray spectrometer located at TRIUMF in July of 2011. 

From the data taken, 57 transitions were identified, 4 of which had never before been 

observed, and 19 that had not been previously seen as the result of the population of 
116Sn via the β- decay of 116In.   
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  From the observed electromagnetic transition rates, the ratio of !(!2;   2!! → 0!!) 

to ! !2;   2!! → 0!!  could be extracted such that the distribution of rotational character 

between the 03
+ and 02

+ states could be determined to be 1.92(14). This would suggest 

that 66% of the rotational character is distributed to the 03
+ state and that 34% of the 

rotational character is distributed to the 02
+ state. This is less evenly mixed than had 

been previously reported [16]. Based on the observed transition rates in this data set it 

would appear that the mixing between intruder and phonon-states is not consistent 

throughout the decay scheme. It is clear that each excited 0+ state has a rotational 

component from the observed enhanced transitions that populate each from the 22
+ 

level, but there is not any strong evidence to support the possibility that each of these 

states also has a phonon component.  

It is interesting to note that the data suggests that the 03
+ state has more 

rotational character then the 02
+ state. This is curious as the 02

+ state has long been 

established as the band head for a rotational band and the 03
+ state was originally 

thought to be vibrational in character. This result heavily suggests that the 03
+ state is 

likely not a phonon state. Perhaps it is possible that the character of each 0+ state is the 

result of 2p-2h excitations into two different orbitals. The character of the 02
+state has 

been shown to be the result of two protons being excited across the Z=50 shell gap into 

the g7/2 orbital, so perhaps the character of the 03
+ state is the result of two protons being 

excited into the d5/2 orbital. Due to poor energy resolution it is difficult to conclusively 

determine from the previously reported two-proton transfer results [12] whether or not 

the 2027 keV 03
+ state was also populated in the reaction. If it were to be populated, 

then it would suggest that there could be another rotational band present in the structure 

of 116Sn built upon the 03
+ state. In this case, the mixing that occurs in 116Sn would then 

be between two different intruder type configurations, as opposed to mixing between 

intruder and non-intruder configurations. It is clear that there is still more work that can 

be done towards a better understanding of the structure of 116Sn. 
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6.3 Future Work 

The experiment presented in this work was envisioned as a starting point of a 

systematic study to investigate the structure of the even-even 116-122Sn isotopes utilizing 

the β- decay of radioactive 118-122In beams. In light of the new results, the program will be 

proposed to continue with the newly built γ-ray spectrometer named GRIFFIN. GRIFFIN, 

the Gamma-Ray Infrastructure For Fundamental Investigations of Nuclei [46], will be 300 

times more efficient for γ-γ coincidence measurements compared to the 8π γ-ray 

spectrometer. This will allow for successful β decay experiments with radioactive beam 

yields at the level of one ion or less per second. It would also be interesting to 

reinvestigate the 116Sn nucleus with GRIFFIN to look for the possible existence of a 

second rotational band built upon the 03
+ state. 

Alternatively, such a program can also be performed at the Argonne National 

Laboratory close to Chicago with indium beams delivered by the CARIBU facility [47] 

using the fission of a 252Cf source, and the Gammasphere spectrometer [48], which 

consists of 110 Compton-suppressed HPGe detectors. 
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Appendix A  
 
m-Scheme for Phonon States 
Table A.1: m-scheme used to determine the spin and parity of the states in the vibrational 
model created when two quadrupole phonons are coupled together each with J=2. 
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Table A.2: m-scheme used to determine the spin and parity of the states in the vibrational 
model created when three quadrupole phonons are coupled together each with J=2. 
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Appendix B  
 
γ-decay Selection Rules 

When a nucleus is in an excited state it will de-excite by γ emission. The energy 

of the γ ray that is emitted is equal to the difference in masses of the initial state (!!) and 

final state (!!) with the recoil energy of the nucleus (Tr) also taken into account as is 

shown in Eqn. B.1 [3]. The initial and final states that participate in the γ-emission will 

have an associated angular momentum and parity, so 

!! = !! −!! !! − !!                                            (B.1) 

the emitted γ ray will need to have an angular momentum and parity such that both of 

these quantum properties are conserved. If the initial state has an angular momentum of 

Iiħ and the final state has an angular momentum of Ifħ, then the possible angular 

momentum of the emitted γ ray l is shown in Eqn. B.2 [6]. 

(!! − !!)ℏ ≤ ! ≤ (!! + !!)ℏ                                      (B.2) 

The angular momentum of the emitted γ ray is referred to as its multipolarity, and 

it needs to be at least equal to the difference of the angular momenta of the final and 

initial states. However, because angular momenta can couple together it is possible that 

the γ ray will carry a maximum angular momentum that is the equivalent of the sum of 

the angular momenta of the initial and final states. Typically the γ ray will carry the least 

amount of angular momenta possible. 

Each excited state in a nucleus has a specific nucleon composition that arises 

from either a nucleon excitation or from a collective excitation. A de-excitation from one 

state to another will usually require a rearrangement of nucleons, which will result in a 

movement of charge within the nucleus. If there is a transition that requires the 

movement of a proton from one orbital to another, then this will give rise to an electric 

field, whereas if there is shift in the direction of a proton orbital then a magnetic field will 

be generated. The parity of the γ ray emitted depends on the angular moment of the  
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Table B.1: Selection rules and multipolarities for stretched γ-ray transitions. 

 

transition and whether or not it is of an electric or magnetic type. The different types of γ-

ray transitions are listed in Table B.1. 
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Appendix C  
 
Energy Calibration Data Points 
Table C.1: Data used for energy calibration. Centroids were fit in the RadWare program gf3 
and the source energies for 133Ba, 152Eu, 56Co, and 60Co were taken from the Evaluated 
Nuclear Structure Data Files (ENSDF) [34]. The residuals are the difference between the 
energies fit with the linear fit reported in Table 4.1 and the reported energies from ENSDF. 

Source Centroid(keV) ENSDF Energy(keV) Residual 

133Ba 53.25(4) 53.1622(6) -0.094(4) 

 81.02(2) 80.9890(40) -0.031(2) 

 160.83(3) 160.6121(16) -0.23(3) 

 223.34(4) 223.2368(13) -0.12(4) 

 276.46(3) 276.3989(12) -0.085(5) 

 302.90(3) 302.8508(5) -0.073(3) 

 356.07(2) 356.0129(7) -0.016(2) 

 383.79(2) 383.8480(12) 0.024(5) 

152Eu 121.78(1) 121.7817(3) -0.018(2) 

 244.65(2) 244.6974(8) 0.027(5) 

 295.87(4) 298.9392(17) 0.045(4) 

 344.19(3) 344.2785(12) 0.088(3) 

 367.71(2) 367.7887(16) 0.053(2) 

 410.94(1) 411.1165(12) 0.142(14) 

 443.80(1) 443.9650(30) 0.131(11) 

 778.51(2) 778.9045(24) 0.334(7) 

 866.92(2) 867.3800(30) 0.392(15) 

 963.58(1) 964.079(18) 0.424(7) 

 1085.27(1) 1085.869(24) 0.518(10) 
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Table C.1 cont. 

Source Centroid(keV) ENSDF Energy (keV) Residual 

152Eu 1089.29(3) 1089.7371(5) 0.364(30) 

 1111.61(9) 1112.0760(30) 0.372(9) 

 1212.59(3) 1212.9480(110) 0.266(30) 

 1299.03(3) 1299.140(9) 0.012(30) 

 1408.11(1) 1408.0129(30) -0.207(7) 

56Co 1037.52(1) 1037.8333(24) 0.243(6) 

 1174.64(2) 1175.0878(22) 0.368(19) 

 1237.86(3) 1238.2736(22) 0.331(3) 

 1359.80(2) 1360.1960(40) 0.309(14) 

 1771.43(1) 1771.3270(30) -0.210(9) 

 2015.50(2) 2015.1760(50) -0.438(23) 

 2035.09(1) 2034.7520(50) -0.453(14) 

 2113.71(10) 2113.135(5) -0.733(100) 

 2213.63(10) 2212.9441(4) -0.852(100) 

 2599.25(1) 2598.4380(40) -0.941(12) 

 3010.55(8) 3009.645(4) -1.13(8) 

 3203.55(8) 3201.9299(110) -1.21(4) 

60Co 1173.19(2) 1173.2280(30) -0.060(3) 

 1332.66(4) 1332.4919(40) -0.264(4) 
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Appendix D  
 
Efficiency Calibration Data Points 
Table D.1: Data used for relative efficiency calibration. Peak areas were fit in the 
RadWare program gf3. All source relative intensities were taken from the Evaluated 
Nuclear Structure Data Files [35] and normalized to 10000 counts, except for 56Co, which 
was normalized to 100,000 counts. 

 

Source Energy (keV) Fit Peak Area NNDC Relative Intensity 

133Ba 53.1622(6) 14027(170) 345(5) 

 80.9890(40) 2126981(1624) 5729(53) 

 160.6121(16) 44475(360) 103(1) 

 223.2368(13) 26090(274) 73(2) 

 276.3989(12) 347771(627) 1154(7) 

 302.8508(5) 823112(940) 2955(18) 

 356.0129(7) 2440326(1641) 10000(30) 

152Eu 121.7817(3) 15982981(4137) 13620(160) 

 244.6974(8) 3234732(1909) 3590(60) 

 344.2785(12) 8746641(3048) 12750(90) 

 411.1165(12) 635142(862) 1070(10) 

 443.9650(30) 8380887(972) 1480(20) 

 688.6700(50) 162859(1051) 400(8) 

 778.9045(24) 2219407(2243) 6190(80) 

 867.3800(30) 668493(1157) 1990(40) 

 964.0790(180) 2138928(1786) 6920(90) 

 1112.0760(30) 1819214(1509) 6490(90) 

 1212.9480(110) 174254(821) 670(8) 

 1408.0129(30) 2305037(1714) 10000(30) 
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Table D.1 cont. 

 

Source Energy (keV) Fit Peak Area NNDC Relative Intensity 

56Co 846.7638(19) 26404894(5793) 100000(100) 

 1037.8333(24) 3175685(2537) 14060(40) 

 1175.0878(22) 459633(1113) 2253(6) 

 1238.2736(22) 13100244(4071) 66500(120) 

 1360.1960(40) 789242(1109) 4286(12) 

 1771.3270(30) 2261858(1803) 15420(60) 

 2015.1760(50) 397118(908) 3018(12) 

 2034.7520(50) 1015721(1254) 7774(28) 

 2212.9441(4) 46637(447) 388(4) 

 2598.4380(40) 1758080(1482) 16980(40) 

 3201.9299(110) 261622(667) 3211(12) 

 3253.4021(50) 632498(904) 7928(21) 

 3272.9780(60) 148703(415) 1877(10) 

 3451.1189(40) 71640(296) 950(10) 

60Co 1173.2280(30) 9545503(3486) 9987(3) 

 1332.4919(40) 8661533(3234) 10000(3) 
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Table D.2: Relative efficiency data points as given by the RadWare program EFFIT [36] for 
the data points listed in Table D.1. 
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Appendix E  
 
Gates Taken on the γ-γ Matrix Used to Determine γ-
branching Ratios  

Figure E.1: y-projection of the γ-γ Matrix. 



 

108 

Figure E.2: Gate on the 138.71(33) keV γ ray. 
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Figure E.3: Gate on the 355.63(33) keV γ ray. 
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Figure E.4: Gate on the 407.46(33) keV γ ray.  

 

 



 

111 

Figure E.5: Gate on the 417.01(33) keV γ ray.  
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Figure E.6: Gate on the 463.27(33) keV γ ray.  
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Figure E.7: Gate on the 931.39(33) keV γ ray.  
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Figure E.8: Gate on the 972.13(33) keV γ ray.  
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 Figure E.9: Gate on the 1096.75(33) keV γ ray. 
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Figure E.10: Gate on the 1292.80(33) keV γ ray.  
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Figure E.11: Gate on the 1506.96(33) keV γ ray.  
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Figure E.12: Gate on the 1703.07(34) keV γ ray.  
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Figure E.13: Gate on the 2111.89(33) keV γ ray.  
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Appendix F  
 
β-decay Selection Rules 

Nuclei will undergo β decay in an attempt to achieve a better balance of neutron 

number (N) and proton number (Z) while maintaining a constant mass number (A). 

There are three different types of β decay processes, β-, β+, and Electron Capture (EC). 

Each process is shown below in Eqn F.1, Eqn F.2, and Eqn F.3 respectively. Each will 

create a daughter nucleus in an excited state that will de-excite by emitting γ-rays. 

!!! ! ⟶ !!!!
! !!! + !! + !!                                            (F.1) 

!!! ! ⟶ !!!!
! !!! + !! + !!                                            (F.2) 

!!! ! + !! ⟶ !!!!
! !!! + !!                                            (F.3) 

β- decay will cause a neutron to be converted into a proton, and both β+ and EC 

will cause a proton to be converted into a neutron. Since β decays are a manifestation of 

the weak force there are many different variables that need to be conserved, including 

mass, charge, and lepton number. The appearance of a neutrino (or antineutrino) in 

Eqn. F.1, Eqn F.2, and Eqn. F.3 is necessary to conserve lepton number. 

 As with any nuclear process, each different type of β decay has an associated 

Q-value, which represents the energy available for the process to occur. The equations 

to determine the Q-values for β-, β+, and EC can be seen in Eqn. F.4, Eqn. F.5, and Eqn. 

F.6 respectively [6]. Here !! is the mass of the parent nucleus, !! is the mass of the 

daughter nucleus, and !! is the rest mass of an electron. The energy that is originally 

held in the parent nucleus is distributed amongst the products of the β decay, but since 

the neutrino (or antineutrino) is massless for the most-part, a majority of the  

!!! = (!! −!!)!!                                                  (F.4) 

!!! = !! −!! !! − 2!!!!                                          (F.5) 

!!" = (!! −!!)!!                                                  (F.6) 
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energy is given to the daughter nucleus and the resulting electron (or positron). After a 

β-decay process occurs the daughter nucleus will usually have an excess of energy and 

be in an excited state. It will de-excite by emitting γ rays, which are can be used as 

insight as to the nuclear structure of the daughter.  

Angular momentum and parity also need to be conserved whenever a β decay 

process occurs, meaning that it is not possible for the parent nucleus to populate all of 

the various levels in a daughter nucleus, so there are selection rules that need to be 

followed. The transitions that are more likely to occur are known as allowed transitions, 

and those that are less likely to occur are known as forbidden transitions. It is often the 

case that experimenters will try to relate the !! ! of the decay with the “forbiddenness” of 

the transition. The quantity on the left side of Eqn. F.7 [6] is known as the comparative 

half-life and is used to compare β-decay probabilities. Here !  is the nuclear matrix 

element representing the decay constant, ! is the strength parameter, and me is the  

!"! ! = !" 2 !!!ℏ!

!! ! !!!
!!!

                                               (F.7) 

mass of an electron. Since the !! ! of different β decays can span a very large range, 

the “ft value” is normally reported as logft. The angular momentum and parity selection 

rules are given in Table F.1 along with the accepted logft values for each type of 

transition. 

 

Table F.1: Selection rules and logft values for β-decay transitions with varying forbiddenness. ΔJ 
shows the allowed change in angular momentum and Δπ shows whether or not a change in 
parity is allowed. 

 


