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Abstract

During a nuclear reactor’s normal operation, approximately 7-8% of the total heat produced is due
to delayed β-decay of the initial fission products, and is known as decay heat. Once a reactor is
shut down this decay heat contributes 100% of the heat produced by the fuel. Total absorption
γ-ray spectroscopy utilises a near 4π geometry with a high efficiency to collect γ rays produced
from a source placed in its centre. This total absorption can be used to determine the β-feeding
levels of fission fragments that have large Qβ values. Conventional methods using HPGe detect-
ors to determine β-feeding can be affected by the “Pandemonium effect”. This occurs due to the
low detection efficiency of high-energy γ rays in HPGe detectors. Current decay heat calcula-
tions predict lower values than calorimetry measurements and this needs to be addressed. An
experiment was carried out in Jyvaskyla to measure the β-feeding levels of key nuclei (86Br,91Rb
and 94Sr) for decay heat calculations using a BaF2 Total Absorption Spectrometer (TAS). This
thesis describes the experimental method, the calibration of the TAS and, the analysis procedure
to obtain the average mean γ ray and β particle energy for each isotope as well as the β decay
strength function. The final results from this work have provided new mean energy values for
the β decays of 86Br (Eγ=3822(6)(54) keV Eβ=1670(4)(28) keV) and 91Rb (Eγ=2788(5)(29) keV
Eβ=1330(3)(22) keV) showing that the “Pandemonium effect” was present in the previously re-
corded data and a reduced uncertainty was obtained for the decay of 94Sr (Eγ=1472(9)(15) keV
Eβ=826(5)(6) keV). The results have given increased validity to previous TAS measurements by
Greenwood et al. and subsequently questions work by Rudstam et al. on the measurements of
β-particle and γ-ray spectra of many fission fragments.
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1 Introduction

Discoveries in nuclear physics have helped create a range of technologies including modern day

healthcare and power production to name but a few. Along with these creations of new technologies

many fields of physics have expanded from these initial discoveries, such as nuclear physics, nuclear

astrophysics and particle physics. The field of nuclear physics would not exist without Henri

Becquerel’s discovery of radioactivity in 1896 [1]. The discovery of radioactivity and work by

Ernest Rutherford [2] helped Niels Bohr define the basis of the contemporary atomic model [3]

defining the basics of many physical properties including structure of nuclei, α, β and γ decay.

Although the basis of many processes in nuclear physics have been described and are well docu-

mented, there are still many important questions that are being explored theoretically and experi-

mentally, such as the search for new super heavy elements, the study of meta-stable excited states

or isomers and the search for nuclear magic numbers [4, 5, 6].

1.1 Motivation

A nuclear incident in Japan on 11 March 2011, at the Fukushima Daiichi nuclear power plant, oc-

curred after a 9.0 magnitude earthquake and subsequent tsunami. This incident caused destruction

to the power plant, stopping cooling systems. Although power production was promptly halted,

the heat produced from decay heat was causing degradation to the containment of the uranium

based fuel. Due to a lack of primary cooling, the temperature of the fuel rods and the reactor core

increased causing a hydrogen explosion at the plant, damaging the containment [7]. This can be

considered an example of the relevance of the decay heat. Greater knowledge of decay heat from

the nuclear fuel could have provided better safety plans to be formalised, perhaps reducing the risk

of an incident like this occurring with such devastating effects in the future.

1.1.1 Decay Heat

Nuclear fission of uranium produces large numbers of different radionuclide species [8]. Commercial

nuclear reactors can produce approximately 1040 different nuclides with the large majority being

unstable against radioactive decay [9]. The energy released from these decays within the reactor

1
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fuel is known as decay heat. During operations in thermal fission nuclear reactors, approximately

8% of the total heat produced in the reactor is due to decay heat and this contribution must be

factored into the energy production [10]. Decay heat is the sole source of heat from the fuel in the

absence of fission and therefore is extremely important in reactor design, irradiated fuel operations

and storage.

Decay heat has three components: heavy particles (HHP ), light particles (HLP ) and photons (HEM).

Heavy particles are defined as neutrons, protons, α particles and spontaneous fission fragments,

whereas light particles are defined as electrons, positrons, Auger electrons and conversion electrons

[11]. These are sometimes referred to collectively as “Betas”. Photons are defined as γ rays, X-

rays, bremsstrahlung and annihilation radiation [11]. Data from evaluated nuclear databases such

as JEFF 3.1 (Joint Evaluated Fission and Fusion File) [9] can be used in Burn-Up codes [12] to

calculate the actinide and fission-product inventories for a specified condition of reactor operation

as a function of the cooling period. The decay heat can then be derived by summing the decay

energies from the emitted heavy particles, light particles and photons weighted with the activities

of the produced fission products (M):

HHP (t) =
M∑
i=1

λTi Ni(t)E
i
HP (1.1)

HLP (t) =
M∑
i=1

λTi Ni(t)E
i
LP (1.2)

HEM(t) =
M∑
i=1

λTi Ni(t)E
i
EM (1.3)

E, λT and N represent the mean average energy released per disintegration, the total decay constant

for the nuclide and the number of the nuclides present respectively. The decay heat has also been

experimentally measured by calorimetry thus providing an opportunity to test the accuracy of the

nuclear datasets [13].

A discrepancy is found between the calorimetry data and the theoretical model developed using

the nuclear dataset (see figure 1.1). This discrepancy is thought to be due to incorrect β decay

data and more specifically missing β feeding to higher-lying levels in some key nuclei (see [15]).

The decay spectroscopy of many fission fragments has been carried out using high-resolution γ-ray

spectroscopy, due to the simplicity of this technique [16, 17]. The application of high resolution γ ray
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Figure 1.1: Decay heat produced by photons from 235U thermal fission, comparing Tobias calorimetry
data to JEFF database data and the improvements made by recent TAS measurements. Image
produced by Mills [14], data taken from [15, 9].

measurements to quantify the individual β decays in some nuclei can suffer from the pandemonium

effect (see section 2.3) resulting in the incorrect assignment of β feeding to low-lying levels in the

daughter nucleus [18]. This results in a systematic error in the deduced mean β-particle and γ ray

energies, thereby affecting the decay heat calculations.

1.1.2 The Nuclei of Interest

Work presented for this thesis will show the use of total absorption spectroscopy to measure the β-

decay strength functions of the fission fragment nuclei 86Br, 91Rb and 94Sr. The main motivation to

measure these isotopes comes from the recommendation from references [11, 19] that contemporary

isotope decay data is affected by the pandemonium effect, producing false β strength values. As

well as an increase in the accuracy of the β strength function, such data will also provide more

accurate information on the expected anti-neutrino production in nuclear reactors. The low, but

finite, interaction probability of neutrinos provide an unique opportunity to externally monitor a

reactor at a distance by studying the neutrino/anti-neutrino spectrum produced [20]. This non-

destructive external monitoring can provide covert information about the reactor’s operation and

can be used to enforce the non-proliferation of nuclear weapons. An outcome of an accurate reactor

neutrino/anti-neutrino model of military interest would enable efficient detection and identification

of any nuclear reactor close enough to the detector, possibly including ones hidden on nuclear

powered submarines. Along with the applicable reasons for remeasuring these isotopes, the data
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also provide basic nuclear structure information which can help with the understanding of the

evolution of rapid shape change in neutron-rich nuclei with Z ∼ 40 and A ∼ 100 [21, 22].

86Br was long known to be a fission product from reactors but due to poor separation techniques

its β decay to 86Kr was not measured until 1962 by Stehney et al. [23]. This study utilised the

neutron bombardment of enriched 86Kr followed by chemical separation leading to the discovery

of a complex β end point. Further studies by Williams et al. [24] improved the β particle and γ

ray data collected, increasing the accuracy of the β end point and proposed an energy level decay

scheme. This second work used the chemical separation of the selenium precursor due to difference

in the 86Br (T1/2 =55.1 s) and 86Se (T1/2 =14.3 s) half-lives [25]. Similar measurements [26, 27, 28]

have been collated with these original measurements to produce the currently accepted energy level

scheme in nuclear decay databases [9, 25].

Decay heat studies by Yoshida [19] and a review by the NEA (Nuclear Energy Agency) [11] have

highlighted 86Br, as a priority 1 nuclei to be remeasured by total absorption γ-ray spectroscopy

to correct any erroneous data due to the pandemonium effect. This NEA priority list contains all

isotopes that are thought to either have a big impact on the decay heat (thus low uncertainty is

required) or currently have a large recorded (or suspected) uncertainty resulting in its measured

uncertainty propagating into the total mean decay heat energy.

The current 86Br→86Kr decay data in ENSDF (Evaluated Nuclear Structure Data File) was last

evaluated in 2001 [29] but since, then high precision mass measurements by Rahaman et al. [30] have

resulted in a re-evaluated Qβ-value of 7632(4) keV, a correction of 6 keV. A different measurement

by Porquet et al. [31] measuring high-spin excitations gives good evidence that the ground state of
86Br is more probable to be a Jπ = 1− state rather then the Jπ = 2− state reported in the evaluation.

The most resent ENSDF evaluation of excited levels of 86Br (not its decay) last evaluated in 2011

[25] revises this ground state giving a tentative Jπ = 1− ground state. A subsequent measurement

of 86Kr(n,n′)86Kr has been performed by Fotiades et al. [32] provides multiple levels and joint γ

ray transitions not seen in the previously recorded ENSDF data.
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86
35Br51

1−

β−

86
36Kr50

0+

Qβ=7632(4) keV
T1/2=55.1(4) s

Ēγ=3297(156) keV
Ēβ= 1944(345) keV

STABLE

Figure 1.2: Simplistic overview of the previously recorded information for the β decay of 86Br.

91Rb was first identified in 1951 by Kofoed-Hansen et al. [33] from the decay of krypton isotopes

and was found to undergo β− decay. Further studies of the β decay of 91Rb and the level structure of

its daughter 91Sr have been performed, [34, 35, 36, 37, 38] giving a very complex β decay structure.

The current 91Rb→91Sr decay data in ENSDF was last evaluated in 2013 [39]. The decay of 91Rb

can also occur via β-delayed neutron emission transmuting to 90Sr, but due to the extremely small

branch (0.00002%), this decay will be effectively excluded from this work.

Although 91Rb is not a NEA priority 1 isotope to be remeasured for decay heat, like 86Br, the

recorded decay of 91Rb has a strong impact on the recorded values for many other mean decay

energies of fission fragments. This link is through work by Rudstam at. al [40] who measured

the mean decay energies for many short lived fission fragments, via beta and gamma spectra

measurements. Rudstam at. al’s work expanded the then current known range of mean decay

information using a gamma and beta detector set-up that was calibrated with the decay of 91Rb.

This calibration used the assumption that the decay of 91Rb contained no significant/obvious

pandemonium effect. If this assumption is found to be incorrect the recorded values of many other

fission fragments may be erroneously recorded.
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91
37Rb54

3/2−

β−

91
38Sr53

5/2+

Qβ= 5907(9) keV
T1/2= 58.4(4) s

Ēγ= 2708(76) keV
Ēβ= 1370(44) keV

91
39Y53

β− T1/2 = 9.63 hours

91
40Zr51

β− T1/2 = 58.51 days
STABLE

n,β−
90
38Sr52

0.000020319%

Figure 1.3: Simplistic overview of the previously recorded information for the β decay of 91Rb.

94Sr was first discovered in 1959 by Knight et al. [41] from the irradiation of 235U by neutrons

in the Los Alamos water boiler reactor separating out strontium isotopes via chemical separation.

Experimental work [42] has provided discrete decay data for 94Sr. The current 94Sr→94Y decay

data in ENSDF was last evaluated in 2006 [43].

94
38Sr56

0+

β−

94
39Y55

2−

Qβ= 3508(8) keV
T1/2= 75.3(4) s

Ēγ= 1427(13) keV
Ēβ= 833(10) keV

94
40Zr54

β− T1/2 = 18.7 minutes
STABLE

Figure 1.4: Simplistic overview of the previously recorded information for the β decay of 94Sr.

Previous total absorption γ-ray spectroscopy work was performed on 91Rb and 94Sr by Greenwood

et al. in 1997 [44] and this is included in the ENSDF database as reference, but is not used in the

adopted β decay scheme. Due to the difference in technology and technique used in the analysis

of the TAS data, the remeasurement could provide validation of both methods and thus validate a

large amount of other data collected by Greenwood et al. A summary of the previously reported



1.2. THESIS OUTLINE 7

data on 86Br, 91Rb and 94Sr are summarised in Table 1.1 and full, current decay level schemes can

be found in Appendix D.

Parent Daughter β− Decay Information
Isotope Z N Jπ Isotope Z N Jπ Qβ [keV] T 1

2
[s] Eβ [keV] Eγ [keV]

86Br 35 51 1− 86Kr 36 51 0+ 7632(4) 55.1(4) 1943(345) 3297(156)
91Rb 37 54 3⁄2− 91Sr 38 54 5⁄2+ 5907(9) 58.4(4) 2706(27) 1368(14)
94Sr 38 56 0+ 94Y 39 56 2− 3508(8) 75.3(2) 833(6) 1427(11)

Table 1.1: Previously reported information on the isotopes to be studied from [25]. The decay on
ground state spins / parities (Jπ) and information of Qβ value, Half life (T1/2), the mean average
β-particle (Eβ) and γ ray energy (Eγ) produced for the decay taken from [9].

1.2 Thesis Outline

The second chapter of this work describes some of the theoretical background of, or associated with,

β decay, the nuclear structure effects which gives rise to decay heat issues and the technique of total

absorption spectroscopy. The third chapter introduces the experimental equipment, procedure,

calibration methods and preparation of the collected data. The fourth chapter presents information

on the alteration and optimization of the Monte Carlo model used in this work. Chapter Five

describes the approach taken to solve the inverse problem and an overview of the analysis technique.

Chapter Six provide more details of the analysis of 86Br, 91Rb and 94Sr and final results. The final

chapter summarises the presented work and gives a future outlook.



2 Theoretical Background

2.1 Nuclear Fission

German scientists Otto Hahn and Fritz Straßmann discovered nuclear fission (1938) while trying

to create transuranic elements by bombarding uranium with neutrons [45, 46]. Their discovery was

not the heavy elements that they expected, but several unidentified products. The discovery that

these unidentified products were lighter than uranium proved that they had “split the atom”.

The basics of nuclear fission is the separation of heavy atoms into two (or more) smaller constituents.

This is energetically possible if the energy released from splitting the atomic nucleus is more than

the energy needed to create the products. The energy contained within the mass of a nucleus

can be expressed in terms of the mass of protons and associated electrons (mH= the mass of the

neutral hydrogen atom) and the neutrons (mn) minus the binding energy (BE) holding this system

together.

M(A,Z) = ZmH +Nmn −
BE(A,Z)

c2
. (2.1)

This binding energy can be thought of as the mass difference between the masses of the constituent

parts (neutrons and protons) and the final nuclear mass. High resolution measurements of the

masses of nuclei, by for example storage ring [47] or penning trap experiments [48], can provide

the information needed to calculate these binding energies to high accuracy. As well as uranium,

it was found that some isotopes of other heavy elements around this mass region, such as Pu are

fissionable when bombarded by neutrons.

Induced fission of high mass nuclei can occur when the deformation of the nucleus increases the

Coulomb repulsion between the charged protons in the nucleus to be greater than the attractive,

short range nuclear force holding the nucleus together. This imbalance of forces in the nucleus,

move it past the fission barrier to the “scission point” resulting in its division into two (or more)

parts, known as fission. In contrast spontaneous fission can also occur if the nucleus “tunnels” from

its grounds state through the fission barrier to its “scission point”, analogous to alpha decay [49].

8
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Nuclear Power

In 1942 Enrico Fermi supervised the creation of the first man-made fission reactor [50] and only 12

years later in 1954 the first commercial reactor Obninsk was operational in Russia [51]. The basic

tenets of nuclear reactors are to utilise the energy released from nuclear fission and convert it to

heat, which in turn is used for generating electricity, as with conventional fossil fuel powered plants.

Using a fuel such as Uranium-235 (235U) provides a self-sustaining reaction because it produces

enough neutrons from each reaction to initiate further reactions. Nuclear power generation has the

advantage over conventional fossil fuel power stations of having low CO2 production and a high

yield to fuel ratio. One of the main disadvantages of nuclear reactors over fossil-fuel-based power

generation is the production of radioactive nuclear waste such as fission fragments and their decay

daughters, and the transuranic radionuclides formed following neutron capture on the uranium fuel.

Currently 13.5% of the world’s electricity is produced via nuclear power and with the increasing

demand for power across the globe and the limited fossil fuels, this figure is likely to rise [52].

Fission Yields

The fission fragment products of U, Pu fission range in mass but their total combined number of

nucleons (A) can not exceed the initial number [53]. The division of the initial nuclei into two

fission products means that the mass distribution of the two fragments might naively be expected

to be approximately symmetrical around half of the initial mass. The mass distribution from fission

is however not random, and is effected by the stability of the fission fragments. The population

of each fission fragments is related to their proximity to shells closures (for protons or neutrons)

N, Z = 50 and 82. The result of the shell closures drives the distribution of mass towards peak

distributions for 238U fission at A= 95 and 140. In practice, some neutrons (typically 2-3) are also

released in the thermal fission process, but this has only a small effect on the mass distribution.

The distribution of fission products for various nuclear reactor fuel choices is shown in Figure 2.1.

The distribution clearly shows a similarity in the yield of products produced by each of the fuels,

showing a common maximum at A= 140 corresponding to the N=82 shell closure.

Virtually all of the primary nuclear fission products are radioactively unstable and will undergo

further radioactive decay towards nuclear stability. These decays will continue until a stable isotope

is reached. This succession of decays is known as a “decay chain”. It is important that all of these

decay chains are taken into account when investigating the final products of fission. Nuclear power

reactors are designed in general to use one type of fissioning fuel and therefore, utilise different fuel
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Figure 2.1: Fission yields for neutron induced and spontaneous fission for common nuclear fuels, data
taken from [9].

cycles. All reactor designs burn fuel until a certain fraction is used, creating radioactive nuclear

waste. Some reactors designs are made to “breed” 233U/239Pu fuel for use in other reactors, or for

nuclear weapons material. More efficient reactor designs can use reprocessed fuel, thereby utilising

previously discarded waste [49]. Each type of reactor will produce some amount of radioactive

waste, because some of the constituents are long-lived, storage is needed until the waste is deemed

safe [54].

2.1.1 Nuclear Data

Many theoretical nuclear models are highly dependent on experimental data due to currently un-

defined phenomena within nuclear physics. Due to the array of different possible properties to

measure, large amounts of data need to be recorded. Experimental information about nuclei is

needed in many areas such as academic research and industry, including commercial nuclear power

stations, healthcare and non-destructive testing. In the example of commercial nuclear reactors,

the data is not needed simply to optimise heat production, but also since key information of the

reactor fuel content or waste is required. The information of the constituent isotopes in the reactor

or waste enables accurate evaluation to be made for safety and power plant design.
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Specifically, knowledge of the decay chains and yields from the thermal neutron-induced fission

sources enables detailed models to be designed to quantify the most important isotopes within a

fission reaction with regards to the generation of decay heat and waste. Whilst academic funda-

mental nuclear structure research may require cutting edge measurements so that they can decide

its validity, other areas require more regulated results. Most nuclear databases are compiled from

validated experimental data, with validation parameters being dependent on each database. Each

type of database optimises the validation parameters to collate all appropriate data to facilitate its

specific design.

There are a number of different nuclear databases; some of these libraries are maintained by a single

country e.g. JENDL [55] (Japanese Evaluated Nuclear Data Library) and others are part of larger

international collaborations such as JEFF (Joint Evaluated Fission and Fusion File), which is an

evaluated library under the auspices of the NEA (Nuclear Energy Agency) data bank. The ENSDF

(Evaluated Nuclear Structure Data File) [25] database is one of the repositories for fundamental

nuclear structure information and as such contains energy level schemes and decay information

about a wide range of radioisotopes. Other databases, such as JEFF, contain this data in a more

applicable format for use with large models of a particular system, such as a fission reactor. These

libraries contain thermal neutron scattering, neutron reaction, and incident proton energy data

for transport calculations, as well as special purpose files with radioactive decay, activation and

fission yield data [9]. The variety of the databases reflects the specific needs for different types of

data. Each database uses different criteria for the inclusion of theoretical and experimental data.

Some of the evaluation processes utilise theoretical models to provide a prediction for missing

data points. The TENDL (TALYS-based Evaluated Nuclear Data Library) utilises a “Total Monte

Carlo” (TMC) method to determine the optimum data points to be included. This TMC utilises

a Monte Carlo transport code iterated with a range of inputs from different databases and then

compares the results to known benchmark results, enabling the optimum input to be selected.

2.2 Beta Decay

In 1899, Ernest Rutherford differentiated between α and β decay by their penetration though

matter. It was later discovered that this β decay particle was an electron [56]. It was not until 1931

that Pauli theorised that β decay was in fact a three bodied process producing an electron and an

anti-neutrino [57]. Neutrinos have a very low reaction probability with matter resulting in a low

detection probability. The neutrino was therefore not measured until 1956 by Reines and Cowan
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[58]. Now it is well documented that β decay is the transformation of a neutron to a proton or a

proton to a neutron which can occur by the following schematic paths:

XAZ N −→ YAZ+1 N−1 + e
− + νe (β−) (2.2)

XAZ N −→ YAZ−1 N+1 + e
+ + νe (β+) (2.3)

XAZ N + e− −→ YAZ−1 N+1 + νe +Xray (EC) (2.4)

where e−, e+, νe, νe are an electron, positron, electron-neutrino and an anti-electron-neutrino

respectively. X and Y represent nuclei with atomic number A, proton number Z (or Z ± 1) and

neutron number N (or N∓1) respectively [49]. Positive β decay (β+) and electron capture (EC) are

competing processes, for a proton transition to a neutron in a bound nuclear state. In comparison to

β+-decay, EC occurs by capturing an orbital electron followed by the emission of a mono-energetic

x-ray [59].

Half-Life Radioactive decay is a stochastic process and as such the prediction of the decay of a

single atom is impossible. However, because it is a quantum process, the probability of the decay

occurring over a time period is finite. The decay rate for a large number of radioactive atoms can

be described modelled by an exponential decay and quantised by a decay constant λ, where λ is

defined by:
dN
dt

= −λN (2.5)

for time t, and number of decaying atoms N . The half-life is the time for half of a number of atoms

to decay, or simply t = T1/2 = ln(2)/λ. When looking at a decay chain such as the 238U series [60],

where the number of atoms is fed from a parent decay but decreased by its own decay, the system

becomes more complex. Bateman [61] showed that it is possible to determine the population of

each isotope in a decay chain at a time t.

N1

t
= −λ1N1(t)

Ni
t

= λi−1Ni−1(t) +λiNi(t) (i=2,...,n) (2.6)

where N1 is the number of parent atoms with decay constant λ1 and Ni is the number of daughter

i atoms at time t with decay constant λi .
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Q Value

The Q value of a reaction is the net (binding) energy released. In terms of β decay it is the

difference in the total mass of the system before and after the decay. The simplest example of β

decay, a neutron (n) decaying into an proton (p), electron (e) and anti-electron-neutrino (νe) can

be described schematically by:

n −→ p+ e− + νe. (2.7)

Within particle physics, β decay can be described as the weak interaction (via the W − boson)

between an up (u) and down (d) quark, explained in its simplest form by this Feynman diagram

[49]:

W −

e
νe

d
d
u

u
d
u

np

The conservation of total mass-energy means the Qβ value can be calculated for the decay using

the masses of the neutron (mn) proton (mp), electron (me) and anti-electron-neutrino (mνe) in the

equation:

Qβ =(mn −mp −me −mνe )c
2 (2.8)

=0.782MeV −mνec
2

Taking the neutron to be at rest and using the assumption that the recoil energy of the proton

is negligible, the Qβ-value energy is split between the electron and neutrino. This distribution

of energy makes the Qβ-value of β decay difficult to detect just from the β-particle.1 When the

energies from multiple β-particles are collected, it is possible to extract the Qβ-value from the end

point energy (the highest energy collected by a β-particle).
1Unlike α-decay where the full energy is released into the kinetic energy split between the alpha particle and the

recoiling heavy nucleus which can easily be calculated.
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The Q-value for each of the decay modes are given by:

Qβ− =[m( XA )−m( YA )]c2 (2.9)

Qβ+ =[m( XA )−m( YA )− 2me]c2 (2.10)

QEC =[m( XA )−m( YA )]c2 −Bn (2.11)

where Bn, m(X) and m(Y ) are the binding energy of the captured nth shell electron, the atomic

mass of Y, and the atomic mass of X respectively [49].

Mass Difference

The difference in the mass of a nuclei and the constituent parts (neutrons and protons) is the result

of binding energy. Comparing the mass of isotopes with the same atomic number (isobar) results

in the comparison of stability (taking the mass of proton to be approximately that of a neutron)

where the lowest mass occurs due to an increased binding energy. Plotting mass against proton

number for a set of isobars results in a mass chain, where each isotope can decay via β− or β+/EC

towards stability, although other processes (such as α decay) may be more dominant than these

β decays in some cases. Protons and neutrons are fermions and thus obey the Pauli exclusion

principle. The result of this is seen by the difference between the even-mass isobars in Figure 2.2

and the odd-mass isobar chain in Figure 2.3 [62]. Due to the pairing of nucleons in the even-mass

case, it is energetically possible for 86Rb and 94Nb to decay via β− or β+, resulting in two (quasi)

stable elements for each mass chain, whereas for the odd mass A=91 chain, a single element (Zr) is

the most stable. When energetically possible, double-β decay can occur, where by two β− (or β+)

particles are released enabling a ∆Z=2. This double-β, could, in theory occur between the (quasi)

stable 86Kr and 86Sr bypassing 86Rb [49], but this is as yet unmeasured.

2.2.1 Transition Rules

Beta decay (the weak nuclear interaction) is not only governed by conservation of total mass-

energy but also conserves angular momentum (spin, J) and parity (π). The rate of a β decay

can be summarised by a set of transition rules. A naive view of β decay might assume that there

is one possible decay from a parent to daughter nucleus but most nuclei have multiple transition

possibilities each with there own competing transition rates. Mixed with the transition rates are

also the probability of more complex decays such as double β decay and β delayed neutron or
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Figure 2.2: Mass parabolas for the even isobaric chains A= 86 and A= 94, highlighting the most
energetically bound isotopes of the A= 86 isobar 86Kr50

36
86Sr48

38 and for the A= 94 94Zr54
40 and 94Mo52

42.
Showing the parabolic curve created by plotting the mass of each isotope against proton number.
Isotope mass data taken from Japanese Evaluated Nuclear Data Library (JENDL) [55].
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Figure 2.3: Mass parabolas for the odd A= 91 isobaric chain, highlighting the most energetically
bound isotopes of the isobar 91Zr51

40. Showing the parabolic curve created by plotting the mass of
each isotope against proton number. Isotope mass data taken from Japanese Evaluated Nuclear Data
Library (JENDL) [55].

proton emission. For simplicity from this point on an electron will refer to electrons or positrons

and neutrino with refer to the anti-neutrino or neutrino respectively, unless specified.

In 1934 E.Fermi proposed a theory of β decay [63, 64] that still stands today. Fermi postulated

that the electron and neutrino were created within the nucleus and did not exist before the decay.

This implies that the initial nucleus state transforms into its final state plus electron and neutrino.

This transition can be calculated from the change in wavefunction of the initial and final states.

Starting with Fermi’s Golden Rule for the transition rates (Γ ) of quantum systems [65]:

Γ =
2π
ℏ
|Vf i |2ρ(Ef ) (2.12)
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where ρ(Ef ) is the density of states available to the electron and neutrino and Vf i is the matrix

element of the integral of V , the operator responsible for β–decay over the initial and final states.

When Fermi postulated this theory the mathematical form of V was not known. Today it is

possible to substitute in the wavefunctions of the initial ψi and final ψf state and the electron φe

and neutrino φν wavefunction [66, 67] :

Γ =
2π
ℏ
|⟨ψf φeφν |V |ψi⟩|2ρ(Ef ) (2.13)

The electron and neutrino created are not bound and can be approximated to have the usual

free-particle waveform. With momenta p and q respectively, their wavefunctions can be written as:

φe =
1√
A
e
i−→p ·−→r
ℏ φν =

1√
A
e
i−→q ·−→r
ℏ (2.14)

across the spherical volume A at radius r. The plane-wave approximation is considered to be good

for the neutrino due to its low interaction probability but the electron is distorted by the Coulomb

field and as such, can only be used for electrons at high energy. The allowed transitions can be

explained when pr ≪ 1 (and qr ≪ 1) as the expansion of the wavefunction of the electron and

neutrino reduce across the whole nuclear volume to φe =
1√
A

for the electron and φν = 1√
A

for

the neutrino. In this approximation, the only factor that remains dependent on the electron and

neutrino energy is the density of states.

To encompass all possible transitions one can use the nuclear matrix element Mf i , removing the

dependence on the electron and neutrino. The use of the nuclear matrix element produces the need

for a corrective Fermi function F(Z ′ ,p) where Z ′ is the number of protons in daughter and p the

linear momentum of the electron. This corrective term includes the effect of the Coulomb field on

the oppositely charged β+ and β− particles. The transition rate using the nuclear matrix element

follows the form [49]:

Γ =
g2|Mf i |
2π3ℏ7c3

∫ pmax

0
p2(Qβ − Te)2F(Z ′ ,p)dp (2.15)

where g is the decay strength and Te is the kinetic energy of the electron [53]. The g factor and

the F(Z ′ ,p) can be obtained using tabulated experimental results where:

g ≈ 0.9× 10−4MeV · f m3 (2.16)
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is obtained from the comparison of super allowed decays and F(Z ′ ,p) which can be found in look

up tables [68].

It is more common to express β decays in terms of f t values were t is the comparative half-life for

that decay and f is the Fermi integral, so that all the nuclear information is included [49]

f t = 0.693
2π3ℏ7

g2m2
e c4|Mf i |2

(2.17)

Formerly, the f t values where used to classify transitions into (unfortunately) named allowed trans-

itions and forbidden transition where forbidden rather means suppressed compared to an allowed

decay. By convention each transition can be defined as allowed, first forbidden, second forbidden,

... etc (see section 2.2.1). Due to the range in comparative half lives, f t values are normally shown

as log10(f t).

Gamow-Teller and Fermi Transitions

Beta transitions can be categorised by the angular momentum taken away by the electron and

neutrino. The parent nucleus with an initial spin Ji will decay to a state of final spin Jf (the

populated spin in the daughter nucleus), the orbital angular momentum L carried away by the

leptons and the vector sum S of the intrinsic spins of the electron and neutrino

Ji = Jf +L+ S. (2.18)

As fermions, leptons have half integer spin with the electron and neutrino both having s = 1
2 ,

resulting in the vector sum S = 0 (anti-parallel) or 1ℏ (parallel). From the vector sum of the

intrinsic spins each β-decay is classed as a Fermi transition (his original assumption) where S = 0

(anti-parallel spins) or a Gamow-Teller transition where S = 1ℏ (parallel spins). The measurement

of a spin/parity (Jπ) 0+ to 0+ transition enables a pure Fermi (F) transition to be measured, as this

can not be a combination with Gamow-Teller (GT) transitions since the change in spin (∆J) is 0ℏ

and only 0ℏ [10]. In many aspects the proton and neutron in the nucleus can be thought of as two

projections of the same particle due to their symmetric properties, due to the charge independent

strong force. When looking at the magnetic interaction, the nucleons can be thought of as two

states of a single particle (spin up = proton and spin down= neutron), this spin is defined as isospin.

The total isospin of a system T3 is the sum of the protons and neutrons isospins T3 = (Z −N )/2. As

β decay involves the transition of a proton/neutron to a neutron/proton it is clear that the isospin
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of this system will change. Using the definitions for Gamow-Teller and Fermi transitions it is then

possible to write the proton and neutron transition probabilities as:

B(F) = | < ψ∗f |τ |ψi > |
2 and B(GT ) = | < ψ∗f |στ |ψi > |

2 (2.19)

where τ is isospin and, στ is the spin–isospin operator. For most mixed F+GT transitions we can

now define the f t value as [10]:

f t =
K

g2VB(F) + g
2
AB(GT )

(2.20)

where gA and gV are the weak interaction axial vector and vector constants respectively and K is

a constant with the form [10]:

K =
2ln(2)π3ℏ7

m5
e c4

(2.21)

Allowed and Forbidden β Transitions

Each type of transition in β decay can be classed as allowed or forbidden depending on the change

of spin and parity between the initial and final states of the decay. The conditions for the allowed

and the first few forbidden transitions can be found in Table 2.1. As stated above, a forbidden

transition is possible, it is simply suppressed compared to an “allowed” decay, with the amount of

suppression increasing with the “forbiddeness”. This generally results in the least forbidden decay

dominating β decay. Nuclei far from the line of stability tend towards larger Qβ-values than nuclei

near stability. An increase in Qβ-value will also in general increase the average electron energy

emitted, resulting in a larger range of possible forbiddeness.

Type ∆π ∆J Example Approximate log(f t)

Allowed no 0,1 n −→ p (12
+ −→ 1

2
+
) 3.5-7.5

First forbidden yes 0,1,2 76Br −→ 76Se (1− −→ 0+) 6.0-9.0

Second forbidden no 2,3 137Cs −→ 137Ba (72
+ −→ 3

2
+
) 10.0-13.0

Third forbidden yes 3,4 40K −→ 40Ca (4− −→ 0+) 14.0-20.0

Fourth forbidden no 4,5 115In −→ 115Sn (92
+ −→ 1

2
+
) 21-...

etc ...

Table 2.1: β-decay allowed and forbidden selection rules [49]
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The example β decay of 208Tl to 208Pb is shown in Figure 2.4, with multiple transitions from the

parent to the daughter. This data collected in the ENSDF database [69] give log10(ft) vales to each

of the feed levels revealing possible transitions types. The spins and parity for this decay are known,

showing that most transitions from the Jπ = 5+ parent ground state occur via first forbidden decay

(decays to spin/parity 3−4−,5−,6− and 7− states) and only one transition via an allowed transition

to the 4323 keV level Jπ = 4+ state.
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Figure 2.4: Example of the β decay of 208Tl to 208Pb showing transition to different excited stated
in the 208Pb(daughter) nucleus. Image taken from ENSDF [69]

2.2.2 Kinetic Energy of β Particles

The energy created in each β transition, from parent to excited state in the daughter is released

as (kinetic) energy shared between the recoiling nucleus, β particle and neutrino. Rather than

determining the energy of a single β particle from a transition it is simpler to estimate the energy

distribution for each transition. The number (N ) of β particles with linear momentum (p) for a

transition can be approximated as [49]:

N (p) ∝ p2(Q − Te)2F(Z ′ ,p)|Mf i |2S(p,q) (2.22)

where Te is the β particles kinetic energy and S(p,q) is the shape factor with the additional mo-

mentum dependence of the electron and neutrino as a result of any forbidden transitions. This ap-

proximation accounts for the Coulomb effect for β+ transitions within the Fermi function (F(Z ′ ,p)).

Using this equation it is possible to approximate the shape of the kinetic energy distribution for
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allowed transitions (S(p,q) = 1) by randomly sampling momenta (p in units of mec) from [70, 71]:

N (p) = p2
√
1−α2Z2 ×

(
E −

√
1− p2

)2
× e±παZ

√
1+1/p2 ×

∣∣∣∣Γ (√1−α2Z2 ± iαZ
√
1+ 1/p2

)∣∣∣∣2 (2.23)

where E = 1 + Eβ/mec and Eβ is the maximum available β kinetic energy, Z is the daughter atomic

number, α is the fine structure constant (e/ℏc) and Γ is the complex gamma function [70]. This

equation can generate the kinetic momenta for β− with the ± set to + and set to − for β+ particles,

accounting for the differing effect of the Coulomb Force.

Figure 2.5 shows the expected shape for a fictitious allowed transition of β end point energy

1 MeV for a β− and β+-decay for a Z=40 (Zr) daughter nucleus. The shape difference between

the distribution is a result of the difference in change of the β particles and the effect of the

Coulomb Force on it.
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Figure 2.5: Example of kinetic energy distribution for one million allowed 1 MeV transitions for β−
(blue) and β+ (red) decays (with Z=40).

2.2.3 Beta Strength Functions

For β decays with large Qβ information is some times better shown as the β strength function (Sβ)

[70, 72]:

Sβ(Ex) =
Iβ(Ex)

f (Qβ −Ex,Z) · T1/2
(2.24)

where Iβ(Ex) is the direct β–feeding to a state of energy Ex, T1/2 is the β–decay half life of the parent

nucleus and f (Qβ − Ex) is the statistical Fermi function, from the kinetic energy distribution of
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the β particle shown above. The β strength function can be rewritten to account for the binning

energies for transitions producing [10]:

Sβ(Ex) =
1
T1/2

∑
Ex∈∆E

1
∆E

Iβ(Ex)

f (Qβ −Ex)
(2.25)

with and average energy binning of ∆E. The integral of the produced β strength function can then

be used to obtain the total f t value for a decay by:

f ttotal =
1∑

Ex
Sβ(Ex)∆Ex

(2.26)

2.2.4 Gamma Decay Selection Rules

It has been shown that β decay can populate excited levels in a nucleus above the ground state.

To de-excite these states, the nucleus can release discrete energy photons called γ rays or can pass

the energy onto an orbital electron and eject it through a process known as known as internal

conversion. Analogous with β decay, these decays have a set of selection rules to follow and have

different transition rates for each type of decay. A γ ray transition from an initial state, spin Jπi to

a final state, spin Jπf can be defined to produce a photon with a multipole order L where, by vector

addition,

|Ji − Jf | ≤ L ≤ |Ji + Jf | ( for L , 0 ). (2.27)

This order, L, defines the type of multipole (2L) so L = 1 is equivalent to a dipole, L = 2 a quad-

rupole and so on. Separate from the order a transition can be defined as electric or magnetic

nature, resulting in the terminology of XL, with X being electric (E) or magnetic (M) and L be-

ing the order. The available parity change (∆π) for electric transitions are defined as ∆π = (−1)L

whereas magnetic transitions have ∆π = (−1)L+1. As with the forbiddeness in β decay, increasing

the multipole orders decreases the transition probability. When more then one γ ray multipolarity

transition is permitted for a given transition, a mixing between transition modes is possible. Mixed

transitions are usually dominated by the lowest order multipole [49]. As with Gamow-Teller and

Fermi transitions it is possible to measure the electric and magnetic transition strengths by meas-

urements of transition rates. In the de-excitation of β decay it is expected that most decays will

occur via (prompt) E1, E2 and/or M1 transitions.
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Internal Conversion

As stated above, internal conversion (IC) is a competing process to γ ray emission in the decay of

bound nuclear states. The process of internal conversion is not a multiple stage process and thus

the characteristic energy Ee of the ejected electron can be defined.

Ee = Eγ −BEe (2.28)

where Eγ is the energy of decay transition (i.e. the competing γ ray energy) and BEe is the

binding energy of the electron that is emitted, with energy specific to the electron shell. Due to

the characteristic energy of conversion electrons, these particle energies can be identified easily in

β spectra as well defined peaks on top of the broad β continuum. One IC transition that does

not compete with γ decay is the (Jπ) 0+→ 0+ transition because it is impossible to have a γ ray

multipole of L=0, since a photon has an intrinsic spin of 1ℏ.

2.2.5 Nuclear Level Density

The level density of nuclei increases as excitation energy increases, due to a number of different

physical phenomena. The “reference input parameter library for theoretical calculations of nuclear

reactions“ (RIPL) contains experimental and theoretical data on level densities for many isotopes

and combined with the ENSDF database it is possible to extract the number of levels at each

nuclear excitation energy [73]. Data from Hartree-Fock-Bogoliubov (HFB) tables (e.g. [74]) can be

used to produce theoretical predictions of level density for specific isotopes. This prediction can be

optimised using experimental data giving a good fit of the level density against excitation energy

[75, 74].

It is possible to use generic mathematical models to fit the level density of a nucleus against

excitation energy, producing a smooth distribution over a selected energy range. The mathematical

form of each model can vary due to trying to fit different areas of the nuclear chart or trying to be

more specific to a set region. Previous analyses of TAS data have utilised the best fit from various

nuclear models (e.g. [76]) and this thesis will concentrate on four models described below, enabling

the best fit of nuclear level density to the available experimental and theoretical data. Each of

these models assumes an even distribution between positive and negative parity states across the

range of excitation energy. It should be noted that the density of the daughter nucleus is needed
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only up to the relevant Qβ value, since the daughter nucleus can not be populated above this via

β−-decay.

The Back-Shifted Fermi Gas (BSFG) model can be fitted to the nuclear level density as a function

of excitation energy. This model has been shown to include shell effects and the odd-even effect on

the nuclear density [77]. The inclusion of the back shift parameter adds a fictitious / fixed ground

state position, ∆, to the level density parameter a, improving the original shifted Fermi gas model,

enabling a good fit to experimental data for a large section of the nuclear chart. Work by Dilg et

al. [77] has shown it is possible to parametrise this model and fit the level densities for excitation

energy and spin distribution (ρ(E,J)) to experimental data in the form of:

ρ(E,J) =
1

24
√
2

(2J +1)
σ3
√
a

e(2(a(E−∆))
1/2−J(J+1)/2σ2)

(E −∆+ t)5/4
(2.29)

where t is the thermodynamic temperature defined by:

E −∆ = at2 − t (2.30)

and σ is the spin-cut-off parameter taken as:

σ2 = Ief f t/ℏ (2.31)

for this model, with effective moment of inertia Ief f taken to be at 0.5 unless specified. Later work

by von Egidy et al. [78] has shown that a slight change can be made to this formula enabling the

BSFG model to be parametrised as:

ρ(E,J) = f (J)
e
(
2
√
a(E−∆)

)
12
√
2σa1/4(E −∆)5/4

(2.32)

and σ in this model takes the form:

σ2 = 0.0888A2/3
√
a(E −∆) (2.33)

where A is the mass number and the predicted spin distribution can be defined by:

f (J) = e−J
2/2σ2

− e−(J+1)
2/2σ2

≃ 2J +1
2σ2 e(J+1/2)

2/2σ2 (2.34)



2.3. THE PANDEMONIUM EFFECT 24

Egidy et al. [78] also found that is was possible to model the nuclear level density via a Constant

Temperature (CT) model utilising the nuclear temperature T (assumed to be nearly constant below

10 MeV) and back-shift E0 giving

ρ(E,J) = f (J)
1
T
e(E−E0)/T (2.35)

Previous work by Gilbert and Cameron [79] showed that it is possible to combine the BSFG and

CT models using the CT for the lower energy range then using the BSFG model for the higher

energy range, due to previous poor fitting of the BSFG model at low energy. For this mixed model

result, σ2 was taken to be 0.0888E1/2A2/3 [79].

2.3 The Pandemonium Effect

High resolution γ-ray spectroscopy can be used to measure β decay by collecting the γ ray intensities

that both populate and subsequently depopulate the daughter nuclear levels. Individual β feeding

levels can be deduced from the balance of γ ray intensities populating and depopulating each level.

Decays with large Qβ values may lead to the population of a large number of levels in the daughter

nucleus including some at high excitation energies (Figure 2.6a). The pandemonium effect occurs

when these β-feeding distributions to the higher excitation states are erroneously derived from the

γ-ray spectra [18] (see Figure 2.6b).

Parent (Z,N)

Daughter (Z±1,N∓1)

Eiγ

Eiβ

(a) Real β feeding levels

Parent (Z,N)

Daughter (Z±1,N∓1)

Eiγ

Eiβ

Missing β-Strength

(b) Detected β feeding levels

Figure 2.6: Schematic representation of the pandemonium effect in a fictitious β decay. Blue arrows
(↘) showing possible β decay transitions and possible collected energy (Eiβ) and orange arrows (↓)
showing de-excitation via γ decay or IC. Green dashed arrows (d) showing possible missing transition
due to the pandemonium effect and yellow region showing possible missing β strength.

The reason for the missing detection of levels, shown schematically in Figure 2.6b, is a combination

of features in the decay and the detection. A large Qβ window provides a large option of excited

states in the daughter to be populated due to the increase of level density with excitation energy.
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The increased, discrete number of states means that there are more possible branches for decay

producing weaker feeding to/from any specific level. The separation of excitation states in the

daughter nucleus are very close at high energy resulting in multiple decay possibilities with very little

energy difference between them. Gamma de-excitation of these high-energy states can depopulate

by high-energy γ rays or multiple smaller energy transitions resulting in a few, discrete high-

energy γ rays and a sea of parallel sum-energy smaller decays. Ideal γ-ray spectroscopy of a

large Qβ value decay would collect all the high-energy γ rays and the plethora of lower-energy

γ rays from cascades, to create coincidence measurements to determine the final β level feeding

characteristics. Such high-resolution measurements utilising HPGe detectors have very strong γ

ray energy dependence on their full energy peak efficiency [80]. This can result in the low-energy γ

rays being measured but the higher energy γ rays often being missed due to the reduced detection

in particular for efficiency for γ rays above 2 MeV [81]. This “missing energy” collection results in

an incorrect γ ray cascade evaluation, resulting in lower energy states having feeding assigned to

them rather than the correct high-energy feeding level.

A large number of β decay measurements were undertaken using HPGe detectors before this effect

was fully understood. As a result some decay schemes were thought to be complete and the β-

feeding was assumed to be correct. In fact, the incorrect assignment of β-feeding as a consequence

of the pandemonium effect can produce significant errors in the nuclear data sets. Experimental

evidence of this pandemonium effect is clearly shown in work by Algora et al. [82] (Figure 2.7)

with the pandemonium effect in the Cluster Cube (HPGe array) measurement of the β strength

function of 150Ho in comparison with the pandemonium effect free GSI-TAS (NaI(Tl) TAS detector)

measurement.

2.4 Total Absorption Spectrometry

One way of accounting for this pandemonium effect is to use a total absorption γ-ray spectrometer

(TAS). The concept behind total absorption γ-ray spectrometry is to identify the full energy of

the γ ray cascade rather then individual γ rays, thereby reducing the probability of missing the

measurement of individual γ ray transitions (see Figure 2.8b). An ideal TAS would be 100%

efficient in the detection of γ ray radiation, cover a full 4π solid angle and have good energy-

resolution characteristics. Creating a TAS approaching these characteristics requires large volumes

of detector material with a relatively high Z value, for the best detection efficiency for the full
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Figure 2.7: Experimental evidence of the pandemonium effect shown in a comparison of measurement
by a TAS (thick line) and HPGe (thin line) array by Algora et al. [82], image taken from [82].

absorption of γ rays. Obtaining 100% efficiency and a full coverage is not possible with current

technology, but a close approximation can be constructed [80].

To satisfy the specifications for a TAS, scintillation detectors are commonly used due to the large

volumes that can be created at reasonable cost. Scintillation materials like NaI(Tl) or BaF2, can

be grown to large volumes but have significantly poorer energy resolution characteristics compared

with HPGe detectors. Current manufacturing techniques cannot grow HPGe in volumes larger

than approximately 0.75 l limiting the absolute detection efficiency of these detectors [80]. The

collection of γ rays in the TAS differs from conventional high-resolution γ spectroscopy such as

HPGe arrays, in that the TAS detector collects the full γ ray energy cascade from a source, rather

than measuring the individual γ ray energies which make up the mutually coincident cascade.

The collection of the full γ ray cascade reduces the pandemonium effect collected in the data by

increasing the detection of each full decay, providing a solution to the missing β strengths found in

some high-resolution γ spectroscopy. The data (di) collected by each channel (i) in the TAS can

be defined as the sum of responses (Rij), or probability that a decay from level j will be collected
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in channel i multiplied by the feeding (fj) to level j, for all levels:

di =
jmax∑
j=1

Rij(B)fj (2.36)

The inverse of this equation can be used to obtain the feeding distribution, but only if a solution to

this inverse problem can be found (Chapter 5 will cover this in more detail). The use of Monte Carlo

simulations can be used to create a theoretical detector response function and in combination with

the solution to this inverse problem, a reconstruction of the data is then made possible. Examples of

the improvements that can be made to decay heat calculations using total absorption spectrometry

can be found in [11, 15] and also figure 1.1.
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Figure 2.8: A fictitious β decay (a) showing a γ cascade and the energy collection (b), with the con-
ventional high resolution detector collecting the individual γ decays and the TAS spectrum collecting
the full γ cascade instead.

Previous Total Absorption Spectrometers

Total absorption γ-ray spectrometers have been used in nuclear physics for many years. One of the

first to utilise the full γ cascade to measure β feeding after β decay events was Duke et al. [83] in

1970. Duke’s set-up utilised the ISOLDE TAS at CERN ISOLDE [84]. Other groups and facilities

have created TAS detectors and most notably the OSIRIS TAS [85] the Russian LNPI TAS [86],

the INEL TAS used by Greenwood et al. [87], the LBL TAS used at GSI [88] and Lucrecia installed

at CERN ISOLDE [89, 90].

It has been shown that efficiency is key to a TAS and thus the choice of the material used for the

detection is very important. The previous TAS mentioned were constructed from large single (like

Lucrecia) or two (like ISOLDE/OSIRIS ) crystal scintillators of NaI(Tl) to ensure even efficiency
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across the full solid angle. Restriction in measurements using TAS may be due to the esoteric data

analysis needed or the difficulty of the detector creation. The construction of large pure inorganic

scintillator crystals needed for a TAS is a difficult and expensive process and is often limited to the

technology available for the chosen material.

2.5 Monte Carlo Simulations

When modelling the movement of or interactions of a few particles it is possible to use classical

mechanics. This method soon becomes impractical when looking at a many particle system. A more

practical approach is to approximate these many-particle systems using statistical mechanics. This

method uses the probability of each event occurring combined with randomly generated numbers to

give a statistical output. This process is know as Monte Carlo modelling and was first theorised by

Metropolis and Ulam [91] in 1949. The Monte Carlo (MC) method can be applied across a broad

range of applications with many degrees of freedom, including computational biology, computer

games and fluid dynamics. The generation of perfectly random numbers is an impossible task on

current computers; instead pseudo random numbers are used. These pseudo numbers are generated

from a starting seed value. It is very important to the outcome of the MC model that this seed is

varied to ensure the pseudo random numbers do not repeat. Within nuclear physics MC models

were used as early as 1972 to create response functions for total absorption spectrometry [92].

2.5.1 Particle Transport Codes

The complexities of particle transport can be simulated by the use of MC by applying the theoretical

understanding on the particle interactions. The basis of most particle transport codes start with

a single particle with a defined position, energy and velocity, then a weighting (probability) is

assigned to each processes that can occur to that particle at this point. A “random” number

is then used to select an option from this range of processes. If the particle is then moving, a

second calculation will occur for any processes that can happen along a “step” (smallest distance

of movement defined). Depending on the process selected further “steps” may be required until

a particle satisfies a boundary condition. The generation, excitation or displacement of other

particles during this event will continue until they also satisfy a boundary condition. The path of

this single particle (event) does not describe much about a physical system. Many iterations of

particles with the same starting conditions will however provide a good approximation of the system

being modelled. The accuracy of this type of model is highly dependent on the theoretical data

included and the number of events that can be simulated. With previous technology, a trade-off
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was needed between computational speed and accuracy but with modern computational techniques

it is possible to run simulations using large quantities of iterations (events) in a short time scale.

GEANT4

There is a vast array of particle transport MC simulation packages, within the nuclear, high energy

and medical physics fields, such as GEANT4, MCNP [93] and FLUKA [94]. GEANT4 (GEometry

ANd Tracking 4) is one of the most popular choices due to its versatility within the fields. The

high and varied usage of the GEANT4 code provides rigorous testing of most features making it

more likely to be selected for future projects [95]. GEANT4 was specifically designed by a group

at CERN for particle transport and is the first generation in C++ (object orientational computer

language) rebuilt from the original versions of GEANT that started as a Fortran 77 code in 1974

[96].

The GEANT4 code is written with a minimum of three sections, a physics list, primary generator

and detector construct with the possibility to add other sections to this. From the basic make

up, the detector construct section contains all the physical attributes to the system, including the

geometry, material density, composition and other physical properties. The primary generator

section defines the initial interaction or source of particle of interest, including energy, particle

type, direction and position. The third and arguably the most important section is the physics list

which defines processes that can occur during the simulation process. The inclusion or exclusion of

specific properties can have a significant effect on the output of the model thus an optimisation is

needed for the inclusion of all necessary packages without including packages that might produce

extra sources of error (physical or human error within the code). All processes in GEANT4 are

defined as either at rest, along step or post step defined by when the interactions occur, with a

step being the smallest unit of movement or interaction for a particle.



3 The Experiment and Calibration

An experiment was performed in 2009 at the University of Jyväskylä (Finland) to measure the β

decay strength function of eight separate neutron-rich, fission produced radionuclides (86,87,88Br,
91,92,94,95Rb, and 94Sr) using total absorption spectroscopy. The aim of this experiment was to

determine if the pandemonium effect is present in their recorded measurements and to improve

knowledge of their β feeding distribution. In this chapter the equipment used will be discussed,

then the procedure of the experiment and the calibration.

3.1 Valencia-Surrey Total Absorption γ-ray Spectrometer

PMTPMT

PMTPMT

5c
m

25
cm

25cm

Implantation

(a) Valencia-Surrey TAS horizontal cut-
through

(b) Valencia-Surrey TAS Cyl-
indrical cut-through

Figure 3.1: Schematic of layout within the TAS from two perspectives. Both views show the alu-
minium (grey) case containing the crystals (blue) with the teflon casing (red) and at the centre the
silicon detector (green), the tape (purple) delivery system and the tape rollers (orange). With one
roller constructed from PEEK (plastic) rather than aluminium to remove static build-up inside the
detector

The Valencia-Surrey TAS was designed by the Valencian group to utilise a split geometry of 12

crystals to make one complete detector shown in Figure 3.1 [97]. Previous TAS designs have avoided

a multi-segmented design due to extra complications, a reduction in low energy efficiency due to

an increase in the dead (non-sensitive) space between the detector elements, and a more complex

data output. A segmented TAS design facilitates a reduced size of individual crystals enabling a

30
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larger array of material possibilities and a reduction in manufacturing costs compared to a single,

large crystal. The Valencia-Surrey TAS was designed to utilise 12 barium fluoride (BaF2) crystals.

Detector dimensions of 25 cm length, 25 cm diameter and a 5 cm diameter longitudinal hole gives

the TAS an approximate solid angle coverage of 99.5% at its centre. In the construction of this

TAS, each crystal of BaF2 was individually optically insulated with a thin Teflon film to reduce

cross talk between crystals and light leakage. All 12 crystals are encased inside an aluminium can

with a borosilicate glass windows at the outside end of each crystal, allowing a photomultiplier

tube (PMT) to be optically linked to the crystals. The hydrophilic nature of the BaF2 means it

was not possible to open the aluminium casing to the test the thickness of any internal dimensions

without the possibility of damaging the detector.

Barium Fluoride

Previous TAS detectors have been made from NaI(Tl), because of its high relative detection effi-

ciency and ability to be grown to large size. However, due to the segmentation, barium fluoride

(BaF2) could be used for the Valencia-Surrey TAS. Barium fluoride has a poorer energy resolution

when compared to NaI(Tl), but has much improved temperature stability of scintillation emission.

The relatively high atomic number of the barium (Z=56) results in a higher detection probability

per volume, enabling the use of smaller volumes for the TAS detector [80]. The neutron capture

cross sections of barium and fluoride means that the background produced from incident neutrons

on the BaF2 crystals is lower than for other scintillator materials such as NaI(Tl). However, fi-

nite neutron capture cross-section of the BaF2 (for thermal neutrons σBa = 1.1(1)b σF = 0.0096(5)b

[98]) opens up the possibility of also measuring β-delayed neutron emitters, with a reduced detected

neutron background, compared to other (NaI(Tl)) TAS detectors [99].

Materials Scintillation Max Decay Time Specific Photons
Wavelength [nm] [ns] Gravity per MeV

NaI(Tl) (20°) 415 230 3.67 38000
BaF2 (slow) 310 630 4.89 9500
BaF2 (fast) 220 0.6 4.89 1400

Table 3.1: Comparison of organic scintillator properties, from reference [80].

Barium fluoride is a well known inorganic scintillator and produces two light components, a fast

(0.6 ns) and a slow one (≈0.63µs), see Table 3.1. Utilising these components it is possible to

use pulse shape discrimination (PSD) to determine the type of radiation detected in the BaF2

crystals [80]. The current production method of BaF2 crystals include contamination from naturally
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occurring radioactive 226Ra and 228Ra (from the 238U and 232Th natural decay chains respectively

[60]) due to radium and barium being chemical homologues. This contamination gives rise to

background α-particle radiation from the radioactive daughters produced following the naturally

occurring decay chain of the radium isotopes. This internal contamination can be used with PSD

to gain match between separate crystals giving an extra level of stabilisation between the crystals

(see Section 3.6).

3.2 Radioactive Ion Source Production

Figure 3.2: Schematic of the basic construction of Ion Guide Isotope Separator On-Line
(IGISOL)[100].

The JYFL laboratory at the University of Jyväskylä (Finland [100]) was selected for the production

of isotopes for the experiment in 2009 [97]. This laboratory was selected due to the Ion Guide

Isotope Separator On-Line (IGISOL) facility attached to its accelerator [101]. This IGISOL facility

uses a helium gas flow to carry the reaction products into a mass separator as in Figure 3.2. The

experiment in 2009 utilised a 30 MeV proton beam with a beam current of 5µA to induce fission in

a thin natural uranium target, with the fission products passed through a primary mass separator

(with poor resolving power) and then into the Penning trap mass separator. The mass separator at

the Jyväskylä facility was the JYFLTRAP, a dual Penning trap system which has a very high mass

resolution allowing the separation of isobars and even some isomeric states [102]. The combination

of this very high mass resolution together with the chemically insensitivity of the IGISOL method

allows studies of refractory elements at high mass resolution, making this facility ideal for this type

of measurement [103].
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3.3 Experimental Set-up

Using the Valencia-Surrey TAS explained above in conjunction with the JYFLTRAP eight nuclei

were measured. These nuclei were chosen from the NEA/WPEC-25 priority list [11] and consisted

of 86,87,88Br, 91,92,94,95Rb, and 94Sr of which 91Rb, 86Br and 94Sr will be discussed in detail in this

Chapter. To utilise these devices to their full potential the isotopes produced from the JYFLTRAP

needed to be placed at the centre of the TAS to decay, so that the full decay cascade could

be collected. Leaving decaying sources inside the detector for extended periods could possibly

contaminate further measurements with any daughter radiation. To enable the removal of any

unwanted daughter decays a moving tape system was used.

Each isotopically pure isotope production from the JYFLTRAP was re-accelerated to 30 keV from

the dual Penning traps and delivered directly down a beam pipe implanting into a movable micro

film tape at the centre of the TAS. Directly behind this tape implantation point a silicon detector

was placed onto the endcap of the beam pipe, as shown in Figure 3.1 (and later in Figure 4.4).

This silicon detector was used for the detection of β particles emitted from the implanted nuclei

and also to check if the beam was implanting on the tape or not. A sophisticated tape movement

system was used so that the tape could be moved quickly to a sufficient distance, extracting the

decayed nuclei reducing contamination from any further (daughter) decays.

The time between implantation and tape movement was optimised to a few (2-3) half lives of the

desired nucleus, whilst taking into account the half-life of daughter products. The design of the tape

system was consistent with TAS involving minimal dead material between source and scintillator

crystals of the TAS. A more detailed description of the central tape system can be seen in Chapter

4.

3.3.1 Electronics

The signal processing of the output from the TAS PMTs is displayed schematically in Figure 3.3.

The TAS PMTs outputs were split, the dynodes though a preamplifiers were used for energy

collection and the anodes were used for timing. For the energy collection the dynode signals

were passed through amplifiers and an Analogue to Digital converter (ADC) producing the energy

collected in each crystal (E01, ..., E12). The dynode signal was also passed through an adder with

a pulser signal to create the Hardware Sum. This pulser signal was set to 130 Hz with an energy

higher than the range expected from the detector, for stabilisation and a time reference. The
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Hardware Sum collects energy as if the 12 crystals were a single detector, but is highly dependent

on correct gain matching between crystals.

The anode signal was passed through a high speed amplifier (Fast Amp) and the signal was split.

One of the signals from this Fast Amp was delayed and then split so that it could be passed thought

a Charge to Digital Converter (QDC) set for the fast signal of less than 40 ns (F01, ..., F12) and

a QDC set for the slow signal (S01, ..., S12). The second signal from this Fast Amp was passed

though a Linear Fan-In (Adder) and then split again to pass one branch to a Constant Fraction

Discriminator (CFD) for the production of gates for the two QCDs and give a start to the Time

Digital Converter (TDC). The second branch from the Linear Fan-in passes through a Timing Filter

Amplifier (TFA) and CFD (producing the logical electronic DAQ Trigger), Gate for the ADC and

the common stop signal for the TDC. This common stop signal then creates the time stamp (T01,

..., T12) for each crystal event data. The signal from the silicon detector was collected in parallel,

with a silicon trigger combined (OR logic) with the TAS trigger enabling either event to trigger

the data collection. As with the Hardware Sum (see Section 3.4) a pulser signal was added to the

silicon data collection for reference.
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Figure 3.3: Schematic diagram of the electronics readout for the Valencia-Surrey TAS detector system.
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3.3.2 Data Acquisition

The optical grease between the borosilicate glass windows and PMTs was suspected to have leaked

during travel of the detector and was reapplied in Jyväskylä. After this optical grease change, the

detectors were gain matched to each other. During the full experiment the pulser in the Hardware

Sum was used for reference. A lead blanket and large amount of lead shielding was placed around the

TAS as passive shielding. The efficiency required of the TAS makes it very sensitive to background

radiation and thus subtraction of this background is needed for each measurement. In order to

evaluate the cosmic and other stochastic background sources, a 2 hour background measurement

was taken approximately after every 2 hours of isotope measurement.

3.4 Experimental Procedure

3.4.1 Calibration Measurements

Once the detector was in place it could be calibrated. Due to the change in optical grease, an

initial calibration was made without the beam pipe and tape system in place (“NoTube” set-up).

This initial calibration was be used in conjunction with a previous calibration performed by the

group in Valencia [104]. Standard sources of 22Na, 137Cs and 60Co were used to calibrate and

characterise the detector (validation of the MC model). In addition a 24Na source was produced

by the Jyväskylä facility and was also used. Each of the standard calibrants were encased; the
24Na source was implanted into some tape producing an “unsealed” calibrant. For comparison to

previous collected data [104], each source was placed in turn on a cardboard stand holding it at the

centre of the TAS and data was recorded for approximately 2 hours with background measurements

taken before, between and after measurements.

To replicate the position of the final set-up, the tape section and beam pipe was attached

(“WithTube” set-up) and the sources were separately placed inside the TAS detector between the

tape and the silicon detector, accessed via the end cap (137Cs spectra shown in Figure 3.4). Some

of the calibrant housings did not allow the same gap between the tape and silicon detector so were

placed as close as possible. Data for this “WithTube” set-up, was recorded for approximately 2

hours per calibrant whilst recording a background measurement as before. During the calibration

measurements the accelerator was not operational thus reducing any unwanted background. Silicon

data was collected only for the unsealed 24Na source.
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Figure 3.4: TAS Software Sum 137Cs spectrum after gain stabilisation, WithTube geometry, showing
peak identification of the 137Cs 662 keV γ ray full energy peak and the four α internal contamination
peaks from the radium decay chain contamination.

3.4.2 Isotope Measurement

Once the calibration data was collected the TAS was set-up for measurement of the sources from the

JYFLTRAP. Once tuned for the specified isotope, the isotopically pure source from the JYFLTRAP

was re-accelerated producing a low energy beam enabling implantation into the tape at the centre

of the TAS. This beam and dual Penning trap system was optimized for each isotope in turn

and measurements were taken for approximately 2 hours per run using an optimized tape cycle.

Background and measurement runs were then repeated until sufficient statistics were obtained in

the online results for each isotope.

During the experiment online analysis (a small percentage of counts sent to monitoring PC, without

the loss of collection rate) was checked for sufficient statistics for each run assuming that the full

statistic saved OffLine, as is common practice. The full statics save as OffLine data suffered an

unforeseen problem with writing the data resulting statistics writing over previous saved data,

resulting in lower statistics collected then expected.

The data collected from the experiment in Jyväskylä was collated from the DAQ into listmode files.

To make the files more manageable a ROOT Tree file [105] was created for each run, containing

branches for each of the data streams as shown in Figure 3.3. The complexity of the data collected
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by the TAS detector means a solution to the inverse problem set in Equation 2.36 is needed, for

the β feeding distributions to be determined. The solution of this inverse problem can be found

using the pure total absorption spectrum for the desired isotope. To obtain this pure spectra the

collected data needed to be cleaned of any contamination including background.

3.5 Data Preparation

Once the data was sorted into ROOT Tree files it was possible to view histograms of the collected

data. The initial check of the off-line data showed a poor gain matching between detectors resulting

in the miss alignment of the Hardware Sum data. An off-line gain matching was possible with the

creation of the Software Sum and E-Crystal (see below). An initial linear energy calibration for

each crystal was obtained utilising the well defined 511 keV and 1274 keV full energy peaks from

the 22Na calibrant.

3.5.1 Gain Matching

The scintillation response of BaF2 to incident α-particles and γ rays differs. This difference can

be seen clearly when comparing the fast and slow emissions from the crystals and enables pulse

shape discrimination [106]. Using the approximate initial calibration on the fast (F01, ...,F12)

and slow (S01, ...,S12) histograms and plotting them against each other in a two dimensional plot

clearly shows the separation of the response to α-particle and γ ray counts in the detectors (see

Figure 3.5a). To adjust for gain drifting between the detectors, groups of one million sequential

events were plotted on a fast against slow two dimensional plot. Grouping events into millions

enabled a continuous gain stabilisation during a run. Applying a two dimensional matrix condition

or “banana” gate around the α-particle response region in this two dimensional plot enables the

separation of the α-particles and γ ray induced signals.

Plotting these gated α-particle events for each crystal enables a Gaussian fit to be applied to the

highest energy α peak, shown in Figure 3.5b, this peak is known to be the α decay of 214Po from

the Radon decay chain [60]. The centroid of this 214Po α peak was then used to apply a correction

to the energy if this centroid has moved from its reference point. The initial calibration for these

spectra was based on the 22Na spectra and as such the 214Po α peak centroid in the one of these

crystals was used for this reference point. The comparison of this reference point centroid channel

over time (by grouping one million events) enables a continuous stabilisation of each PMT and

crystal system for each measurement. It should be noted that the number of scintillation photons

produced from an α event differs from the same energy γ ray event. This difference in scintillation
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Figure 3.5: Spectrum from a 94Sr run. a) The identification of α-particle induced events in the (red)
banana cut. b) The resultant gated α spectrum with a fit on the high energy 214Po peak.

counts results in a 7 MeV α-particle count not being collected the same channel as a 7 MeV γ ray.

This stabilisation of gain drifting removes any problems created from the optical grease or any

temperature dependence of individual crystal and PMT systems. An automated algorithm was

used to stabilise and gain match the crystals, collected energies for each event as explained above

for all of the collected runs. After the stabilisation, this initial calibration was also applied to all

the data. Groups of one million events were chosen for this process so that sufficient events where

collected for a good fit of the α peak with a symmetric Gaussian peak shapes but only allowing

relatively short time periods pass. This resulted in frequent gain matching correction, reducing any

final energy drifting in the collected data.

Stabilisation and Summation of Data

The stabilisation algorithm provided a calibration between crystals (E01,...,E12), but these were

still only approximately calibrated for energy. To improve the energy calibration the separate

crystal data were combined to enable the analysis of the detectors as a single TAS detector. An

“E-Crystal” spectra was created by summing the final energy data recorded from all 12 crystals

and a “Software Sum” spectra was created from the sum of the events from all crystals as they

occurred (event by event) similar to the Hardware Sum. Multiplicity data was also collected for

both of these data sets. In the creation of the Software Sum, a common low-energy threshold was

used on each crystal before the addition to avoid the superposition of noise. This common low

threshold was set to the highest energy noisy channel from each of the crystals plus PMT system

corresponding to an energy of approximatively 64 keV. As with the Hardware Sum, the Software

Sum collected data as if the 12 crystals are all one detector (see Figure 3.6). The Software Sum
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is the data of interest for the final analysis but the E-Crystal was also used for the calibration

check to give a more accurate response for the detector. The E-Crystal data is unique to the multi

segmented TAS detector and to date the impact of this data has not been explored in detail.

Energy [keV]
0 1000 2000 3000

C
ou

nt
s

0

500

1000

1500

2000

2500

3000

25
05

 k
eV

13
33

 k
eV

11
73

 k
eV

Software Sum
E-Crystal

Figure 3.6: Monte Carlo simulation spectra of a 60Co source within the TAS using one million events,
showing the full γ rays cascade energy collection in the Software Sum (red) and the more conventional
looking spectra from the E-Crystal (blue).

Background

The calibration data for the detector was collected with the accelerator beam off, resulting in

the background measurements being split into the relevant “beam-on” measurements and “beam-

off” measurements. Each of the “beam-off” background runs were compared (see Figure 3.7a)

for any energy shifts or changes in the background over time. All runs with the same spectrum

structure were then combined to create a single, standard “beam-off” background run. Within

this background spectrum (Figure 3.7b) it is possible to identify the dominant α peaks from the

radium internal contamination of BaF2. This process was repeated for the “beam-on” background

to created a standard “beam-on” background.

3.5.2 Pile-up

Due to the statistical nature of radioactive decay there is a probability that multiple events (from

separate cascades) can be detected within the finite detection time window within a single crystal

or the whole TAS. This results in the two events “piling-up” and thereby producing a larger energy
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Figure 3.7: Total “beam-off” background measurements. a) Showing all combined runs after stabil-
isation of the spectra. b) Identification of the α peaks from the 226Ra decay chain contamination
within BaF2 crystals for the Software Sum and E-Crystal spectra.

that is recorded for of the separate original events. The high efficiency of the TAS detector increases

the possibility of this pile-up occurring. A restriction on the maximum decay rates inside the TAS

was used to reduce extensive pile-up, but this could not completely eliminate the problem.

Work by Cano-Ott et al. [107] has shown that it is possible to recreate expected first order pile-up

using the true recorded pulse shapes. The addition of two random pulse-shapes from the recorded

data spectra using a random time shift between the first pulse to the second results in the creation

of first order pile-up as shown in Figure 3.8. This generated pile-up event is representative of a

possible pile-up event in the system but does not account for the detection system. In order to

include this, a time window of the same length as the ADC needed to be applied and for the

Software Sum, a low energy common threshold needed to be included. Iterating this process in

a Monte Carlo approach to create a full spectrum gives a good representation of the true pile-up

spectrum. The low count rate of the experiment results in very low probability of second-order or

higher orders of pile-up. Both the Software Sum and E-Crystal pile-up data was created this way

allowing the satisfactory subtraction of pile-up from all spectra.

This newly created pile-up spectra has net counts equal to the number of iterations used in its

creation, because of this a normalisation is needed. This pile-up normalisation N can, to a first

order approximation, be simplified to,

N =
(
AS

)
e−ατ

(
1− e−ατ

)
(3.1)
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Figure 3.8: An example of the piling up of two true pulse shape (blue & red) within the time window,
and the resultant pulse (black) with greater amplitude (energy).

where α is the rate of detection, τ is the ADC time gate and AS integral counts in the recorded

data needing pile-up removal. This method gives a rough approximation, but a further step can

be taken to include the pile-up already included in the integral counts (AS), thus producing,

N =
(
AS +AP ×N1

)
e−ατ

(
1− e−ατ

)
(3.2)

with N1 being the normalisation from Equation 3.1 and AP is the integral counts in the pile-up.

An example of the total Beam-Off Backgrounds pile-up, its normalisation and removal is displayed

in Figure 3.9. The value of τ is set by the ADC to 5µs and the rate α was obtained from the pulser

counts in the Hardware Sum. Rates for the calibration data and background measurements are

shown in Table 3.2.

3.5.3 Subtractions

All data collected by the TAS will contain some degree of pile-up contamination. This may be

negligible but using the method above to calculate and using Equation 3.2 to normalise, it is possible

to subtract (mathematically speaking) this contamination. For the background measurements each

individual spectra was stripped of its own pile-up before checking and then combined to form

the “beam-on” and “beam-off” standard backgrounds. Pile-up was also subtracted from all the

calibration data and the measured isotopes data. Both the calibrant data and measured isotope

data contained one of the types of background. The amount of this background to be subtracted

from each run was calculated systematically using the ratio of counts collected in the pulser region

in the relevant Hardware Sums data. The recorded pulser counts was found not to be as linear with

time as expected so an additional off-set to the background subtraction ratio was included. This

value was adjusted visually to enable an acceptable subtraction. The subtraction of the background
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Run Rate [Hz] Run Rate [Hz]

Beam-Off
Background

Bck_1418 6003

Beam-On
Background

Bck_1419 6063
Bck_1614 5855 Bck_1829 6235
Bck_1904 5877 Bck_1931 6113
Bck_2137 5921 Bck_0852 6086
Bck_2239 5916 Bck_1017 6204
Bck_0935 5973 Bck_1911 6142
Bck_1123 5993 Bck_0233 6309
Bck_1255 5986 Bck_0908 6210
Bck_1346 5989 Bck_2003 6250
Bck_1736 6018 Bck_2325 6164
Bck_1948 5851 Bck_0517 6191

Bck_0928 6125
Bck_2144 6305

No-Tube Geometry

137Cs 8718
With-Tube
Geometry

137Cs 8656
60Co 15257 60Co 15302
22Na 8925 22Na 8887
24Na 10047 24Na 9392

Table 3.2: Experimental rate (in counts per second) during the experiment for background and
calibration source runs.

and pile-up from one of the calibration spectra is shown in Figure 3.10. See Appendix B for the

other calibration subtractions.

3.6 Calibration

The initial rough calibration and stabilisation was enough to compare the data but for the analysis

a more precise calibration was needed. As discussed in Section 3.4 data was collected with each

calibrant for two geometries. To maximise the statistics of the calibration, both geometrical results

were used. The calibrant Software Sum and E-Crystal data was stripped of contaminants as

described above and then the full energy peaks were fitted using a combination of a Gaussian, step

function, slope and a base height to extract the centroid position and sigma (σ) defined by the

standard deviation of each full energy photo-peak (a list of these energies can be found in Table D.1

within Appendix D).

The collected data enabled a linear energy calibration and a second order polynomial σ against

energy calibration to be created. The limited resolution of the BaF2 meant that not all of the

full energy peaks of the calibrants could be used for the final calibration fits. The poor resolution

produced a double (overlapping) peak for 60Co but this could be fitted using a second Gaussian

and step function.
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Figure 3.9: Example of the total Beam-Off background Software Sum with its normalised first order
pile-up and the resultant spectrum from its removal.

A comparison of the NoTube and WithTube results showed little difference apart from reduced

efficiency (due to more dead material). To improve statistics both data sets were used for the

primary calibration fits. With the use of the Monte Carlo (MC) simulations described in Chapter 4,

the calibration was improved. The primary calibration was combined with the MC simulation to

produce calibration source spectra without the photo peaks creating a γ-ray background spectrum

for each calibrant (geometry specific). The removal of this γ-ray background from the stripped

of contamination data as in Figure 3.11 produced more prominent full energy peaks. A final

calibration was created by fitting this data as before and are shown in Figures 3.12-3.13. More

information on the production of the γ-ray background is described in Chapter 4.

Silicon Calibration

The calibration of the silicon detector is not as straight forward as the calibration of the TAS

due to the increased energy spread of the β decay particles. The offline software gating of the

silicon detector data in the analysis means that an exact energy calibration is not needed; the only

calibration information required is the channel (and relevant energy) of the low energy threshold.

This low energy threshold was set to exclude noise when gating on the β events. The decay of
92Rb is known to decay directly to the ground state with a branching ratio of 95% [108] and was

included in the measurements, thus the shape of the collected spectra is dominated by this decay.
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Figure 3.10: Subtraction of background and pile-up from the 22Na Software Sum spectrum. Displaying
the original data (black), normalised background without pile-up (green), normalised pile-up (grey),
final cleaned data (red) and the Monte Carlo generated spectra (blue).

The simulation of this single dominant decay is possible using the Monte Carlo model. An initial

calibration of the experimental data can be made using the end point energy. This calibration

can then be improved by adjusting the calibration until the experimental spectrum shape is in the

same form as the simulated data, where the simulated spectrum from the MC model is ”ideally“

calibrated. The final result of this calibration reveals that the low energy threshold for the silicon

detector is ≈105 keV.

3.6.1 Run Data

The calibration data mainly used sealed sources and thus the efficiency of escaping β-particle from

these sources was unknown resulting in the silicon detector outputting no useful data. The run

data had silicon detector information and as such a second set of data can be created, by gating

on the β events. This data will be referred to as “β-gated” rather than the “singles” data.

Singles

The data collection for the “singles” data was stripped of background (beam-on) and pile-up, as with

the calibrants. All runs for each isotope were then checked and the homologous runs were combined

to maximise the counting statistics. Unlike the pure calibration sources, each desired isotope

needed to be checked for any other form of contamination such as daughter and granddaughter

decay contamination. The length of the cycle and the relevant half-lives also gave an indication on
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Figure 3.11: Subtraction of γ-ray background generated by Monte Carlo (pink) from the stripped of
contamination 22Na Software Sum spectrum (black), with the resultant subtracted spectra (red) and
full MC (blue). Including the original Spectra (orange) and background (green) collected in WithTube
geometry set-up.

the amount of possible contamination, but other tests could also be performed to find the correct

normalisation required. If daughter or granddaughter decay contamination was present, it would

need to be removed in the same way that the constant background was. If this contamination was

measured (as one of the other isotopes to be studied) its background and pile-up subtracted spectra

could be normalised and subtracted. If any contamination products were not measured but were

well known, it is possible to generate the relevant spectra using the MC simulation (explained in

Chapter 4) and as before normalise and subtract as with real data. For more information on the

subtractions of 86Br, 91Rb or 94Sr see Chapter 6.

Beta Gated

The β-gated data was obtained by taking events from the Software Sum only when there was a

coincident event within the silicon data (above a noise threshold). This new data set was created

before any pile-up, background, or contamination was removed, but after the energy calibration

and stabilisation. A silicon gated “beam-on” background measurement was created using the same

criteria as the β-gated run data and was found to contain only a small amount of noise, as expected,

due to the low probability of background events being concurrently detected in the silicon and the

TAS. Since the background only contains noise, it can be assumed that its removal is not necessary.
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Figure 3.12: Final energy calibration for the Software Sum and the E-Crystal data, including the
difference from the linear fit. With the WithTube data in down triangles (▼) and NoTube data in
up triangles (▲), Black squares (□) highlighting the points included in the calibration and the fit in
green.
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Figure 3.13: Final σ calibration for the Software Sum and the E-Crystal data, including the difference
from the 2nd order polynomial fit. With the WithTube data in down triangles (▼) and NoTube data
in up triangles (▲), Black squares (□) highlighting the points included in the calibration and the fit
in green.
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A pile-up spectrum was created for each run using the method outlined above with the extra

criteria that one of events was in coincidence with a β-particle (silicon detector) event. Due to the

lower number of β events, the pile-up code was run using more iterations to produce a smoother

spectrum for subtraction. The same normalisation formula was used to subtract the correct amount

of generated pile-up from the β-gated spectra. As with the singles data any contaminants from

daughter decays could be subtracted using beta-gated experimental data if collected or the MC

generated beta-gated spectra. As with the clean singles data the homologous β-gated runs were

summed; for more information on the subtractions of 86Br, 91Rb or 94Sr see Chapter 6.



4 Monte Carlo Model

A GEANT4 Monte Carlo (MC) simulation was created for the Valencia-Surrey TAS and tested

in 2009 with the simulated geometry of the Valencia-Surrey TAS detector is shown in Figure 4.1

[104]. This MC simulation was designed to output the energy deposited within each crystal for

each primary event. Energy values generated were then summed reproducing the electronics in

this experiment to create the Software Sum and E-Crystal data. Data created from this MC

simulation excludes the physical processes of scintillation in the crystals, conversion to electrons

and their multiplication in the PMTs and the data acquisition systems. The exclusion of these

physical processes results in the data being collected in discrete energy bins (Figure 4.2). To

mirror the experimental set-up a threshold of ≈64 keV was applied to the MC model Software Sum

collection. Events with such energies below this threshold where discarded but for normalisation

the non-collection was recorded in the 0 energy channel to account for “non-interactions“.

(a) Side Cut though

(b) Crystals arrange-
ment

(c) Full TAS

Figure 4.1: Images from the GEANT4 Monte Carlo simulation showing the simulated geometry of
the TAS, without the beam line and tape set-up. Cut though image a) showing half the aluminium
can (grey) and four visible BaF2 crystals (red) and 6 PMTs (blue), where as b) shows the full 12
crystal layout and c) the full TAS.

The near-linear response of the BaF2 scintillation means the missing physical processes can be

approximated by utilising the experimental σ (standard deviation of a full energy photo-peak)

48
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calibration collected. Each energy bin of the MC data was spread using a Gaussian function de-

pendent on the experimental sigma calibration. The broadening of each channel replicates the

missing physical processes, producing a more realistic spectra (Figure 4.2). This simple math-

ematical substitution of the physics processes reduced the computational time needed to run the

simulation and the complexity of the code needed.
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Figure 4.2: A comparison of the Monte Carlo simulation E-Crystal data outputs with (blue) and
without (black) the broadening applied for 60Co source using the WithTube geometry. Also showing
the γ-ray background spectra (red) produced by the removal of the γ ray full energy peaks (for use
with the calibration see Section 3.6).

The MC simulation model used in [104] simulated the TAS set-up without the tape system or beam

line being present (NoTube set-up). This enabled a preliminary comparison between the calibrant

data collected without the tube in place. The primary particles for this model were generated with

an user defined input for the decay structure of the desired decaying nuclei, taking data from the

ENSDF database [25]. The inclusion of this user defined decay reduced the reliance on the in-built

libraries of GEANT4, reducing the chance of errors. Each calibrant was simulated with runs of one

million events to compare the experimental and simulated NoTube data (see Figure 4.3). A small

discrepancy was found in most fits with the reproduction of the high energy tail of the full energy

photo peaks. This is thought to be energy straggling in the electronics that was not accounted for

in the simulations, or artefacts of the initial subtraction. The net effect of this difference on the

final analysis was negligible.
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Figure 4.3: A comparison of the clean no-tube 60Co calibrant spectrum (blue) to the generated Monte
Carlo simulation Software Sum data (red) using one million events (after the optimization).

This NoTube data was then compared to the previous work to check for any major difference after

the reapplication of the optical grease. A small difference was found between the original calibration

data and newly collected data. The MC simulation was optimised to the new data by adjusting

the dead material (Teflon) around the detector.

The experimental set-up utilised a tape delivery system that was not used previously [104] and as

such this new geometry was added to the MC simulation. The replication of this tube and tape

delivery system in the simulation needed to be as accurate as possible to reproduce the materials

found in the experiment. The complexity of this additional tube section is shown in Figure 4.4.

The silicon detector was placed within the end cap of this tube section, and thus was included in

the geometry added to the simulation. The active volume of the silicon in the detector was set

as a detector medium so that any energy deposited in this region was also collected, to allow the

reproduction of β-gated spectra.

4.1 Validation of the Monte Carlo Model

The validity of the MC simulation with the new tube and tape section was tested by simulating

the calibrant data. Each spectrum was energy broadened using the energy response resolution ob-

tained using the With-Tube sigma (σexp) calibration and then compared to the “cleaned” calibration

spectra. These tests show a reasonable fit to the experimental data for both the E-Crystal and
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(a) Solid view 0° (b) Solid view 45° (c) Wire view 90°

Figure 4.4: The Monte Carlo simulation geometry of the endcap and internal tape system showing a
wire-view and a solid-view of the central system excluding the beam tube (or tape). Solid view image
highlights the printed circuit board (blue), silicon detector (red) with the active area (green) circle
and the two tape rollers, the aluminium (yellow) and the peak anti static roller (orange). With the
aluminium end-cap (white) surrounding the detector and PCB held by screws and mountspink.

Software Sum spectra of the 22,24Na and 137Cs (see Figure 4.5). The 60Co data showed a reduction

in quality of the fit with variations in the matching the sum peak and the rest of the data. A small

discrepancy was found for the height of the peak and non peak (Compton continuum etc.) regions

between the final simulations and experimental data, shown by the normalisations in Figure 4.5.

This discrepancy was thought to be due to differences in the Teflon coverings around the crystals.

See Appendix C for more MC and data comparisons.
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Figure 4.5: Cleaned experimental data (blue) with the Tube geometry Monte Carlo simulated data
(red) for the 22Na calibrant

With the validation complete, it was possible to produce γ-ray background spectra for each of

the calibrants in both geometries. These spectra were produced by simulating the sources and

then editing the resulting spectra before the energy response broadening was applied, by replacing

the reference peak bin counts with the mean count from each side. After this subtraction, the

spectra were broadened as before, producing a γ-ray background, (see Figure 4.2). Using the
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preliminary energy calibration from Chapter 3, it was possible to match the MC output to the

experimental calibration data. This γ-ray background then enabled a further subtraction of the

spectra improving the fits needed for the final calibration (see Section 3.6).

4.2 Beta Particle Simulation

Photon simulation within GEANT4 and other transport codes gives a realistic result due to the

knowledge on the physical interactions of photons with matter [96]. The transport of electrons

in matter is not as well defined due to the larger array of processes possible. This results in a

good approximation but not perfect results when dealing with the electrons in a simulation. The

three-body process of β decay results in a distribution of (kinetic) energy between the recoiling

daughter nucleus and the emitted anti-neutrino (neutrino) and β− (β+) particle pair. To simplify

the simulation of β transitions all β kinetic energy distributions use the energy spectrum expected

for an allowed decay (see Section 2.2.2). The low probability of the β particles entering the TAS

and the use of silicon detector as a tag for β events resulted in a negligible effect when using this

allowed β-particle spectral shape approximation. With the shape distribution of each decay fixed

the binned response could be created for each 40 keV energy bin by changing the distribution shape

via the end point energy. For simplicity the binned response for each 40 keV was simulated with

a fixed Z=36, rather then adjusting for each daughter. This simplification give negligible effect

and is well within the uncertainty due to the limited energy resolution of the TAS detector. The

simulation of the precise known decay transitions in the discrete analysis used the specific Z of the

daughter nucleus. The differences in the shape of the β− energy distributions for different end point

energies are show in Figure 4.6.

4.2.1 Silicon Detector Simulations

The MC simulation to this point has been with regards to the singles data. For a full comparison,

the MC Beta-gated data needed to be created by using the output of the silicon detector volume. As

with the TAS, only the energy deposited into the silicon detector volume was recorded rather than

including the full energy collection processes in the semiconductor detector. The silicon detector

was only used as a tag for β-particle events and the energy deposited is the only detail needed

from the simulation. As with the TAS detector simulations, the same a low energy threshold as the

silicon experimental spectra of 105 keV is applied to the simulation data. For normalisation of the

β-gated response all non interactions also need to be accounted for, thus any event non interaction

event (E<105 keV) was counted in the 0 energy column.
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Figure 4.6: Examples of the kinetic energy distributions of one million allowed β decays from a Z=36
nucleus with an endpoint energies of 1,2,4,6,8 and 10 MeV.

4.2.2 Simulation Efficiency

The TAS detector absolute efficiency and approximately the intrinsic efficiency to mono-energetic

γ rays, penetrating β-particles and the silicon detectors absolute efficiency to β-particles is shown

in Figure 4.7. These efficiencies are as expected for the total TAS detector, with values of 80%

→ 95% for the full range of expected γ rays. The penetration of the β particle into the TAS also

shows that the penetration through the aluminium can into the crystals increases with the increase

in average kinetic energy of the β particles. For the individual crystals in the TAS, the absolute

efficiencies of γ rays range from 9.5 → 13% and for β particles is <8%. These values mirror the

solid angles of each crystal to the central source position. The silicon detector absolute efficiency

plateaus after 2 MeV to 29%.

The readout systems for the detectors were not accounted for within these efficiency calculations

but it is reasonable to assume that this still reflects the true Valencia-Surrey TAS γ-ray absolute

detector efficiency. The silicon detector efficiency generated should be similar in regards to the

readout system but will contain a larger uncertainty due to the difficulty to simulate electrons

accurately in comparison to γ rays. The singles analysis response to small differences in these

efficiencies analysis should be negligible, but for the β-gated results the ratio between the silicon and
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Figure 4.7: Efficiency of the Monte Carlo model detectors (a) showing the efficiency to mono-energetic
γ rays to the sum of the TAS detector (Software Sum in red) and the individual crystals (E-Crystal
in black), and (b) the efficiency to β partials produced from a Z=36 nucleus, on the TAS and Silicon
(blue) detector.

TAS efficiency is very important. Using the cleaned spectra from the “open” 24Na source (With-

Tube) it was possible to compare the normalisation of the singles against the β-gated spectra,

resulting in a silicon β-particle efficiency of approximately 25% (see Figure 4.8). The absolute

difference of 4% between the simulated and experimental result could be retested with the recorded

experimental data for each isotope (see Chapter 6), enabling a more informed decision on the final

value.
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Figure 4.8: Comparison of the background cleaned singles (red) and the β-gated (blue) Software Sum
spectra after the singles was scaled by 0.25, hinting towards a β-particle efficiency of 25% rather than
29%, as found in the simulations. Both the singles and β-gated spectra here include pile-up.
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4.3 Additional Monte Carlo Checks

4.3.1 Monte Carlo Light Production

To reduce computational time, the GEANT4 simulation described above investigated the collected

energy deposited within a crystal, rather than simulation of the physical processes of the light

scintillation and collection in the PMT. The scintillation light production in BaF2 has been docu-

mented to follow a Poisson distribution to the energy collected [109]. Using this as a base, the MC

simulation was adjusted to apply a Poisson distribution to the energies collected in the crystals at

each point before the summation of the crystals energies for the outputs. The newly created light

output from the MC simulation produced a broadened spectrum due to the light production only,

but this output still does not account for any broadening due to the effects in the PMT or elec-

tronics. Due to this extra broadening, a calibration of the light broadening (σlight) was obtained

from the measured width of the response to mono-energetic γ rays in the MC simulation. The

difference (subtracted in quadrature) between the standard deviations (σ) of MC-light production

and the experimental data was calculated. Using this difference a new broadening was applied to

this MC-light output to produce a “realistic” output, Figure 4.9.
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Figure 4.9: Results of Monte Carlo simulation using the light production method before (black) and
after broadening (red) and the energy production after broadening (blue) for comparison.

The results from the internal light production with the extra energy broadening, produced similar

final spectra to the spectra produced without the internal light production, rather than increasing
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the accuracy of the model (see Figure 4.9). This result justifies that the original process of external

broadening gives a realistic spectra without the need to include the scintillation responses within

the MC simulation. Due to the extra computational time needed to compute the light production

within the MC and the need for an increase in the number of events to provide smooth statistics,

this process was not used. A second test was performed to use the experimental σ calibration

within the MC to assign the energies randomly to a Gaussian function for each energy in each

crystal. This was found however to be computationally inefficient.

4.3.2 Source Placement

To reduce unnecessary simulation time, the decaying source in the simulation started at the centre

of the TAS detector. This situation removed superfluous simulation of the ions flight down the

beam pipe and implantation into the tape. This simplification should have limited effect on the

outcome of the results, due to the limited probability of the ions decaying in flight and the number of

statistics used in the experiment. The simplification of the source placement means approximations

were made to where the source decay actually occurred. The initial version of the MC simulation

used a point source at the centre of the TAS emitting in a (isotropic) random direction and included

no tape medium for simplicity. This tape was not included as it was assumed that it would have

very low impact on the attenuation of β particles and little if no effect of the γ rays due to its low

density and volume.

(a) Down Beam ⟨0°⟩ (b) Parallel ⟨90°⟩ (c) ⟨45°⟩

Figure 4.10: Schematic of the tape position and possible source divergence of a 8 mm disk (red) on
the tapes (grey) outer surface. With The beam incoming from right hand side in (c) parallel to beam
image.
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The Tape

A simple test was performed to ascertain if this assumption was justified, using a 125µm thick

Mylar strip at the centre of the detector aligned to the rollers as with the real tape, similar to

the tape shown in Figure 4.12. Simulating multiple mono-energetic γ rays and different energy β

particles resulted in negligible differences for the γ ray energy collected but a small difference to

low energy β particles was noticed. This difference prompted more research into the composition

of the computer tape used which was found to be a magnetic tape consisting of a 10µm magnetic

layer (a suspension of Fe2O3 in Mylar) with a 30µm Mylar backing. A simple SRIM (The Stopping

and Range of Ions in Matter) [110] calculation was performed with a 30 keV 94Rb ion impacting

on to this tape composition and was found to penetrate only 35±8 nm. This tape composition and

geometry was entered into the MC simulation, enabling a more realistic simulation at the centre of

the TAS, keeping the source origin on the surface of the “up beam” (relative to the beam direction)

side of the tapes.
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Figure 4.11: The uniform distribution (U) of 10,000 random point in a circle, highlighting the im-
portance of radial dependence of the random placements.

The focus of the beam was assumed to produce a point source on the tape, because of the nature of

the beam it was impossible to check the accuracy of the spread of implantation. The Monte Carlo

model was adjusted once more to ascertain if a beam divergence of 8 mm (approximate maximum

divergence) would give different results. To enable this divergence in the code, random numbers

where used to place the decay source within a circle with the diameter of 8 mm. The uniform

placement of an object randomly in polar coordinates in a circle is not as simple as might first

appear. Using an uniformly distributed radius r parameter between 0 and rmax and angle (ϕ) from
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0 to 2π creates an excess of points near the centre. A solution can be found by sampling the square

root of an uniform distribution for the radius, due to the area of coverage equalling πr2 for a circle,

as shown in Figure 4.11.
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Figure 4.12: Silicon detector spectra recorded for MC simulations using geometries including and not
including the tape and with spot or point source of β particles with an allowed β decay shaped kinetic
energy distribution for set endpoint energies (a)400 keV b)1000 keV. Superimposed on top of this data
is the threshold in the experimental silicon detector, showing that these differences make no obvious
difference to the MC recorded spectra once the threshold is applied.

These additions to the original MC simulation were tested individually and then combined to enable

the full test of the source placement. Figure 4.12 shows the silicon detectors spectra recorded for

MC simulations with β particles with an allowed β-decay shaped kinetic energy distribution for set

endpoint energies and MC geometries with or without the tape and with a spot or point source.

The results from these tests justified that with a 105 keV threshold for the silicon detector neither

the a diverging beam or the inclusion of the tape is necessary for the simulations. For completeness

the tape was included in the final MC geometry keeping the source at a point on the surface of the

tape and at the centre of the detector.



5 The “Inverse Problem”

The collection of the full γ-ray cascades from β decay events by the TAS results in a very complex

data set. Unlike high resolution (HPGe) measurements, individual γ-ray de-excitations after β

decays were not recorded and therefore information on the separate γ transitions are lost in the data

collection. The results of this collection mean that the conventional γ-ray spectroscopy methods

such as constructing of an energy level schemes can not be used [49].

5.1 Earlier forms TAS analysis techniques

Earlier TAS analysis such as Greenwoods et al. [44] have used a different process to obtain the beta

feeding distribution. These methods, rather then solving the “inverse problem”, used an iterative

process to determining the beta feeding for a set TAS spectrum. This analysis uses the recorded

level schemes to create the detector response using a Monte Carlo simulation. This created data

is then compared to the collected TAS data enabling a visual check of possible missing transitions

and levels. The level scheme is then adjusted by adding “pseudo” levels. These levels are selected

by using the combination of non-assigned γ transitions from previous work to improve the match of

the response to the real collected data. This iterative process is heavily dependent on the recorded

level scheme and unassigned gamma transitions found and take no information on the density of

levels or possibility of erroneous data collected.

5.2 Response matrix

Chapter 2 described how the data in each channel (i) could be characterised as:

di =
jmax∑
j=1

Rij(B)fj (5.1)

The aim of this work is to extract the feeding distribution (fj) of a β decay from the data collected

d, to obtain the mean average γ ray (Eγ) and β (Eβ) energy produced. To ascertain the β feeding

distribution from the known collected data, the inverse of this equation is needed, thus the “inverse

problem”. The solution for this inverse problem has been shown by Jordan et al. [76], using a

59



5.2. RESPONSE MATRIX 60

method developed by Taín and Cano-Ott et al. [111, 70]. This solution requires the knowledge of

the β decay response matrix Rij(B) of the TAS detector. The creation and characterisation of this

matrix will be explained in this chapter.

The β decay response matrix consists of a combination of the decay (β emission and nucleus de-

excitation) branches and the detector response to these branches. Mathematically this can be

thought of as the response from a feeding level in convolution with the response for levels below

this level, and thus:

Rj =
j−1∑
k=0

bjkgjk⊗Rk (5.2)

where bjk and gjk are the branching ratio and the γ response from level j to k and Rk is the

response to level k. With the use of the MC model, the response of the detector can be recreated

if the decay paths are known. However these decay paths need to be ascertained and are built up

from the (often many) possible β and γ transition combinations. The probability of each β decay

feeding a level and the subsequent γ transitions from these fed level depends on the initial and final

states of the physical nuclear system. The nuclear structure of the daughter nucleus is paramount

in providing information to which transitions are most probable[49].

Existing Level Scheme Data

The level scheme of the daughter nucleus is needed to determine the β branching ratio and γ-ray

transitions for each excitation level. Most level schemes in the ENSDF database have been devised

by validating data from high-resolution measurements. Due to this method, the pandemonium

effect may be present in the recorded data. Any pandemonium effect in the ENSDF recorded level

schemes should only affect higher excitation energy levels and therefore excluding the higher energy

excitation section should avoid the inclusion of erroneous data.

The γ-ray transition (or IC) from one level to another level depends on defined transitions rules

(see Chapter 2). To determine the multipolarity of transitions possible from each level, the spins

and parities for all included levels are needed. This should, in theory, enable the correct transition

strengths to be applied when working out the γ branching. To build the response matrix a base

level scheme can be combined with a continuum of levels for the higher excitation region.

To create this base level scheme, data is taken from the ENSDF database. The inclusion of more

levels in this base level scheme increase the contained measured data thus increasing the accuracy of

the end result. This accuracy can only increase if all lower levels are included (possible errors from
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unmeasured levels) and each level included is not affected by the pandemonium effect. Above the

last level in this base level scheme, an energy threshold is set for the start of a continuum of levels

(set at 40 keV per bin for this work). To determine the probability of feeding to each level, directly

(β feeding) from the parent or indirectly (via γ transitions) from a higher excitation level, the spins

and parity of each level included in the analysis are always required. Due to the requirement for the

spins and parity information, one of the deciding factors for the energy threshold is the degrees of

freedom, in Jπ, created in the used known excitation levels in the daughter. The inclusion of levels

with undefined or multiple options of Jπ can be utilised if values can be selected with justification,

possibly creating multiple options for the base level scheme of an isotope.

The statistical Model of Level Densities

The branching of transitions in this base level scheme are defined but feeding from above the

energy threshold (from continuum of levels) are undefined, as are transitions between levels in the

continuum. The population of levels in the continuum can be assigned using a model for the level

density. Chapter 2 describes how a level density can be approximated by the back shifted Fermi

gas (BSFG) and Constant Temperature CT functions [77, 78, 79]. Fitting each model to available

experimental and theoretical data enables their parametrisation (as shown in Figure 5.1).
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Figure 5.1: Modelled excitation level density of 86Br of experimental data taken from [73, 25] the-
oretical predictions from the Hartree-Fock-Bogoliubov HFB model. Fitted to this level excitation
function are two different Back Shifted Fermi Gas (BSFG) models , the Constant Temperature (CT)
model and a Gilbert and Cameron (GC) statistical models. (see Section 2.2.5 for details)
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Data from ENSDF database and the RIPL3 library contain details on the number of excitation

levels per energy and also information on whether these levels are no longer confined to the current

complete level scheme [25, 73]. These additional levels (i.e. those outside the known level scheme)

are used for reference only. The low energy level density can be shown by plotting this experimental

data for the selected isotope (see Figure 5.1). Note that, due to the presence of possible missing or

low detection efficiency levels, the higher energy region is missing.

To counteract effects from levels not included in the level scheme, a prediction of accumulative

number of levels for given excitation energy can be obtained from the HFB model using data

tables, the atomic number, mass number and correction factors (found in RIPL3) for the desired

nuclei [75, 74]. This model can then be optimised to a specific isotope by fine tuning the correction

factors so that this model fits the highest accumulative level number and energy of the RIPL data,

adjusting for shell effects.

The BSFG model can now be fitted to this experimental and theoretical data resulting in the

parametrisation of the ground state position (∆), level density parameter (a) and taking the effective

moment of inertia as 0.5 for the Egidy et al. model [77, 78]. The Constant Temperature (CT) model

can then be fitted, parametrising the nuclear temperature, T and back-shift, E0 [78]. Using these

parameters it is possible compare the outputted predictions of the Egidy et al. [78] BSFG and CT

models, the Dilg et al. [77] BSFG model, and a model created by Gilbert and Cameron [79] from

a combination of the CT and BSFG model shown in Figure 5.1.

A second method of obtaining parameters for the BSFG is possible using a method proposed by

Egidy et al. [112] using the deuteron-alpha reaction energy (Q(d,α) = [M(A,Z)−M(A− 2,Z − 1)−

M(2H) −M(4He)]c2) of the nuclei of interest and its neighbouring isospin analogue states. An

example of these level density models are shown in Figure 5.1 for 86Kr and more information on

this nucleus is included in Chapter 6.

The poor resolution of the BaF2 (in comparison to HPGe) means that a response at the 1 keV

resolution level is not necessary and a response based on a 40 keV binning of levels is sufficient to

contain all the relevant decay information. Combining the level density models with a continuum

of 40 keV bins means that the probability of a β decay feeding an individual bin together with

the possible transitions between bins and the base level scheme can be determined. The uses of a

binned response has been shown by Duke el al. [83] to remove the complexity of densely spaced

levels, enabling them to be simplified to an average probability of decay per bin, similar to the β

strength function.
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Gamma Strength

A β decay to an excited state in the daughter nucleus will de-excite mainly via γ rays or internal

conversion. These γ-ray transitions are most probable to decay via E1, M1 or E2 transitions due

to their larger decay strengths in comparison to higher multipolarity transitions. Work by Kopecky

and Uhl [113] have characterised the average total γ-ray radiation width ⟨Γγ (E,J,π)⟩ for a state

with initial excitation energy Ei , spin Ji , and parity πi transitioning via a Eγ energy γ ray to a

final state of spin Jf and parity πf by

⟨Γγ (Ei , Ji ,πi)⟩ =
1

2πρ(Ei , Ji ,πi)

∑
XL

∑
Jf πf

∫ E

0
TXL(Eγ )ρ(Ef , Jf ,πf )dEγ (5.3)

where ρ is the level density as before, but with a dependence on parity (π). TXL(Eγ ) is the γ-ray

transmission coefficient, Ef is the final state excitation energy (Ei −Eγ) and XL state the transition

type, electric or magnetic (X) and multipolarity (L). The effects of the parity dependence on Γγ

showed 10% less in the work by Kopecky and Uhl [113], and therefore in this work an even parity

distribution will be used. The γ-ray transmission coefficient is directly related to the strength

function (fXL(Eγ )) and thus key aspect differing the transmission widths, taking TXL(Eγ ) as:

TXL(Eγ ) = 2πE(2L+1)
γ fXL(Eγ ) (5.4)

In previous work by Jordan et al. [76] and Estevez et al. [114] it has been shown that taking a

Lorentzian shape for E2 and M1 transitions and a generalised Lorentzian shape for the E1 transition

strengths is a good approximation. With these transition strengths taking the forms [113],

fE1 = 8.68× 10−8 ×
 EγΓ (Eγ )

(E2
γ −E2)2 +E2

γΓ (Eγ )2
+
0.7Γ04π2T 2

E5

σΓ0, (5.5)

fM1 = 8.68× 10−8 ×
 σEγΓ

2
0

(E2
γ −E2)2 +E2

γΓ
2
0

 , (5.6)

fE2 = 5.22× 10−8 ×
 σE−1γ Γ 20

(E2
γ −E2)2 +E2

γΓ
2
0

 , (5.7)

where

Γ (Eγ ) = Γ0
E2
γ +4π2T 2

E2 , And T =

√
Sn −Eγ
a

(5.8)
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Here Eγ [MeV] is the γ ray energy, Sn [MeV] is the neutron separation energy and a [1/MeV] is the

level density parameter. The giant resonance parameters E [MeV], Γ0 [MeV] and σ [mb] are taken

from experimental data. For this work, the parameters were taken from references [73, 115, 116].

Specific E1 parameters have been taken from reference [117], M1 parameters from reference [113]

and the E2 parameters from references [118, 119].

The addition of the γ-ray width function to the level density models mean that it is possible

to extrapolate the probability of transitioning from each level in the continuum down to lower

levels, resulting in the building of the branching matrix (shown in Figure 5.2). The binning of

this continuum means each bin feeds all lower energy bins with a finite probability, resulting in a

quantitative measure, for use in the analysis as a branching ratio matrix.
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Figure 5.2: Example of the branching ratio matrix created for the β− decay of 86Br, displaying the
feeding ratio from each initial level to each of its final levels. This figure shows the level continuum
starting above 3560 keV.

The Response

The γ-ray response between each level can be MC simulated using mono-energetic photons (Fig-

ure 5.3a). The 40 keV binning of the continuum results in all the γ-ray responses being multiples

of 40 keV, and for the initial analysis the base level scheme can be approximated into the closest

40 keV bin, whereas a more discrete analysis can be created using the precise energy of the trans-

ition. The efficiency of the detector to γ rays is included by utilising the 0th energy bin (number
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of non-interactions) of the simulated data. These γ-ray responses together with their branching

ratios enable the solution to Equation 5.2 to be obtained. This response Rj , is the response from

level j, or more accurately the response to the de-excitation of level j.

To generate the response to each β decay event this de-excitation response needs to be combined

with the TAS detectors response to the related β particle. As described in Chapter 4 an allowed

shaped β energy distribution was used to to determine the initial energy of each β particle (Fig-

ure 5.3b). This approximation of the allowed shaped is used for simplicity, but the response in

the TAS for different shape β energy distributions should be negligible due to the low (< 20%)

efficiency of the TAS (Software Sum) to β particles (as seen in Figure 4.7).

The response matrix generated thus far is for the singles data. In order to generate the response to

the beta-gated data, the response of the silicon detector needs to be included. The data from the

silicon detector is only used for the detection of β particles and as such the only response required

is if the energy deposited in the detector was above the experimental (105 keV) threshold.

The utilisation of the non-interaction 0th energy column data enables the β response to be correctly

normalised in the beta gated data response matrix .
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Figure 5.3: Examples of experimentally broadened TAS Monte Carlo responses to mono-energetic
γ rays and single level feeding β-particles (assuming an allowed β energy spectrum), as used in the
response matrix.

5.3 The Solution

Work by Taín and Cano-Ott [111] has shown that is it possible to solve the inverse problem via

three different approaches: (i) the linear regularisation method; (ii) maximum entropy; and using

(iii) expectation-maximisation algorithms. This work stated that the expectation-maximisation

algorithm gives the best result and work by Jordan et al. [76] concurs with this result. The

expectation-maximisation algorithm “is a general method for maximum likelihood estimation of
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parameters from incomplete data. The method is in essence iterative and receives the name from the

two steps required for its application: (1) compute the conditional expectation of the log-likelihood,

(2) perform the maximisation of the expectation.” [111]. The algorithm originally taken from [120]

is utilised in a Bayesian algorithm in the form of:

f
(s+1)
j =

1∑n
i=1Rij

n∑
i=1

Rijf
(s)
j di∑m

k=1Rikf
(s)
k

, j = 1, ...,m (5.9)

where f (s)j is the feeding at this iteration and f
(s+1)
j is the next iterations feeding response. From

the initial parent’s spin and parity, an initial feeding distribution can be created as with the γ-ray

transitions. Using this as a starting point an iterative process using Equation 5.9 can be used to

obtain the β feeding distribution. Reconstructing the detector’s response using the response matrix

and the generated feeding distribution is then possible, enabling a visual check of this feeding. For

a measurement of fit, the χ2 of this generated response to the original data was obtained using the

formalism,

χ2 =
∑
i

(di −Rei)2

σ(exp)i2
(5.10)

where di is the recorded experimental data with experimental error σ(exp)i and Rei the reconstructed

response in channel i. The initial analysis of the data can now be analysed using a binned analysis

with each level placed within a 40 keV bin, enabling only multiples of 40 keV γ-ray transitions.

After this initial check is it possible to simulate the precise energy of any transition in the base

level scheme enabling there discrete energies to be combined in the discrete analysis. This discrete

analysis should remove any anomalies in the χ2 measurement due to poor fitting peaks (i.e. at the

wrong energies) in the lower energy section of the response. The analysis up to this point allows

feeding to any level. With a finite probability, it is possible to adjust the initial feeding to exclude

feeding to specific bins / levels for the base level scheme. The known spin and parity of levels in the

base level scheme reveals the type of transitions possible to each state. By allowing only defined

direct feeding to specific states it is possible to restrict feeding to allowed β decays or allowed and

first forbidden β decays, resulting in a more realistic result.

To avoid statistical oscillations due to the subtraction of different experimental spectra (e.g. back-

ground subtraction) the response is built on top of the contamination of each data set enabling a

comparison to the un-cleaned calibrated data. A visual comparison can then be made between the

clean data and the response by subtracting the relevant contaminants from both spectra.
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Recorded Branching Ratio

The ENSDF recorded level scheme contains the ratio of γ-ray transitions relative to each other. It

is possible to optimise the final branching ratio matrix so that the final ratio of the γ-ray transition

is similar to the recorded ratio. This optimisation can be obtained by renormalising γ-ray feeding

from the created continuum of levels in the daughter nucleus. This approach, if possible, should give

a more realistic β feeding response due to the inclusion of more previously recorded information.

5.3.1 Strength function

Once the β feeding distribution has been deduced Equation 2.2.3 can be used to determine the

β strength function for this decay, enabling a comparison with the current recorded data to be

assessed.

5.3.2 Mean energies

The mean average energy from the total decay can be obtain from the unfolded feeding distribution.

The average mean γ-ray energy Eγ is a result of the released excitation energy (Ei) of fed levels in

the daughter, thus:

Eγ =
∑
i

Iβ(Ei)Ei (5.11)

where Iβ(Ei) is percentage of β feeding to excitation energy Ei . The distribution of possible energies

for each beta decay transitions results in the mean average β-particle being a sum of the feeding

percentage to each level multiplied by that transition’s mean β-particle energy ⟨Ei⟩ or simply [76]:

Eβ =
∑
i

Iβ(Ei)⟨Ei⟩ (5.12)

where the transition’s mean β-particle energy can determined from the average energy of the β

continuum for that transition (Ei) fβ(Qβ−Ei) normalised by the integrated Fermi function f (Qβ−Ei).

Taking [121]

fβ(Qβ −Ei) =
∫ x+1

1
mc2(ϵ − 1)ϵ

√
ϵ2 − 1 (x+1− ϵ)2F(Z,ϵ)dϵ (5.13)

and

f (Qβ −Ei) =
∫ x+1

1
ϵ
√
ϵ2 − 1 (x+1− ϵ)2F(Z,ϵ)dϵ (5.14)

with x = Qβ−Ei
mec2

, ϵ = (
Eβ
mec2

+1), Eβ as the kinetic energy of the β particle and F as the Fermi function

as before.



6 Analysis and Derived β-Feeding

Strength for 86Br, 91Rb and 94Sr

6.1 Preparation of 86Br

6.1.1 The Measurement of 86Br

The β−decay of 86Br transitions to the stable 86Kr, therefore daughter contamination is not a

problem for this isotope. A total of nineteen runs of 86Br were collected during the experiment,

over two collections of approximately 11 hours and 7 hours. The measurement time was planned

to obtain good statistics, but due to a problem with the saving of the data (identified after the

experiment), reduced statistics were collected. Some of the recorded measurements were highly

contaminated or contained errors in their collections and thus were excluded. Preliminary tests

and calibrations of the remaining runs enabled homologous runs to be identified and combined

(see Table 6.1 statistics). The homologous calibrated β-gated TAS and silicon detector spectra are

shown in Figure 6.1.

The preliminary aggregate of the 86Br decay β-gated spectra shows five clear peaked regions. The

TAS collects the full energy cascades, thus these peaks should be representative of β-decay fed

levels in the daughter or extremely prominent γ ray transition where there is a possibility for the

non-detection of other γ rays in the cascade. Using the previously recorded level scheme (from

ENSDF [29] and Fotiades et al. [32]) for reference, the peak labelled A is identifiable as the first

excited level at 1564 keV. Peak B which is broadened from possible multiple peaks is approximately

Data type Recorded events
Hardware Sum 5.52×107
Silicon detector 8.05×107

Software Sum 5.22×107
(Silicon gated) Software Sum 8.01×104

E-Crystal 5.22×107
(Silicon gated) E-Crystal 1.90×105

Table 6.1: Overview of the recorded TAS 86Br measurement statistics.

68
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Figure 6.1: a) Calibrated silicon detector spectra for the 86Br decay runs and the resultant Sum
(blue), with the identification of pulser region and the low and high gate thresholds. b) Silicon (β
particle) gated TAS spectra for the 86Br decay runs and the resultant Sum (blue) and identification
of peaked regions of interest.

at 2900 keV encompassing the levels at 2724,2850,2917,2629 and 3098 keV. The peak labelled C is

at approximately 4300 keV where there is a collection of levels but this is possibly direct feeding

to the discrete 4316 keV level, if the spin parity of 3− is correct. The approximate position of E

is 6200 keV but due to the lower statistics for the region and the possible uncertainty in the level

scheme it is not possible to determine its origins.

6.1.2 The 86Br Contaminant Subtraction

An initial subtraction of the Beam-On background was performed on the each of the singles meas-

urements; the sum of each subtraction is shown in Figure 6.2a. These subtractions show similar

structure to the β-gated spectra as expected. A normalisation of 25 % was applied to the singles

data in Figure 6.2b, showing good agreement with the normalisation of the β-gated spectra. This

result is conclusive with the 24Na observation of 25 % for the silicon detector efficiency to β particles

(a decrease of 4 % from the simulated efficiency). Due to the lower than expected counting statistics

in the singles data, the subtractions of background and pile-up results in large statistical oscilla-

tions that might not be present with increased counts. These oscillations result in the singles being

inadequate for the analysis and therefore only the β-gated spectra was used for the 86Br analysis.

Pile-up

Pile-up data was created, normalised and subtracted from the β-gated and the singles data, as

explained above in Chapter 3. A final check was performed for the singles data by subtracting

pile-up from each measurements (including background measurements) before the background was

subtracted, but the resultant spectrum did not improve the oscillation in the final result. Table 6.2
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Figure 6.2: a) Total 86Br decay TAS singles Software Sum spectrum showing the subtraction of
the Beam-On TAS background and the resultant spectrum, indicating the Qβ position of the 86Br
decay and small statistical oscillations above this. b) Comparison of the 86Br decay TAS background
subtracted singles Software Sum data (scaled by 0.25) and the β-gated Software Sum spectra, showing
the improvement in quality of the β-gated spectra due to the poor counting statistics available for the
singles subtraction. A scaling of singles data by 0.25 to estimate the efficiency of the silicon detector
for β particles has been applied.

shows the relevant acquisition rates for the β-gated data and number of Software Sum coincidence

with β-particle event for each of the 86Br experimental runs included.

The β-gated pile-up was normalised using Equation 3.1 and was checked to make sure an optimal

subtraction was performed. A preliminary analysis of this cleaned spectra highlighted that there

may be contamination within the recorded data. Since 86Br decays to a stable nucleus the contam-

ination can not be due to any daughter products resulting in either an impure isotope production,

background contamination, or some external source of contaminations. Second checks were made of

the background runs before and after the measurements for impurities. The second set of measure-

ments had clean (very few counts) β-gated background before and after the measurements, but the

first set of measurements showed problems with the collection of β-gated background measurements

before and after the runs, because the silicon detector was not connected. The unavailability of the

β-gated background, means that the level of any potential contamination is not known. A compar-

ison of the sums of the first and second set of measurements was made (shown in Figure 6.3a) to

enable any differences to be ascertained.

The low statistics of each sum of measurements means it is difficult to determine if the first meas-

urement contains any background contamination. It is clear from these spectra (Figure 6.3a)that

they are not homologous, even with differing statistics. A second comparison of the collected silicon

detector spectra is shown in Figure 6.3b. The silicon detector spectra shows an increased noise

within the first measurement that is shifted from the normal electronic noise at the start of the
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Run number of β-particle event Rate [Hz]

Fi
rs

t

Br86_2320 8.4×106 6103
Br86_0034 4.1×106 6158
Br86_0134 3.9×106 6282
Br86_0239 8.9×106 6232
Br86_0424 3.5×106 6246
Br86_0541 11.4×106 6227

Se
co

nd
Br86_0031 7.4×106 6229
Br86_0132 8.1×106 6233
Br86_0236 2.7×106 6150
Br86_0435 12.4×106 6221
Br86_0536 9.8×106 6165
Background NA 6195

Table 6.2: Experimental rates (in counts per second) for the86Br measurements and number of β-
particle events and the sum Single Beam-On background measurement for reference.
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Figure 6.3: Difference found between the sum of first and second measurements of the 86Br decay.
a) The TAS β-gated measurements (scaled to each other for comparison) and including the Beam-On
background measurement (scaled) as reference and possible contaminate to the first measurement.
b)The silicon detector measurements, where the first set of measurements have increased noise.

spectra. An adjustment could be made to the threshold of the silicon detector but due to the tail

of this noise, this increase threshold would be hard to determine and would exclude large amounts

of data. This noise is thought to be electronic noise (because of the shape) and not due to some

other contamination events. Since this noise is electronic in the silicon detector the contamination

in the β-gated spectra will be any background counts in coincidence with this noise. To remove this

contamination the Beam-on background (with pile-up removed) was subtracted from the pile-up

free β-gated spectra using a visual method of subtraction, as there is no information on the amount

of background included with in the spectra. A preliminary analysis of the 86Br decay was used as a

guide for this visual subtraction of the background. After the final analysis of this isotope a range

of subtraction values tested with the same parameters, enabling an optimum value of subtraction

to be found, using the analysis χ2 value as a guide.
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Figure 6.4: Final 86Br TAS Beta-gated Software Sum Subtraction of pile-up and contaminating
background showing the resulting spectra.

This final clean β-gated Software Sum spectrum of 86Br has a very similar structure to the raw

calibrated β-gated Software Sum spectrum, as the level of subtraction is very small. One noticeable

difference is the shape of the spectra at high energy, because of the comparable level of pile-up to

raw data. The subtraction still shows some counts above the Qβ value possibly forming a peak

shape. This peak occurs at a similar point to the high energy limit of the individual crystal PMT’s.

Events with energy deposited above this limit may have been collected in the highest energy bin

erroneously producing an excess of counts. These counts above the Qβ value could also be artefacts

of the subtraction but without more statistics it is not possible to determine their source.

6.1.3 The Nuclear Level Density of 86Kr

Plotting number of experimentally recorded cumulative levels for 86Kr against energy from the

ENSDF database gives an approximation of the shape of the level density evolution. The RIPL3

database shows that there are 64 recorded levels with 23 in the completed level scheme. Using this

data and an optimised HFB model it was possible plot the level density for 86Kr (86Br daughter),

as shown in Figure 6.5. As explained in Chapter 5 the four statistical models (BSFG, CT and

CG [77, 78, 122, 79]) will be fitted to this mix of experimental and theoretical data to obtain a

fit, resulting in the parametrisation of the ground state position ∆, the level density a (for BSFG),

nuclear temperature T , the back-shift E0 (for CT ) and the crossing point Ex of the BSFG and CT
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model for the model by Gilbert and Cameron (GC). The result of these fits are shown in Figure 6.5

and the parameters are summarised in Table 6.3.

In contrast to the fitted models the BSFG model calculated by the deuteron-alpha reaction mass

method shows a poor fit to the data, leading to it being excluded from further tests and the final

analysis. Between the fitted models the BSFG model gives the closest fit to the experimental data

at low excitation but for the large excitation energy it is not clear which gives the best fit. Due to

the small difference between results, each of the fitted data models will be used for the analysis.
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Figure 6.5: Excitation level density of 86Kr showing the collated experimental data from the RIPL3
database [73], the theoretical HFB model and the fitted statistical models BSFG (Dilg et al. and
Egidy et al.), CT and GC [77, 78, 79].

a 8.434 [1/MeV] T 0.833 [MeV]
∆ 1.599 [MeV] E0 1.518 [MeV]

a (Mass) 9.807 [1/MeV] Ex 4.342 [MeV]
∆ (Mass) 0.831 [MeV]

Table 6.3: Level density parameters of 86Kr from the fit to experimental and theoretical data.

6.1.4 The Level Scheme of 86Kr & Level Threshold

The evaluated level scheme of 86Kr in the ENSDF database contain many levels resulting in a large

number of γ ray transitions, the lower section of the adopted gamma level scheme is shown in

Figure 6.6. The low lying level structure of this even-even nucleus shows the expected 0+ for the

ground state. The first few levels are quadrupole vibration resulting in a first 2+ state and then a
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4+ state, and a first octopole vibration in the low lying 3−. The ratio of the energy to the 2+ and

then to the 4+ is 1.5 and not 2 showing that although the neutrons fill a closed shell (N=50) there

is still proton outside of a shell closure.

The latest ENSDF evaluation of 86Kr was performed in 2001 [29]. Since this date a new measure-

ment of the level scheme by 86Kr(n,n′)86Kr has been preformed by Fotiades et al. [32] in 2013,

providing a few new levels, and slightly revised excitation energies for some known levels. This

difference in energy for some of the levels was far below the resolution of the TAS detector thus

giving little or no effect of the final results of this work.

1
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Figure 6.6: Lower section of the adopted gamma level scheme for 86Kr, taken from ENSDF [29].

The excitation energy levels of 86Kr are shown for the low energy region in Table 6.4, where data

from ENSDF [29] and work by Fotiades et al. [32] are used to create the option available for the

analysis. Data collected for the β decay of 86Br in ENSDF [25] indicated that the 3328 keV level

is possibly a spin/parity 4+ state. Using this information with the γ ray transition multipolarities

expected for a transition from this level gives tentative Jπ= 2+, 3+ or 4+ values as possible options

to be used in the analysis. Fotiades et al. [32] also compares shell model calculations [123, 124]

with the experimental data, resulting in inconclusive results but indicates that the 3010 keV level

is most likely a spin/parity 1+ state rather then the 2+.
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The reported ENSDF ground state (g.s.) of 86Br has Jπ= 2− from systematics with 82-84Br however,

the more recent (2009) measurement by Porquet et al. [31] suggests a 1− (from the possible low

energy πp 3
2νd

5
2 state) . This change in ground state spin changes the allowed and forbidden

transition possibilities. Allowed transitions from 86Br would originally (2− g.s.) feed the 1−,2− and

3− stated but the newly recorded 1− ground state would result in allowed feeding the 0−,1− and

2−, changing the feeding to the 3099 keV level. When considering the first forbidden feeding the

change from a 2− to a 1− ground state results in no first forbidden feeding to the 4+ levels, affecting

feeding to the 2250 keV level and possibly the 2947 keV and 3328 keV levels (depending on chosen

spin).

The test energy thresholds applied on the 86Kr level scheme are shown in Table 6.4, where the

first threshold was applied to give a level scheme with no degrees of freedom if recorded spins and

parties are trustworthy. The different thresholds were also used giving a range of levels schemes to

work with. The close proximity of the 2917 keV and 2926 keV may cause initial problems with the

analysis when binning energies in 40 keV steps. Because of this, a threshold was not set in-between

the level energies. The highest energy threshold was chosen due to its proximity to a large band

gap in the level scheme and levels above this having no parity of spin assignments.

86Kr Adopted Jπ for Threshold
Level [keV] ENSDF Fotiades et al. [32] Analysis Final choice cut
0.0 (g.s.) 0+ 0+ 0+ 0+

1565 2+ 2+ 2+ 2+

2250 4+ 4+ 4+ 4+

2350 2+ 2+ 2+ 2+ 0

2727 (not detected) 0+ 0+ 0+ 1

2850 (2,3)+ (2,3)+ 2+ or 3+ 3+ 2

2917 (not detected) (3,4)+ 3+ or 4+ 4+

2926 (2)+ (2)+ 2+ 2+ 3

3010 (not detected) (1,2)+ 1+ or 2+ 2+ 4

3099 3− 3− 3− 3− 5

3328 (+) (+) 2+ or 3+ or 4+ 4+ 6

3542 0+ 0+ 0+ 0+ 7

3584 (not detected) (empty) Not Used

Table 6.4: Previously recorded low energy excitation level schemes of 86Kr showing recorded and
possible spin and parity assignments.
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6.2 The 86Br Decay Results

The combination of a low energy level scheme, level density model and detector response matrix

means that it is possible to solve the inverse problem using the expectation maximisation method

explained in Chapter 5 to obtain the final β-feeding distribution. This β-feeding distribution can

then be used with the response matrix to reconstruct the respective TAS spectrum that was used

for the analysis. The generated responses can then be used as a test of the accuracy of the analysis

against the experimental data visually and via the calculated χ2 measurement.

6.2.1 The Binned Analysis of 86Br

An initial analysis was performed using only the binned 40 keV responses for γ rays and β particles,

where the included known γ ray and β transitions were rounded into energy bins. The resolution of

the BaF2 results in this initial analysis giving realistic results. This preliminary analysis permitted

feeding to all levels (free feeding), with only reduced strengths to higher forbidden transitions. Each

combination of different level scheme options (given spin and parity) and density models (from the

BSFG, CT and GC) was tested using the χ2 value and visual checks to the experimental data to give

an idea of the best result. An example of this (free feeding) binned analysis is shown in Figure 6.7.

This analysis used a level scheme cut off threshold of 3560 keV, the BSFG Dilg statistical level

density model and the silicon detectors efficiency was set to 25%. The graph in Figure 6.7a shows

the generated response for the evaluated feeding with the addition of the experimental contaminants

(pile-up and background), in comparison to the unclean experiment data (including pile-up and

background).

The free nature of this feeding enables non-physical amounts of feeding to some levels in the

daughter (if the spins and parities are correct). Figure 6.7a also shows the result of a fixed feeding

response, where in this analysis only allowed and first forbidden feeding transitions are permitted

while higher order forbiddeness transitions are restricted. Both the free and fixed feeding in these

results are obtained from a spin/parity 1− ground state for 86Br. The energy binning of the levels

results in little difference between the fixed and free response, due it only being possible to permit

or restrict feeding to a whole bin containing possibly more than one level. The analysis was also

tested with only permitting allowed transitions, but this analysis was found not able to fit to the

experimental data, showing that this decay can not occur via allowed transitions only.

The intensity of β feeding to each level in the daughter for both the fixed and free feeding analysis is

shown in Figure 6.7b as a percentage of the total feeding. The recorded ENSDF database β-feeding
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Figure 6.7: Preliminary recreation of the TAS response and β-feeding distribution for the decay 86Br.
With response A set to free feeding and response B set to fixed feeding both using a base level scheme
threshold of 3560 keV, the silicon detectors efficiency set to 25% and the level density model of the
BSFG Dilg statistical model.

distribution data for this decay is also shown. The database data is in discrete bins as it is the

feeding only to known levels, whereas the analysis result can feed any level in the continuum of

levels. The recently reported levels by Fotiades et al. [32] results in extra level feed by the analysis

below the continuum of levels. Both the free and fixed analysis and ENSDF data agree on an ≈

15% feeding to the ground state. The highest energy feeding peak of ≈7100 keV in the analysis

feeding may be an artefact due to a poor subtraction, but at this point it is not clear.

The produced χ2 value for each of these analysis are compromised by poor fitting in the lower

region of the response, this poor fitting is a result of only using a binned response. The comparison

of the different level scheme thresholds also shows that when a lower energy threshold is used the

increased freedom in the fitting enabling a better fit to the experimental data but results in a less

realistic result due to the increased number of assumptions made.

6.2.2 The Discrete Analysis of 86Br

The binned analysis can only go so far to recreate the spectra as explained in Chapter 5, the inclu-

sion of the MC simulation of the discrete known γ ray transitions and the corresponding discrete

β-particle transition into the response matrix enables a more precise analysis to be conducted. The

newly created discrete energy response matrix can then be used as before to obtain the β feeding

for the decay utilising all permutations of the available options for the analysis while permitted

feeding via allowed and first forbidden transitions.
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(a) TAS β-gated Response (black) showing included
contaminants (Pile-up and background) and the
discrete simulated response to the data with fixed
feeding (red).
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(b) Generated β feeding (%) from the analysis of
the fixed (blue) feeding and the comparison to the
ENSDF record β-feeding distribution (green).
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(c) The difference in the discrete simulated response
from the CT model (above) for the BSFG’s (Dilg
& Egidy) and the GC model.
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Energy [keV]
0 2000 4000 6000 8000

D
iff

er
en

ce

-0.008
-0.006
-0.004
-0.002

0
0.002
0.004
0.006
0.008

∈29% 

(e) The difference in the discrete simulated response
for a silicon detector with efficiency of 29% rather
than 25%.
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for a silicon detector with efficiency of 29% rather
than 25%.

Figure 6.8: The response and β-feeding distribution for the discrete analysis (a,b), the difference of
different statistical models (c,d) and silicon detector efficiencies (e,f ).

An optimum combination of level scheme cut threshold and statistical model was determined. This

best fitting generated response and feeding is shown in Figures 6.8a+(b) (see Appendix:A for the

precise inputs). This discrete analysis provides a better fit to the lower energy section of the spectra

but still shows some discrepancy with the fit to the peak at approximately 2800 keV.

The changing the statistical density model for this decay had little effect, possibly due to the short

energy range that they are fitted over. The differences from this CT response and feeding to the

other models is shown in Figures 6.8c+(d), where the difference between response and the feeding

is small differing by a maximum of ±3 counts and ±0.1% .

The comparison of the subtracted data proposes a 25% efficiency for the silicon detector rather

than the 29% produced from the MC simulation. In addition to the Monte Carlo results other

measured isotopes from this experiment concur with this 29%. The analysis was repeated with
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identical setting but changing the silicon detector efficiency to 29%. The difference of the results

is shown in Figures 6.8e+(f) resulting in a negligible difference (±0.008 counts and ±0.0015%) to

the end result.

The uncertainty in the recorded ground state of 86Br between different ENSDF evaluations pro-

moted the comparison of an analysis with the parent ground state Jπ set to 1− or 2− separately.

Figure 6.9 shows the effect of the change of the parent’s ground state for permitted allowed and

first-forbidden transitions. In this instance the contamination (pile-up and background) have been

removed from the generated response and experimental data. As stated above the level permitted

to feed from the different ground states are different resulting in the Jπ = 2− ground state feeding

the 2250 keV (4+) level, affecting the quality of the fit. The ground state feeding for the 2− parent

state also increase to 18.8%, possible due to less favourable transitions in the lower levels. There are

a few other differences between the spectra, but a parent ground state of 1− gives better agreement

to the data, supporting the new evaluation made in the 86Br ENSDF excited levels data.
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Figure 6.9: a) The cleaned β-gated response and the simulated response with the 2− g.s. (blue) and
1− g.s. (red). b) The β-feeding distribution for the analysis with 2− g.s. (blue) and 1− g.s. (red) and
the recorded ENSDF data.

The Final Discrete Analysis of 86Br

After testing the different permutations of possible level schemes, level threshold cuts and level

density functions an optimum result was selected, with the best visual and χ2 performance. A

copy of the inputs used are summarised in Table 6.5, and a full breakdown for reference can be

found in Appendix:A. The threshold of 3560 keV was chosen as the highest level possible to create

a fit, while resolving a good reproduction of that collected data. The optimum Level scheme spins

and parities, giving the best visual reproduction and χ2 performance is shown in Table 6.4.
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(a) Final Analysis generated responses (plus contaminants) in comparison to the raw β-gated
spectrum, also showing relevant contaminants (background and pile-up).
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(b) Final analysis generated responses in comparison to the clean β-gated spectrum.

Energy [keV]
0 2000 4000 6000 8000

R
el

at
iv

e 
D

iff
er

en
ce

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1 Simulated Response

 Branch OptimizedγSimulated Response 

(c) Relative difference from the clean β-gated spectrum for each analysis.

Figure 6.10: Final comparison of the generated response for the decay of 86Br against the collected
TAS β-gated spectrum. With response (A) being the original result with no change to the γ ray
branching and (B) being the optimised γ ray branching result.
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Highest level 3542 Levels included 10
start of continuum 3560 statistical model used Constant Temperature

Parent g.s. Jπ 1− Feeding Allowed and First Forbidden
Daughter g.s. Jπ 0+ 0−, 1−, 2− and 0+, 1+, 2+, 3+

Table 6.5: Optimum inputs for the analysis of the β decay of 86Br

Even though high resolution measurements can suffer from the pandemonium effect, the γ ray

branching ratio can be correct because the experimental method applied. Using this information

it is possible to compare the recorded γ ray branching to the generated results in the response

matrix. Adjusting the intensity of the γ ray branching inside this response matrix is possible for

the known level part (base level scheme) by adjusting the intensities of feeding these levels from

each level in the continuum. Table 6.6 includes the branching ratios of the recorded ENSDF data,

the original results and an optimised (γ branching ratio to ENSDF) result response. The proximity

of the levels and the lack of reported intensities in Fotiades et al. [32] results in the intensity spread

between levels. The branching of the highest included level (3542 keV) could not be reduced further

due to limited control over the feeding of the levels above the continuum.

Levels relative γ ray Intensity[%]
[keV] ENSDF original Optimised

1564.75 37.08 43.96 37.11
2250.05 8.16 2.16 14.72 2.23 8.232349.95 12.56 6.00
2726.75 4.96 4.87 10.64 2.94 5.332850.35 5.77 2.39
2917.05 7.30 2.17 6.55 2.45 7.252926.32 4.38 4.80
3010.25 6.33 5.81 6.40 5.60 6.203099.45 0.59 0.60
3328.25 1.2 5.15 3.60
3541.65 N/A 0.69 0.92

Table 6.6: The γ ray branching ratio of the low energy levels in 86Kr for recorded ENSDF data. The
original generated response and the optimised response. Both responses include levels not detected
in the recorded ENSDF file thus an averaged over multiple level of similar energy was used for
comparison.

The effect of this final modification on the reproduction of the experimental data (with statistical

errors) is shown in Figure 6.10. This new response is very close to the original result possibly

showing a slight deterioration on the reproduction of the data. The resulting difference from the

recorded data for each of the responses is also shown, revealing the poor fitting of the higher energy

section of the analysis, possibly due to the low statistics in this region.
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The produced β feeding distributions for these analysis are shown in Figure 6.11 where Figure 6.11a

has been rotated to clearly display the levels fed in the via the β decay. Comparing feeding distri-

bution, in cumulative plots (Figure 6.11b) enables differences between the recorded ENSDF data

and the generated feeding distribution in this analysis to be seen clearly. Between the responses,

the adjustment of the γ ray transition branching has reduced some high level feeding and placed

more at lower levels. The ground state feeding from the original analysis matches the ENSDF

feeding of 15% whereas the modified result reduces this to 12.5%. At low energy in the discrete

region analysis feeding to the first level is lower for both analyses and each do not feed the 4+

(2250 keV) or the 2+ (2350 keV) as with the ENSDF data, possibly hinting to pandemonium in

these levels. The comparison also highlights that neither of the analyses feed to the 3099 keV level

as in the recorded ENSDF data. A full list of feeding distribution to each channel can be found in

Appendix:A for a comparison of each level.

As with the binned analysis because of the low counting statistics the higher energy (>6400 keV)

feeding for both analyses may not be correct the but the current data infers β feeding to these

levels, although this could be residual pile-up. The restriction of the branching ratios at the lower

energy (optimised analysis) results in pushing more feeding to these lower levels. This affect may be

changed if the individual γ ray branching can be ascertained (from high resolution measurements)

rather than the grouping of multiple levels.
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(a) Final generated β feeding distribution (rotated for clearer display which levels are feed).

Energy [keV]
0 2000 4000 6000 8000

 [
%

] 
β

 I
∑

20

30

40

50

60

70

80

90

100  Feeding Optimized Brachingβ
 Feedingβ

 feedingβENSDF 

(b) Cumulative sum of the final generated β feeding distribution.

Figure 6.11: Final comparison of the generated β feeding distributions for the decay of 86Br. With
response (A) being the original result with no change to the γ ray branching and (B) being the
optimised γ ray branching result.



6.2. THE 86BR DECAY RESULTS 84

6.2.3 Implications of the 86Br Analysis

The analysis has shown that the inclusion of the level by Fotiades et al. [32] improves the generated

response ratifying the existence of these new levels, although due to the low resolution, the precise

position of these levels can not be verified. The resultant replication of the data shows a reasonable

fit and with increased statistics, more justifiable arguments could be made about the level scheme

used.

The β Strength Function of the 86Br Decay

From the recorded feeding distribution it is also possible to generate the strength function (Sβ)

as described in Section 5.3.1. Figure 6.12 shows the calculated β strength function for the 86Br

decay, for both the original and γ ray branch optimised results, and for comparison, the generated

strength function using the ENSDF feeding distribution data. These show similar results between

the analyses as expected, from the similar feeding. The ENSDF data matches the TAS data for the

ground state and for a few low energy states (<3.5 MeV) apart from the 2349 keV level. Above this

no strength is recorded until the 5.4 MeV and 5.5 MeV levels where the levels match the TAS data.

The comparison of the TAS analysis to the ENSDF data imply that there may be pandemonium

in the original measurement.
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Figure 6.12: The calculated β strength function for the decay of 86Br for the two final analyses and
the previously recorded ENSDF data.



6.2. THE 86BR DECAY RESULTS 85

Eγ [keV] Eβ [keV]
Original result 3819.2(39) 1671.8(32)
Branching optimised result 3824.6(39) 1668.1(28)
Final results 3821.9(55)a(540)b 1670.0(42)a(278)b

ENSDF/B-VII.1 3297(156) 1944(345)
JEFF 3.1.1 3297(156) 1943(345)
JENDL/FPD-2011 3300(160) 1900(400)

Table 6.7: Mean average energy for β-particles and γ rays (all collected photons) from the decay of
86Br. a) statistical uncertainty, b) uncertainty due to assumptions of the analysis.

The Mean Decay Energy of 86Br

The results from the analyses enables the mean average energies of the β-particles and γ rays (all

collected photons) to be calculated and are shown in Table 6.7.For comparison the average mean

energy from several nuclear databases are shown with varying degrees of precision. The average

mean γ ray energy from the analysis shows an increase of ≈500 keV whereas the average mean β-

particles energy shows a decrease of ≈300 keV, backing up the possible pandemonium effect in the

previously recorded data. The final generated result is a combination of the original and optimised

results due to the uncertainty used in each analysis where the correct γ ray branching ratio is taken

into account and the closer fit (lower χ2 value) to the experimental data.

For each of the analyses a statistical uncertainty was calculated from the uncertainty in the feeding

distribution. This used the assumption that the energy is free of uncertainty and the uncertainty

of the integrated Fermi function is negligible in comparison to that of the feeding distribution.

The final result was a combination of the original and optimised branching ratio model as both

give realistic final reproductions of the collected data. This combination resulted in their statist-

ical uncertainties being added in quadrature to encompass the combined statistical uncertainties.

This statistical uncertainty alone does not account for the large assumptions (of spin, parity, level

distribution) made in each analysis.

The different available level schemes and level density models each provided differing fits to the data.

It was found that fixing the parents ground state to Jπ=1−, the silicon detectors efficiency to 25%,

the level scheme up to the 3542 keV level, the constant temperature model and only permitting first

forbidden and allowed decays, each result (for all options of spin parity) gave realistic reproductions

to the data. These different reproductions of the data do not fit as well as the final results but

are still a realistic possibility and as such the variance to the final result was chosen as a good

approximation for the uncertainty from the assumptions.
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6.3 Preparation of 91Rb

6.3.1 The Measurement of 91Rb

The tape cycle for the measurement of 91Rb was set to 174.8 seconds of implantation with a rate of

1000 ions per second followed by the tape movement. Figure 6.13 shows the accumulation of each

ion per second for a tape cycle, with the build-up of 91Rb ions nearly reaching secular equilibrium

assuming an implantation rate of 1000 ions per second. The ratio of activity over each tape cycle

is 99.9 % 91Rb decays followed by 0.1 % of the daughter 91Sr decays and less then 0.0002 % of

the granddaughter decays. Although the constant implantation of 1,000 ions per second is an

approximation, it can be assumed from these results that the measurement has negligible daughter

and even less daughter contamination, removing the need for their subtractions in this instance.
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Figure 6.13: Approximation of the number of ions on the tape at time t for the 91Rb measurement,
per tape cycle. Calculated using a solution to the Bateman equations [61].

A total of four runs of 91Rb were collected during the experiment over a time period of 7 hours

but due to saving problems explained above reduced statistics where obtained. After preliminary

tests and calibration each run was found to be homologous and all runs were combined to improve

counting statistics. The calibrated β-gated TAS and silicon spectra are shown in Figures 6.14 and

a summary of the collected statistics are shown in Table 6.8.
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Data type Recorded events
Hardware Sum 1.50×106
Silicon detector 2.69×107
Software Sum 1.45×107

(Silicon gated) Software Sum 9.19×104
E-Crystal 1.64×107

(Silicon gated) E-Crystal 1.77×105

Table 6.8: Summary of the TAS recorded 91Rb measurement statistics.

The calibrated β-gated spectra reveals some features of the 91Rb decay. Peak A peaks at ≈90 keV

due to the 93.6 keV level, which is possibly prominent due to its 84.3 ns isomeric state, in addition

to direct feeding and escapes of higher energy γ rays in a cascade. Peak B, peaking at ≈360 keV

comes from an escape or non-collection of the 93.6 keV level in the de-excitation of the 439 keV level.

At C there is a possible double peak in the area ≈1030 keV resultant of the 994 keV and 1042 keV

levels. The Peak at D ≈1970 keV is more clearly defined but can not be seen directly in the recorded

level scheme. As with Peak B this could be due to the escape or missed collection of the 94 keV

level from the decays of the 2065 keV and 2077 keV levels. At ≈2620 keV is Peak E, most probably

from the direct population and decay of the 2657 keV level, with an energy shift possible due to

the miss-detection of the 94 keV level in some events. The finite resolution of the BaF2 results in a

less accurate determination of the next few Peaks. F ≈3670 keV results from levels at 3693 keV and

3576 keV. The G Peak at ≈4060 keV arises from levels 4043 keV and 4073 keV. The highest energy

Peak at H ( 3560 keV) may be a peak, but due to the low statistics this is not clear in the current

data. This Peak may be due to feeding the 5249 keV level or possibly a level at 5365 keV which is

proposed in the level scheme but not confirmed.
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Figure 6.14: a) Calibrated Silicon detector spectra for the 91Rb decay runs and the resultant Sum
(blue), with the identification of pulser region and the low and hight gate threshold. b) Silicon (β
particle) gated TAS spectra for the 91Rb decay runs and the resultant Sum (blue) and identification
of peaked regions of interest.
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6.3.2 The 91Rb Contaminant Subtraction

An initial subtraction of Beam-On background was preformed on the each measurement of the

Singles data, using the technique explained in Chapter 3. Due to a small miss-match between the

spectra combined with the lower than expected statistics an optimal subtraction of background was

not found for the Singles data, and a comparison of the “best” subtracted Singles data is shown in

comparison to the β-gated data (a summation of all four measurements) in Figure 6.15a. The large

fraction of background from the 226Ra α-particle results in an over subtraction of the 91Rb in each

measurement, reducing this subtraction gives an increased background due to α counts. Due to

the unverified efficiency of the silicon detector a scaled comparison of the β-gated spectrum against

this background free singles spectrum reveals a 25% scaling factor, agreeing with the result from
86Br. The poor final statistics of the Singles data result in it not being used for the analysis of this

isotope.
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(a) Singles subtraction.
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Figure 6.15: The total statistics of the 91Rb TAS Singles Software Sum spectra showing (a) the sub-
traction of the Beam-On TAS background and the resultant spectra. On the right (b) the preliminary
comparison to the 91Rb TAS background subtracted Software Sum Singles data (scaled by 0.25) and
the β-gated Software Sum spectra.

Pile-up of 91Rb

Pile-up data was created normalised and subtracted from the β-gated data, as explained in

Chapter 3. Table 6.9 shows the relevant rates for each of the β-gated runs used and the num-

ber of β-gated events. The results of this pile-up subtraction and 91Rb spectrum to be analysed is

shown in Figure 6.16. This subtraction shows that the possible peak (H) at ≈3560 keV was most

probable a result of pile-up, but more statistics would be need to verify this either way.



6.3. PREPARATION OF 91RB 89

Run Number of β-particle events Rate [Hz]
Rb91_1030 67,615 6417 
Rb91_1126 13,786 6410 
Rb91_1521 6,639 6124 
Rb91_0047 3,895 6654 
Background NA 6195

Table 6.9: Experimental rates (in counts per second) for the91Rb measurements and number of β-
particle events and the sum Single Beam-On background measurement for reference.
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Figure 6.16: Final 91Rb TAS β-gated Software Sum Subtraction of pile-up and contaminating back-
ground showing the resulting spectra.

6.3.3 The Level Density of 91Sr

The level density of 91Sr is shown in Figure 6.17. Data in the RIPL3 [73] database gave 47 levels

with the first 45 within the recorded level scheme. Using this 45th energy level as an energy

density reference point for the HFB optimization a continuous level density was created with the

experimental data enabling the parametrisation of both the BSFG, the CT and the GC models.

Each of the statistical models fitted to the data, shows a reasonable fit to the data, possibly with

the GC and CT model giving a slightly improved fit. The calculation of the BSFG model using the

deuteron-alpha reaction mass method has (as with the 86Br) provided a poor fit. The parameters

generated from these fits are shown in Table 6.10.
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Figure 6.17: Excitation level density of 91Sr showing the collated experimental data from the RIPL3
database [73], the theoretical HFB model and the fitted statistical models of BSFG (Dilg et al. and
Egidy et al. ) ,CT and GC [77, 78, 79].

a 9.754 [1/MeV] T 0.662 [MeV]
∆ 0.264 [MeV] E0 0.425 [MeV]

a (Mass) 10.675 [1/MeV] Ex 1.946 [MeV]
∆ (Mass) -0.200 [MeV]

Table 6.10: Statistical level density parameters for the BSFG, CT and GC model to 91Sr level density.

6.3.4 The Level Scheme of 91Sr & Level Threshold

The recorded level scheme of 91Rb contains many levels [39]. The lower region and γ ray transitions

of this adopted level scheme is displayed in Figure 6.18. This low-energy section of the level scheme

contains low-excitation levels with no evaluated spin or parity, there is also a large band gap between

levels 2159 keV and 2657 keV. This gap in the level scheme is a possible region of missing levels. To

avoid the inclusion of missing levels an upper level scheme threshold was set to the 2159 keV level.

A summary of these adopted lower excitation levels below this gap is shown in Table 6.11.

The missing spins and parities of levels recorded in ENSDF, needed to be estimated. The γ

ray transitions between different levels were used in combination with the expectation that most

transitions would occur via the most probable E1, E2 or M1 γ ray transition, resulting in a range

of options available for the missing spins and parities. A number of these level are recorded to

decay via an E2/M1 transitions to the 94 keV, Jπ = 3/2+, level resulting in the initial decaying level
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Figure 6.18: Lower Section of the adopted gamma level scheme for 91Sr, taken from ENSDF [39], for
the full level scheme see Appendix D.

being likely Jπ = 1/2+,3/2+ or 5/2+. The β-decay feeding distribution recorded in ENSDF was also

utilised when postulating options for Jπ for the excited state. This resulted in the 1368 keV level

having options of both parity, due it not having any recorded feeding. The large degrees of freedom

now available via these options results in a range of level schemes. These created level schemes

were then also cut at different energy level thresholds. These thresholds were used to reduce the

degrees of freedom included, although the reduction of included level diminishes the validity of the

end result.

The parent 91Rb ground state is a Jπ = 3/2− resulting in allowed feeding to 1/2−, 3/2− and 5/2− levels,

which would only (might) feed the 1368 keV level (with selected Jπ values) in this low excitation

level scheme. The lack of allowed transitions means that it is plausible that the decay will transition
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91Sr Adopted Jπ for Threshold
Level [keV] ENSDF Options in this analysis Final choice
0.0 (g.s.) 5/2+ 5/2+ 5/2+

94 (3/2)+ 3/2+ 3/2+

439 (?+) 1/2+ or 3/2+ 3/2+

994 (9/2+) 9/2+ 9/2+ 0

1042 (?+) 1/2+ or 3/2+ or ,5/2+ 3/2+

1231 (?+) 1/2+ or 3/2+ or 5/2+ 1/2+ 1

1368 ? 1/2± or 3/2± or 5/2± or 7/2± 7/2− 2

1482 ? 1/2+ or 3/2+ or 5/2+ 5/2+ 3

1740 ? 1/2+ or 3/2+ or 5/2+ 3/2+

1917 ? 1/2+ or 3/2+ or 5/2+ 1/2+

1943 (1/2+,3/2+ ,5/2+ ) 1/2+ or 3/2+ or 5/2+ 3/2+

2065 (1/2+,3/2+ ,5/2+ ) 1/2+ or 3/2+ or 5/2+ 5/2+

2078 11/2− 11/2− 11/2− 4

2159 ? 1/2+ or 3/2+ or 5/2+ 5/2+

2237 ? 1/2+ or 3/2+ or 5/2+ 5/2+

2658 (1/2+,3/2+ ,5/2+ ) 1/2+ or 3/2+ or 5/2+ 3/2+ 5

3116 15/2− (Not Used) (Not Used)

3304 15/2− (Not Used) (Not Used)

Table 6.11: The low energy excitation level schemes and options available for the analysis of 91Sr.

via first forbidden decay thus to 1/2+, 3/2+, 5/2+ and 7/2+ states in the daughter resulting in a large

number of these lower levels being feed.
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6.4 The 91Rb Decay Results

6.4.1 The Binned Analysis of 91Rb

The preliminary binned (40 keV) analysis test of the 91Rb decay enabled the quick testing of different

level schemes and permitted feeding rules. Figure 6.19 shows the response and generated β-feeding

distribution. This generated response uses the final level scheme with a level scheme threshold of

2680 keV and the CT statistical model for the different permitted feeding. This comparison of the

free feeding, allowed feeding and allowed plus first forbidden feeding, shows that the free feeding

and the permitted allowed plus first forbidden feeding gives a reasonable fit to the experimental

data, apart from for the 2,600 keV peak. The permitted allowed only feeding result shows a poor

fit over the base level scheme. All three of the responses fail to provide a good fit for the first

excited level at 94 keV. The poor reproduction of the 93 keV level peak could be due to multiple

aspects. Firstly this may possibly be due to an energy binning problem where the 94 keV is just

above the edge of the 80 keV energy bin and this 40-80 keV bin is not a full bin, as the data has

to be above 64 keV threshold. This result may skews any counts spreading to the <80 keV bin and

miss shapes the possible Gaussian peak expected by the analysis. A second effect could be due to

the short lived isomeric state (89.4 ns) of this 93 keV level resulting in a small probability of its γ

ray detection being outside of the collection 5µs time window when the slow signal collection of

the β particle in the silicon is taken into account.
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(b) β feeding distribution.

Figure 6.19: Preliminary recreation of the TAS response and β-feeding distribution for the decay
91Rb. With a base level scheme threshold of 2680 keV, the silicon detectors efficiency set to 25% and
the level density model of the CT statistical model. Where A is the response to free feeding, B the
response to allowed feeding and C the response to allowed and first-forbidden feeding.

Figure 6.19 shows the recorded ENSDF β-feeding distribution and the β-feeding distribution for a

previous TAS measurement of this decay by Greenwood et al. [125]. The β feeding distribution for

the ESNDF data matches that of the Greenwood et al. data for the low energy region but then
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diverge at higher energy. The creation of pseudo-levels in the Greenwood data results in feeding

to levels that are not seen in high resolution measurements. The difference between the feeding of

Greenwood et al. and the ESNDF data is due to Greenwood et al. feeding multiple (pseudo) level

and feeding to levels above that fed by the ENSDF data. The ground state feeding at the lower

energy end (<2680 keV) of the β-feeding distribution for the free feeding analysis gives a similar

result to the ENSDF data but also adds a small amount of feeding to the 994 keV level and 1368 keV

level, both of which are not fed in the ESNDF or Greenwood data. The allowed only analysis β

feeding distribution only populates levels in the level continuum, as no feeding is permitted to the

known levels. The higher energy (>2680 keV) continuum region of the β feeding distributions of

the each of the analyses shows more feeding to each level than ENSDF or Greenwood et al., whilst

matching the feeding for the 2658 keV level. Since of no feeding is permitted to the lower levels,

the allowed only β feeding distribution forces more feeding on each bin of the continuum.

6.4.2 The Discrete Analysis of 91Rb

The discrete analysis of the 91Rb provides an improved fit to the response. Each level scheme

created using possible options and thresholds was tested, using the χ2 fit and then a visual check

to determine the best fit to the data. Due to an uncertainty in the recorded parents negative parity

ground state, a positive parent ground state option was tested in the analysis, resulting in a rather

poor results. It was found that the lower level scheme thresholds (0,1,2,3) resulted in problems

reproducing the peak at 2600 keV. Figures 6.20a+b show the response and feeding for the discrete

analysis using same parameters as the binned analysis. This discrete response shows a good fit to

most of the experimental data, with problems matching the data at the lowest energy peak (94 keV

level) and a slight problem of increased counts at ≈1500 keV and also too many counts between the

two peaks at 2350 keV. To resolve this problem the lower energy section (>240 keV) was excluded

from the fit of the response resulting in an improvement in the recreation of the reaming data. This

adjustment means that the validity of the final result will be impaired due to this missing section

of the data.

The collected feeding distributions from original and low energy exclusion analysis are shown in

Figure 6.20b. Where the two analyses hold the same shape with the low energy exclusion enables

some feeding to be put at low levels above the original analysis, resulting in lower feeding for all

of the other levels. The analysis shows similar feeding to the recorded ENSDF results, differing

slightly on the feeding to the 1482 keV level.



6.4. THE 91RB DECAY RESULTS 95

Energy [keV]
0 2000 4000 6000

C
ou

nt
s

10

210

310

Response A
Response B
-gatedβ

Pile-up

(a) Response against clean β-gated TAS spectra.
Energy [keV]

0 2000 4000 6000

 [%
] 

βI

-810

-710

-610

-510

-410

-310

-210

-110
1

10 A
B
ENSDF

(b) β feeding distribution.

Energy [keV]
0 2000 4000 6000

D
iff

er
en

ce

-15
-10
-5
0
5

10
15 BSFG (Dilg)

BSFG (Egidy)
GC

(c) The difference in the discrete simulated response
from the CT model (above) for the BSFG’s (Dilg
& Egidy) and the GC model.
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(d) The difference in the discrete β feeding distri-
bution from the CT model (above) for the BSFG’s
(Dilg & Egidy) and the GC model.
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(e) The difference in the discrete simulated response
for a silicon detector with efficiency of 29% rather
than 25%.
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(f) The difference in discrete β-feeding distribution
for a silicon detector with efficiency of 29% rather
than 25%.

Figure 6.20: The response and β-feeding distribution for the discrete analysis for the full spectra
range (A) and the reduced energy range (B). Below the difference of different statistical models (to
the CT generated response) and differences for changes in the silicon detector efficiencies.

A comparison of the differences from this optimum (CT model) response using the other statistical

models is shown in Figure 6.20c, revealing large differences between response. This is also mirrored

in the collected feeding distribution (Figure 6.20d). As with the analysis of 86Br, a test of the

silicon detector efficiency shows very marginal difference (see Figures 6.20e+(f)) .

The Final Discrete Analysis of 91Rb

Highest level 2658 keV Levels included 15
start of continuum 2680 keV statistical model used Constant Temperature

Parent g.s. Jπ 3/2− Feeding Allowed and First Forbidden
Daughter g.s. Jπ 5/2+ 1/2−, 3/2−, 5/2− and 1/2+, 3/2+, 5/2+, 7/2+

Table 6.12: Optimum inputs for the analysis of the β decay of 91Rb
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A summary of the inputs used for the final analysis of 91Rb is shown in Table 6.12. As with the

analysis of the 86Br decay the final spin and parities of the final chosen level scheme were selected

from the optimum reproduction of the recorded data. The large degrees of freedom in spin within

this level scheme results in a large uncertainty in the final chosen level scheme. The inclusion of

the 7/2− state at 1368k̇eV results in this state not being fed via beta decay due to only permitting

allowed and first forbidden decays. However this level can be populated via gamma transitions.

The strong feeding to the 3/2+ 2658 keV could be an effect of its proximity to the continuum of

levels.

The previously recorded decay provides information of low excitation γ ray branching ratios from

the decay of 91Rb. This data is shown in Table 6.13 with the current branching within the response

matrix and the branching from an (γ ray branching ratio) optimised response matrix. As before,

this optimisation is obtained by adjusting the feeding to the level from the continuum of levels.

Level relative γ ray Intensity [%]
[keV] ENSDF Original Result Optimized Result
93.63 43.75 67.61 43.62
439.16 6.04 17.34 6.19
993.50 0.00 0.23 0.00
1042.03 3.57 8.70 3.91
1230.84 2.41 4.97 2.86
1367.76 0.58 0.35 0.92
1482.12 0.96 3.15 1.04
1740.27 1.06 2.48 1.69
1917.09 0.71 2.65 1.20
1942.91 2.14 3.23 2.60
2064.66 0.45 8.08 6.65
2077.50 0.00 0.00 0.00
2159.08 0.18 1.29 0.20
2236.95 0.53 1.10 0.71
2657.89 9.69 15.64 15.59

Table 6.13: Gamma branching ratio of the low energy levels in 91Sr for recorded ENSDF data, the
original generated response and the optimised response. Both responses include levels not detected
in the recorded ENSDF file thus an averaged over multiple level of similar energy was used for
comparison.

The response generated from this modified response matrix is shown along side the original result

in Figure 6.21 showing the fit to the collected experimental data and their relative difference from

this. The separate analysis results in a very similar responses, showing a good fit to the response

below 4500 keV (to the low energy threshold of 240 keV).
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(a) Final Analysis generated responses (plus contaminants) in comparison to the raw β-gated
spectrum, also showing relevant contaminants (background and pile-up).
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(b) Final analysis generated responses in comparison to the clean β-gated spectrum.
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(c) Relative difference from the clean β-gated spectrum for each analysis.

Figure 6.21: Final comparison of the generated response for the decay of 91Rb against the collected
TAS β-gated spectrum. With response (A) being the original result with no change to the γ ray
branching and (B) being the optimised γ ray branching result.
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The generated β feeding distribution for the analysis is shown in Figure 6.22 (a tabulated full version

can be found in Appendix A). For comparison, the previously collected ENSDF data and TAS

analysis data by Greenwood et al. [44] is also shown. This comparison reveals that the optimised

branching ratio analysis gives results closer to that of Greenwood et al., although both analyses

give less feeding above ≈5000 keV than Greenwood et al. The two analyses have similar feeding

distributions but differ at the start of the continuum (2680 keV) up to 3530 keV. The recorded

ENSDF direct ground state feeding is 2% whereas the original analyses gave a larger feeding of

6.6%, very close to the value provided by Greenwood et al. of 6.2%. The optimisation of the

branching ratio reduced this value to 5.3%.

Figure 6.22b shows the accumulation of the feeding as the energy increases, enabling a different

comparison of feeding distributions. This comparison shows that the original analysis and the

optimised γ ray branching result are very similar, with the original analysis providing more feeding

to the lower (<2680 keV) levels than the discrete level section. The modified result reduces the

feeing to the discrete level section, providing more to the level continuum. The previous recorded

TAS analysis by Greenwood et al. [44] gave very similar results to this analysis. The previously

recorded ENSDF data show more feeding to lower levels, but due to the exclusion of these level in

the analysis this difference may be smaller. The shape of the feeding of each of the analysis follows

the feeding of the ENSDF data.
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(b) Cumulative sum of the final generated β feeding distribution.

Figure 6.22: Final comparison of the generated β feeding distributions for the decay of 91Rb. With
response (A) being the original result with no change to the γ ray branching and (B) being the
optimised γ ray branching result.
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6.4.3 Implications of the 91Rb Analysis

The analysis of the decay of 91Rb, has shown results similar to the recorded data from Greenwood

et al. while excluding the analysis of the first excited 93 keV state in the daughter. The effect of

this unknown region could produce similar accumulated feeding distribution to that recorded in

ENSDF. The exclusion of the low energy part of the spectra reduces the validity of the result.

The 91Rb Decay β Strength Function

The strength function from the unfolded feeding distributions of the analysis are shown in Fig-

ure 6.23, where the difference between the analysis’s are negligible. The strength function of the

previously recorded ENSDF data and the results obtain by Greenwood et al. are also included in

Figure 6.23. the comparison of these results show a lower strength from the analysis in the lower

(<2.5 MeV) energy region. The region surrounding ≈3 MeV shows a reduction in the strength in

the analysis and non-recorded for the ENSDF data, whereas the work by Greenwood et al. gives

some strength in this region. Both analyses reduce the strength at ≈4.8 MeV, the point of the

last recorded strength from the ESNDF data, whereas the Greenwood et al. data assigned more

strength to these final levels.
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Figure 6.23: The calculated β strength function for the decay of 91Rb for the two final analyses and
the previously recorded ENSDF data.
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Eγ [keV] Eβ [keV]
Original result 2798.0(32) 1325.2(23)
Branching optimised result 2775.5(34) 1334.3(22)
Final results 2786.8(47)a(294)b 1329.7(32)a(215)b

Greenwood et al. 2885.2c 1282.0c

ENDF/B-VI.8 2340(140) 1561(25)
JEFF-3.1.1 2706(27) 1368(13)
JENDL/FPD-2011 2340(50) 1610(190)

Table 6.14: Mean average energy for β-particles and γ rays (all collected photons) from the decay
of 91Rb. a) Statistical uncertainty, b) uncertainty due to assumptions of the analysis and c) no
uncertainty provided.

The Mean Decay Energy of 91Rb

Using Equations 5.11 and 5.12 from Chapter 5 is it possible to extract the mean average γ ray

and β particle energy. The results from this analysis compared to previously recorded results

are tabulated in Table 6.14. where the value given for the Greenwood et al. measurement was

calculated as with the analysis using the recorded feeding distribution and the assumption of a

20 keV binning.

As with the 86Br decay result the statistical error produced from the uncertainty in the feeding

distribution, where the final value is produced as before in quadrature from the two combined

final values. The final results included a large degrees of freedom in the chosen spins and parities,

to account for these assumptions, an analysis with a reduced degree of freedom was chosen to

approximate the uncertainty. The analyses with the lower threshold (trusted level) of 1230 keV

produced a very good reproduction of the data and fitted this reduced degrees of freedom criteria.

Keeping the restriction of the silicon efficiencies at 25%, feeding via allowed and first forbidden

decays and using the constant temperature model (as the final results) a range of values for the

mean decay energy were generated from the possible spins and parities, the variance of these results

from the final value was used as the uncertainty due to the possible assumptions.

The generated results from the analysis are shown to give very similar values, resulting in their

combination for the final result to enable a combination of best fit to the data and the inclusion

of a closer γ ray branching ratio. This final mean γ ray energy is ≈ 400 keV above the value given

in the current ESNDF and JENDL, whereas the value given by JEFF is ≈80 keV below the results

from the current work. The difference between these data sets could be due to the inclusion of

the Greenwood et al. work, which provides mean average γ ray values ≈100 keV above the values

generated by the analyses. The mean average β-particle energy shows a similar trend to the mean
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average γ ray energy. However the analyses values are ≈ 250 keV below the values given by ENSDF

and JENDL and only ≈ 30 keV below that of the JEFF values. This trend is continued with the

Greenwood et al. values giving the lowest mean average energy at ≈ 50 keV below the analysis

result. It should be noted that without the inclusion of the lower energy section (94 keV peak) due

to its poor generation by the response reduces the validity of this final result.

Previous work by Rudstam et al. [40] used the 91Rb decay as the normalisation for a NaI(Tl)

spectrometer used in the measurements of γ and β spectra of multiple short lived fission fragments.

The normalisation of this detector used a mean γ energy per disintegration (mean average energy)

of 2335(33) keV similar to the ENSDF data, which this work has shown to contain pandemonium

effect.

6.5 Preparation of 94Sr

6.5.1 The Measurement of 94Sr

To measure the decay of 94Sr, a high purity beam of 94Rb was created by the JYFLTRAP and then

collected allowing this to decay to its daughter 94Sr. The production of this 94Sr was optimised

for each tape cycle by using a “collection” period where the 94Rb was deposited on the tape at the

centre of the TAS. The beam implantation was then paused enabling a “decay” period, before the

tape was moved away for the end of that cycle. This process was possible due to the difference

in the half-lives of the 94Rb parent (T 1
2
=2.7 s) and the 94Sr daughter (T 1

2
=75.3). The tape cycle

for the measurement of 94Sr was set to 108 seconds with the beam implanting (“collection”) and

then a second (“decay”) measurement period of 84.0 seconds without the beam implanting ions

to the tape was used, after which the tape was moved. Figure 6.24 shows the number of each

type of ion during one tape cycle, highlighting the build up of 94Sr. From the relative half-lives,

implantation and decay time the ratio of each isotope’s activity was obtained using a solution to the

Bateman equations [61] using the assumption that the number of 94Rb decays via β delayed neutron

emission were lower then the uncertainty in the implantation rate. The resulting constituents of

the collection were 58 % of 94Rb decays, 40 % of 94Sr decays and 2 % of 94Y decays.

As with the other collected isotopes an error occurred with the saving of the offline data resulting

in lower final collected statistics then expected. This reduction of statistics is more apparent in

these measurements as a subtraction of the parent decay is required before any of the data can

be analysed. Two runs of 94Sr were collected, but one run had problems with the tape system

resulting in its exclusion from the analysis. A summary of the statistics used for the analysis of the
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Figure 6.24: Approximation of the number of ions on the tape at time t for the 94Sr measurement,
per tape cycle. Calculated using a solution to the Bateman equations [61].

Data Type Recorded Events
Hardware Sum counts 7.3×106

Silicon detector 9.2×106
Software Sum 7.0×106

(Silicon gated) Software Sum 3.1×105
E-Crystal 9.5×106

(Silicon gated) E-Crystal 7.8×105

Table 6.15: Overview of the recorded TAS 94Sr measurement statistics.

94Sr decay is shown in Table 6.15 and the calibrated silicon spectra and silicon (beta) gated TAS

spectra are shown in Figure 6.25.

The inclusion of the parent’s decay for the collection results in large amounts of contamination in

the 94Sr measurement. The recorded β-gated spectra (Figure 6.25) shows three identifiable peak

regions which all lie below the Qβ-value of 94Sr (3508 keV). The peak A (≈880 keV) is most probably

due to a combination of the highly feed 918 keV level in 94Zr from the daughter decay of 94Y and

the 830 keV level from the parent’s 94Rb decay. The peak B (≈1440 keV) is the dominant peak

from the 94Sr decay to the 1427 keV level with some additional intensity from the 1437 keV level.

The final peak feature that stands out is C (≈2,440 keV) and can be identified at the 2414 keV level

from the parent 94Rb decay. For reference the Qβ values for the 94Sr, the daughter 94Y (4,918 keV)
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and parent 94Rb (10,287 keV) and 94Rb the neutron separation energy (Sn) of 6746 keV have been

labelled on Figure 6.25.
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(b) TAS β-gated Software Sum spectra.

Figure 6.25: a) Calibrated silicon detector spectra for the 94Sr decay runs and the resultant sum
(blue), with the identification of pulser region and the low and hight gate thresholds. b) Silicon (β
particle) gated TAS spectra for the 94Sr decay runs and the resultant sum (blue) and identification
of peaked regions of interest, the relevant Qβ values and the neutron separation (Sn) energy of the
parent 94Rb.

6.5.2 The 94Sr Contaminant Subtraction

Pile-up and background subtractions for this isotope were performed as with previous measurements

(See Table 6.16 for rates and net counts of the β-gated data). In addition to this subtraction

daughter and parent decays needed to be removed. The parent contamination could be removed by

using the combined runs of 94Rb measurements, cleaned of pile-up and background. It should be

noted that the 94Rb measurements will contain a small percentage of the desired 94Sr decays, but

due to a tape cycle of only 8.02 seconds and no decay time, this number of 94Sr decays is expected

to be significantly lower then the number of 94Rb decays. The decay of 94Y was not experimentally

recorded in these measurements but data collected in ENSDF enabled a Monte Carlo simulation

to generate the 94Y decay Software Sum spectrum. The final β-gated subtraction of 94Sr is shown

in Figure 6.26 showing each of the components. Any contamination from the 93Sr decay (the β

delayed neutron daughter of 94Rb) will be included in the 94Rb measurement and thus will be

subtracted with the 94Rb.

The normalisation of each subtrahend can be calculated via multiple methods. Provided that the

assumptions of the implantation rate calculation are correct the ratio of 94Rb decay to 94Sr was

determined for the 94Rb decay measurements and the 94Sr decay measurements, thus enabling a

normalisation of the 94Rb subtrahend. This ratio (Bateman equation) approach only accounts for

total number of decays and not for difference in non-interactions within the TAS or silicon detector
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Run Beta event Rate 
Sr94_1703 306,567 7510 
Rb94_1804 39,491 6600
Rb94_1859 87,858 6609
Background NA 6195

Table 6.16: Experimental rates for the 94Sr measurement and the 94Rb containment measurements
also showing the number of β-particle events and the sum Single Beam-On background measurement
for reference.
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Figure 6.26: 94Sr TAS β-gated Software Sum Subtraction of pile-up and contaminating background
and other contaminants. Also showing the pile-up for the 94Rb containment and the resultant cleaned
94Sr spectra. Normalisation of background via the hardware sum pulser counts,94Rb containment,
via the Qβ normalisation and the 94Y containment via the number of decay obtained by the tape
method.

due to energy differences. A second approach to the normalisation of each of the contaminates was

to use the difference in Qβ-value, as the Qβ-value for the 94Sr is 3508 keV, 94Y is 4918 keV whereas

the 94Rb is 10287 keV [25]. This difference enables a normalisation to be found by adjusting the

subtraction until the the integral of final counts above the daughter (94Y) Qβ-value is ≈0 (using

the 10287 keV as an upper threshold to avoid the inclusion of random events). Both methods

of normalisation use large assumptions, but the final results for each normalisation of 94Rb give

similar values. The normalisation of the 94Y decay can only be achieved via this first method as

close proximity of the Qβ-values and the lack of high energy feeding in the 94Y decay provides

no measurable decays between the different Qβ values. The resultant normalisation for the 94Y

decay results in very little change. The visual approach was also checked using the subtraction
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of peak B (≈880 keV) as reference point. This visual normalisation demonstrated a more realistic

approximation of the contamination of the 94Y decay and was used for the final subtractions, a

comparison of these final visual subtraction can be seen in Figure 6.28 for the subtraction of 94Rb.
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Figure 6.27: a) A comparison of the cleaned TAS 94Sr β-gated Software Sum data using the Qβ-value
normalisations for 94Rb containment ( plus slight adjustment by eye) and Normalisation of the 94Rb
via the Bateman equations method. b) A comparison of the cleaned 94Sr Software Sum Singles data
(scaled by 0.25) and the cleaned β-gated Software Sum spectra, showing the improvement in the
β-gated spectra due to the poor statistics available for the Singles subtraction. Scaling of 0.25 to
estimate the efficiency of the silicon detector.

The subtraction of the Singles data is shown in Figure 6.28, where background, and pile-up was

removed from each measurement before a the same criteria was applied to the parent and daughter

contamination. To avoid subtraction errors the normalisation for each spectra was calculated

before any subtraction enabling a single background subtraction of the final spectrum. The final

normalisation of this background lead to a net deficit of background counts resulting in its addition

to the final clean 94Sr Singles spectra. The poor statistics of each subtracted item reveals a very

poor “clean“ Singles spectrum. A comparison of this final Singles subtraction (scaled by 0.25) is

shown alongside the the result from the β-gated subtraction in Figure 6.27b, agreeing with other

measurements that the efficiency of the silicon detector is 25%.

Both final subtractions show a dominant β decay feeding a level at approximately 1440 keV. The

spectra also show that there might be a possible level populated at 900 keV, but due to the low

statistics used in the subtractions it is not possible to unambiguously identify this level at this

point in the analysis.
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Figure 6.28: Total 94Sr TAS Singles Software Sum spectra showing the subtraction of the contain-
ments (94Rb and 94Sr) and the subtraction of relevant pile-up spectra. The result of the Beam-On
TAS background subtraction is shown in the resultant cleaned spectra, but due to the subtraction of
the 94Rb spectra negative Beam-On TAS background was subtracted.

6.5.3 The Level Density of 94Y

The odd-odd structure of 94Y needs less energy to excite the free neutron and proton sitting outside

of a nucleon spin up-down pair (proton-proton or neutron-neutron) as no energy is needed to split

a pair of nucleons to enable its excitation. This lower energy needed can be seen by the number of

levels below approximately 2 MeV for odd-odd in comparison to even-even or odd-even nuclei.

The recorded information for 94Y in RIPL3 [73] contains 26 levels with 11 contained within the

completed ENSDF recorded level scheme. Using the 11th, recorded level as a reference position

for the HFB model, the experimental and theoretical level density could be determined shown

in Figure 6.29. The level density was then fitted by the BSFG CT and CG statistical models,

parametrised as in Table 6.17. The fit of the BSFG and CT to this density shape is very similar in

the low energy range whereas they diverge at higher excitation, but this is above the Qβ value of

3508 keV and thus should not affect the analysis. The BSFG model parametrised via the deuteron-

alpha reaction mass method results in a poor fit to the data as shown in Figure 6.29, and thus was

excluded from use in the analysis.
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Figure 6.29: Excitation level density of 94Y showing the collated experimental data from the RIPL3
database [73], the theoretical HFB model and the fitted statistical models BSFG (Dilg et al. and
Egidy et al.), CT and GC [77, 78, 79].

a 10.723 [1/MeV] T .546 [MeV]
∆ -0.156 [MeV] E0 0.124 [MeV]

a (Mass) 11.434 [1/MeV] Ex 1.960 [MeV]
∆ (Mass) -1.121 [MeV]

Table 6.17: Level density parameters of 94Y.

6.5.4 The Level Scheme of 94Y & Level Threshold

The adopted level scheme of 94Y is not as complex as the previously analysed isotopes and is

shown in full in Figure 6.30. This level scheme (assuming that all proposed levels are correct) has

4 levels without a fixed Jπ, and two possible options are given for each unknown level resulting in

the possible level scheme scenarios shown in Table 6.18. The ground state Jπ of parent 94Sr is 0+,

resulting in allowed feeding to 0+ and 1+ and first forbidden feeding to 0−, 1− and 2− levels. When

combining these feeding rules with the generated level schemes, the levels fed by allowed transitions

are constants, whereas the 907 keV level can be fed via first forbidden only when it is Jπ = 2−. The

proximity of the two levels at 1430 keV could provide problems when considering feeding.
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Figure 6.30: ENSDF adopted level schemes for 94Y from [43]

94Y Adopted Jπ for
Level [keV] ENSDF Analysis Final 1 Final 2
0.0 (g.s.) 2− 2− 2− 2−

432 (3−) 3− 3− 3−

622 (3+,2+) 3+ or 2+ 3+ 3+

724 (1−) 1− 1− 1−

907 (3−,2−) 3− or 2− 2− 3−

1202 (5+) 5+ 5+ 5+

1428 1+ 1+ 1+ 1+

1437 (0−,1−) 0− or 1− 0− 0−

2182 1+ 1+ 1+ 1+

2373 (0−,1−) 0− or 1− 0− 0−

2970 1+ 1+ 1+ 1+

Table 6.18: The available levels for analysis and final level schemes for 94Y

6.6 The 94Sr Decay Results

6.6.1 The Binned Analysis of 94Sr

A preliminary binned analysis was performed to ascertain the effects of permitting feeding to

different levels in the daughter nucleus shown in Figure 6.31. The response generated from each

of the different permitted feedings (free, allowed and allowed plus first forbidden) give very similar

results with only a marginal difference between their responses. It should be noted at the 1427 keV

and 1437 keV levels are within the same energy bin thus all feeding options permit feeding to this

bin, because of the allowed transition to the 1427 keV level. The overall fit of these response is not
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so good due to the the large feeding to the 1427 keV and or 1437 keV levels within one bin of the

response and give a peak at approximately 500 keV which is not seen in the experimental data.
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(a) Binned response to the TAS β-gated spectra
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Figure 6.31: Preliminary recreation of the TAS response and β-feeding distribution for the decay
94Sr. For any, allowed only and allowed plus first forbidden only permitted feeding, all with a base
level scheme threshold of 3000 keV, the silicon detectors efficiency set to 25% and the statistical level
density model of the BSFG Dilg.

The β-feeding distribution recorded in ENSDF for the decay of 94Sr only feeds to four levels with

0.9% feeding to the ground state, most feeding (98.1%) to the 1428 keV level and then the remain

feeding (≈ 1%) spread between 1437 keV, 2182 keV and 2373 keV levels [43]. Each analysis shows

that the majority of feeding is to the join 1428 keV and 1437 keV (40 keV) energy bin where the

permitted allowed feeding is responsible for 98.8% and the free and allowed plus first forbidden

feeding reduce this to 86%. Comparing ground state feeding reveals that the free and allowed

plus first forbidden give 12.9% rather then the recorded 0.9%, possibly due to poor response fitting

with the binned energy. The spin of the ground state requites a first forbidden transitions thus

the allowed only feeding does not feed the ground state. The free feeding also feeds multiple other

levels, all with intensity below 1%, but this does not make a big impact on the final response. Each

of these analyses also add feeding to the continuum of levels, that is not recorded in the ENSDF

decay scheme, but this is possibly due to poor matching of the hight energy part of the TAS spectra.

6.6.2 The Discrete Analysis of 94Sr

The simulation of the precise (known) β-particle and γ ray transitions of the 94Sr decay enables

the discrete analysis to be performed. Each of the possible level schemes, level thresholds and

statistical models were used in each permutation to find the optimum. The outcome of this testing

is shown in Figure 6.32 where Figures 6.32a+b shows the response and feeding for the discrete

analysis using the final level scheme 1, while permitting feeding to the allowed and first forbidden

levels only. This response is a lot closer fit to the experimental data than the binned data, especially
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for the 500 keV region. The β-feeding distribution for the discrete analysis shows a similar shape to

the recorded ENSDF data with a small (<10−4%) amount of feeding to some extra levels, but with

the majority of feeding to the 1428 keV level. The split of the 1428 keV and 1437 keV level means

the separate feeding can be assessed, the ENSDF recorded result put 98.1% to 1428 keV whereas

this analysis gives 80.8% and a larger 14.8% to the 1437 keV rather then the ENSDF value of 0.2%.

This increase in feeding to the second level is most likely due to the proximity of the level and the

failure of the analysis to separate out each energy event because of the poor resolution of TAS. The

ground state feeding of the this discrete analysis is 0.3% which is a reduction from the 0.9% within

the ENSDF data.

The comparison of the results from the different statistical models is shown in Figures 6.32c+d,

showing little difference between the response and feeding distributions, most probably due to the

very narrow energy window for these models. As with the other isotopes the effect of the silicon

detector efficiency is included in Figure 6.32, showing slightly more deviation from the first response

and feeding then the different statistical models but overall very little difference between the results.

An additional analysis was tested using the same level schemes but excluding the continuum of

levels, thus only feeding to the known levels. The outcome of this test shows a bigger difference

from the original response, but this difference is still within ±5 counts of the current best response

fit per bin (shown in Figures 6.32e+f). The main difference between the feeding distribution occurs

within the higher energy region containing fewer experimental counts where it is not clear if there

should be feeding to these higher levels. This uncertainty results in a few final results depending

on if this continuum is added.

A range of level schemes were tested for this decay utilising all possible permutations of the available

level spins and parities. The net result of these permutations is two different feeding distributions

due to the feeding to the 907 keV level being either first forbidden transition (2−) or third forbidden

transition (3−). Whilst comparing different level schemes for this decay it became clear that the

difference or the end analysis results were small for the permitted of not permitted feeding of

the 907 keV level. A comparison has been made using level scheme 1 (See Table 6.18) and the

other level schemes with 2− for the 907 keV level in Figures 6.33a+b for all statical models. This

comparison shows little difference between the final results. A second comparison was also made

to the outputted results of level scheme 2 (See Table 6.18) for all level schemes with 3− for the

907 keV level, shown in Figures 6.33c+d. This second comparison shows a larger difference but is
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still very low, showing that the dependence on the different level Jπ (using available options) for

this analysis is small.
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(a) Response against clean β-gated TAS spectra.
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(d) The difference in the discrete generated β-
feeding distribution from the BSFG (Dilg et al.)
model (above) for the BSFG (Egidy et al.), CT and
the GC model.
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(e) The difference in the discrete simulated response
for a silicon detector with efficiency of 29% rather
than 25%.
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(f) The difference in discrete β-feeding distribution
for a silicon detector with efficiency of 29% rather
than 25%.
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(g) The difference in the discrete simulated response
with no level continuum used.
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feeding distribution with no level continuum used.

Figure 6.32: The response and β-feeding distribution for the discrete analysis. Below the difference
of different statistical models (to the BSFG (Dilg et al.) generated response), differences for changes
in the silicon detector efficiencies and the difference with an analysis without the use of a continuum
of levels.
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each analysis with a Jπ = 3− 907 keV level.
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Figure 6.33: The difference between the 94Sr analyses results for each level scheme option where
permitted feeding varies for the 907 keV level depending on excitation spin.
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6.6.3 94Sr Final discrete analysis

Highest level 2970 Levels included 10

start of continuum 3000 statistical model used Back-Shifted Fermi Gas (Dilg)

Parent g.s. Jπ 0+
Feeding

Allowed and First Forbidden

Daughter g.s. Jπ 2− 0+, 1+ and 0−, 1−, 2−

Table 6.19: Optimum inputs for the analysis of the β decay of 94Sr

The close proximity of the 1428 keV and 1437 keV results in sharing of feeding between the levels,

the recorded ENSDF highlights that the feeding may be very strong to the lower and very weak to

the higher of the two levels. Any information to support this ratio was lost in the resolution of the

TAS measurement. To counteract the sharing of this feeding an analysis was performed for both

level schemes while withholding feeding to this 1437 keV level, forcing feeding to just the one level,

the results of which are shown in Figures 6.34 and 6.35. The resultant feeding for the two levels

and the ground state are compared in Table 6.20.

Previous TAS measurements by Greenwood et al. [44] have measured the feeding distribution of

the β-decay of 94Sr. These results have been added to Figure 6.35 for comparison. The feeding

distribution recorded by Greenwood et al. used pseudo level placed within the known (recorded)

level scheme to satisfy the reproduction of the data. Due to the addition of levels, a comparison is

difficult to evaluate the different distributions. The cumulative feeding sum shown in Figure 6.35b

and shows a clearer comparison, revealing that the feeding unfolded by Greenwood et al. is much

higher at at the lower energy range then either the recorded ENSDF data or the analysis data.

The unfolded results by Greenwood et al. also only use level up to 2969 keV, similar to the results

excluding the continuum.

The ground state feeding of the original results (Level scheme 1 and 2) are matched by the results

of the analysis when no continuum is used, where the ground state feeding is shown to be 0.32%

and 0.34% for each level scheme, which is just below the ENSDF value of 0.9% and far below the

Greenwood et al. 1.8±3.6%. The prohibiting of feeding to the 1437 keV level results in a reduction

of this ground state feeding to 0.01%. This reduction of ground state feeding could be linked to

the increased feeding in the 1428 keV level.
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(a) Final Analysis generated responses (plus contaminants) in comparison to the raw β-gated spec-
trum, also showing relevant contaminants (background and pile-up).
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(b) Final analysis generated responses in comparison to the clean β-gated spectrum.
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(c) Relative difference from the clean β-gated spectrum for each analysis.

Figure 6.34: Final comparison of the generated response for the decay of 94Sr against the collected TAS
β-gated spectrum. Where LX indicates level (L) scheme 1 and 2 level scheme 2 shown in Table 6.18
and analysis type (X) where A is the analysis without any level continuum, B is the standard analysis
and C is the same as option B but without permitting feeding to the 1437 keV level.
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Level β-feeding distribution Intensity [%]
[keV] ENSDF Greenwood 1A 1B 1C 2A 2B 2C
0.00 0.90 1.80 0.32 0.32 0.01 0.35 0.34 0.01

906.91 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.12
1427.71 98.10 94.80 80.87 80.78 94.24 80.84 80.73 94.31
1437.01 0.19 0.18 14.82 14.82 0.00 14.82 14.82 0.00

Table 6.20: Summary of β-feeding distributions for different analysis of 94Sr. Where LX indicates
level (L) scheme 1 and 2 level scheme 2 shown in Table 6.18 and analysis type (X) where A is the
analysis without any level continuum, B is the standard analysis and C is the same as option B but
without permitting feeding to the 1437 keV level.

The ENSDF recorded γ ray branching ratio for the 94Sr decay is shown in Table 6.21, along side

the generated branching from the analyses. Each of these analyses either has low or no feeding

to the continuum so unlike the 86Br and 91Rb analysis it is not possible to modify the obtained

branching ratio matrix to mirror the recorded levels. Comparing the different analysis options

shows that the feeding of the 1437 keV level affects the branching on γ rays in comparison to the

recorded branching. Both the analyses with non-permitted feeding to the 1437 keV level are the

most comparable to the ENSDF data.

Level relative γ ray Intensity [%]
[keV] ENSDF 1A 1B 1C 2A 2B 2C
432.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00
621.70 1.88 1.95 1.97 2.86 1.95 1.97 2.87
723.80 2.31 2.64 2.58 3.91 2.64 2.61 3.94
906.91 0.37 12.69 12.69 0.71 12.70 12.64 0.60
1202.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1427.71 94.34 67.14 67.41 87.95 67.13 67.41 87.96
1437.01 0.18 12.27 12.37 0.07 12.27 12.39 0.07
2182.42 0.73 1.14 1.17 1.26 1.14 1.17 1.27
2373.02 0.11 1.48 1.51 2.66 1.48 1.50 2.67
2969.93 0.08 0.68 0.31 0.58 0.68 0.31 0.62

Table 6.21: Gamma branching ratio of the low energy levels in 94Y for recorded ENSDF (normalised)
data and the generated response from the different analyses, all normalised to 100% for shown levels.
Where LX indicate level (L) scheme 1 and 2 level scheme 2 shown in Table 6.18 and analysis type (X)
where A is the analysis without any level continuum, B is the standard analysis and C is the same as
option B but without permitting feeding to the 1437 keV level.

The final comparison to the β-gated TAS response is shown in Figure 6.34a with each response

giving a reasonable fit for the lower (<400 keV) energy region. The analysis without permitted

feeding to the 1437 keV level show a better fit at 550 keV region, whereas the analysis (with and

without continuum) permitting feeding to 1437 keV gives a small peak at 550 keV in comparison

to the experimental data. These different analysis also differ at the 1100 - 1200 keV region going
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above and below the collected experimental data. The comparison to the cleaned β-gated TAS data

is shown in Figure 6.34b, showing clearer the fit to the lower energy part, with one experimental

point at 820 keV not being replicated, but this could be an artefact from the subtraction. Each of

the analysis fit to the trailing (higher energy) edge of the 1428-1437 keV peak are poor mirroring

some of the problems fitting the tails of peaks in the calibration sources. This poor peak fit may

be due to a problem in the MC model, but it is not seen as clearly in the other isotopes. The fit

to the higher energy region (>1700 keV) is shown to be poor in the clean response possibly due to

the large statistical uncertainty of the experimental data. This results in an unknown part for the

analysis, but due to the low number of counts this should have small impact in the resultant mean

β or γ energies.

Level scheme 1A 1B 1C 2A 2B 2C
χ2 3934.63 3935.56 4236.74 3934.51 3935.44 4236.68

Table 6.22: Calculated χ2 for the response fit to the experimental data. Where LX indicate level (L)
scheme 1 and 2 level scheme 2 shown in Table 6.18 and analysis type (X) where A is the analysis
without any level continuum, B is the standard analysis and C is the same as option B but without
permitting feeding to the 1437 keV level.

The relative difference from the experimental data for each final analysis is shown in Figure 6.34c,

with the computed χ2 values collated in Table 6.22. Figure 6.34b shows small relative differences up

to ≈2000 keV as expected from the fitting of the response, and the poor statistics of the subtracted.

This higher energy effect is reflected in the large χ2 values given for each analysis. The response of

the analysis withholding feeding to the 1437 keV level showed a better fit to the lower energy region

of the data but a poorer fit for the high energy region therefore there χ2 are larger than the other

analysis’s values. The key differences in the β-feeding distribution have been shown in Table 6.20

and the full β-feeding distribution is shown in full in Figure 6.35 (a tabulated full version can be

found in Appendix A). This feeding comparison shows as expected most feeing to the 1427 keV

level.
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Figure 6.35: Final comparison of the generated β feeding distributions for the decay of 94Sr. Where
LX indicates level (L) scheme 1 and 2 level scheme 2 shown in Table 6.18 and analysis type (X) where
A is the analysis without any level continuum, B is the standard analysis and C is the same as option
B but without permitting feeding to the 1437 keV level.
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6.6.4 Implications of the 94Sr Analysis

The dominance of the 1427 keV level in the decay of 94Sr results in difficulties to identify other fed

levels using the TAS analysis. The analysis implies that the current recorded level scheme could

be complete for the β decay transitions but the results are not conclusive either way.

The β Strength Function of 94Sr

From the feeding distribution it is possible to calculate the β strength function for the 94Sr decay

for each of the final analyses, these results are shown in Figure 6.36 in combination to the recorded

ENSDF data and the Greenwood at al. data set. The strength from the analyses matches the

strength from the 1427 level but gives more strength to the high-energy levels, where in inclusion

of this level continuum in unverified.
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Figure 6.36: The calculated β strength function for the decay of 94Sr for the final analyses and the
previously recorded ENSDF data.

The Mean Decay Energy of 94Sr

The mean average decay energy for the analyses is tabulated in Table 6.23 along side the results

from nuclear databases.

The statistical uncertainty of these results were calculated from the uncertainty of the feeding dis-

tribution for each analysis. The combined statistical uncertainty for the final result was calculated
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Eγ [keV] Eβ [keV]
1A 1464.5(33) 828.8(20)
1B 1466.3(33) 828.1(20)
1C 1487.3(38) 819.0(22)
2A 1464.2(33) 829.0(20)
2B 1466.3(38) 828.1(22)
2C 1485.9(33) 819.6(20)
Final result 1472.4(85)a(149)b 825.4(50)a(64)b

Greenwood et al. 1419.2c 849.2c

ENDF/B-VI.8 1427(9) 840(3)
JEFF-3.1.1 1427(11) 833(6)
JENDL/FPD-2011 1573c 732c

Table 6.23: Mean average energy for β-particles and γ rays (all collected photons) from the decay of
94Sr. a) Statistical uncertainty, b) uncertainty due to assumptions of the analysis and c) no uncertainty
provided.

from summation in quadrature of each statistical uncertainty of the analyses (Table 6.20) combined

for this final result. The good reproduction from each of the possible combinations of available

spins, parities and level density models produced a range of mean decay values that were used to

determine the variance from the final result and provided the uncertainty due to the analysis. The

dominance of the 1428k̇eV transition results in this uncertainty (due to the assumptions) being

small, because the possible variance in the analysis can only affect a small amount of the feeding.

The comparison of these mean energy shows that the combined final analysis result for mean γ ray

energy is increased by ≈50 keV from the JEFF and ENSDF databases, whereas the JENDL library

shows a value 100 keV greater then the analysis value. The mean γ generated from the work by

Greenwood et al. using the assumption of a 20 keV binning shows a value very close to the ENSDF

and JEFF results. The mean average β-particle energy for the analysis is lower than the given

values of ENSDF and JEFF and the value from the work by Greenwood et al. The data recorded

in JENDL shows a value 100 keV below the analysis result.



7 Conclusion

7.1 Summary

The pandemonium effect recorded by high resolution measurements of fission fragment β-decays

can be seen when comparing nuclear databases calculations to experimental calorimetry data for

decay heat. It has been shown by previous work [76] that total absorption spectroscopy can be

used to measure β-decays removing this pandemonium effect. The work presented in this thesis

has shown that a segmented total absorption γ-ray spectrometer can also be used to unfold the

beta feeding distribution without the inclusion of the pandemonium effect. This segmentation

enabled a scintillation material (BaF2) previously not used in the construction of a total absorption

spectrometer and has showed potential for future measurements. The collection of events for by the

whole detector rather then from each individual crystal has enabled an analysis procedure similar

to previous TAS analyses.

Nuclear structure Implications

This work has shown that the TAS analysis is complimentary to high precision measurements

such as high resolution γ-ray spectroscopy due to the need of an initial level scheme. The TAS

analysis has shown that although the included levels are sensitive to if they are fed (from permitted

transitions) they are less sensitive to the individual spin or parity within the possible allowed or first

forbidden transition range. Outside of the range of permitted transitions the analysis is insensitive

due to only assessing if these levels can be fed by gamma transitions. The inclusion of only the level

density within the continuum, results in a probability of levels at set energies but this information

alone is not enough to confirm new levels within a level scheme.

Mean Average Energy

It has been shown from the β feeding distribution, the mean average energy for β particles and γ

rays can be calculated and the comparison of this data to database data gives a good indication

of recorded pandemonium effect. The mean energy measurements from this work are summarised

122
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Figure 7.1: Comparison of previously recorded and results from the TAS analysis for the average mean
β (Eβ) and γ energy (Eγ) for the β-decays of 86Br 91Rb and 94Sr. With the (combined) uncertainties
shown in black where available

Final Greenwood ENSDF JEFF JENDL
Results et al. /B-VII.1 3.1.1 /FPD-2011

86Br Eγ 3822(6)a(54)b - 3297(156) 3297(156) 3300(160)
Eβ 1670(4)a(28)b - 1944(345) 1943(345) 1900(400)

91Rb Eγ 2788(5)a(29)b 2885c 2340(140) 2706(27) 2340(50)
Eβ 1330(3)a(22)b 1282c 1561(25) 1368(13) 1610(190)

94Sr Eγ 1472(9)a(15)b 1419c 1427(9) 1427(11) 1573c

Eβ 826(5)a(6)b 849c 840(3) 833(6) 732c

Table 7.1: Summary of the mean average energy for β-particles and γ rays (all collected photons)
from the decay of 86Br, 91Rb and 94Sr. a) Statistical uncertainty, b) uncertainty due to assumptions
of the analysis and c) no uncertainty provided.

in Figure 7.1 and Table 7.1, where the TAS 86Br measurement provides new values for the Eβ and

Eγ . These new values for 86Br highlight the pandemonium effect with the new Eγ increased in

comparison to three of the different nuclear databases, and a decrease in the Eβ value due to more

feeding to higher lying levels in the daughter from this decay. The new results from the 91Rb decay

show a change from the ENSDF and JENDL values, but agree with the values included within

JEFF, showing the inclusion of the Greenwood data to the JEFF database. The decay of 94Sr is

dominated by the β transition to the 1427 keV skewing the mean energy released for β particles

and γ rays, resulting in the new measurement being very similar to the recorded database data.

Decay Heat

These new results for the mean decay energy provide new values to previously measured data for

decay heat calculations enabling a more accurate theoretical model to be generated against the

collected calorimetry data. Once combined with other to be calculated results from the other

isotopes measured in the 2009 experiment the real physical and commercial impact will be seen. In

combination to any improvements to the decay heat calculations, these new results can be combined
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with neutrino data to improve information of the neutrino spectra from these isotopes and thus

from nuclear reactors.

Validation of Greenwood et al.

The comparison to the generated feeding distribution for 91Rb and 94Sr with previous work by

Greenwood et al. [125] have shown a similar structure. This result in combination with the

agreement for the mean average energy for β and γ rays, ratify each TAS measurement technique

against each other. The inability to fit the lower energy levels for the 91Rb decay reduces the

validity of its end result but the comparison with Greenwood et al. shows that the approximations

performed are justifiable. The validation of measurements by Greenwood et al. with the 91Rb

and 94Sr results, the methodology used by Greenwood et al. is then validated for a collection

of TAS measurements. Increased evidence may be needed for the full inclusion of the previous

measurements by Greenwood et al. within nuclear databases, but the improvements of decay heat

measurements by TAS analysis has previously been shown.

Rudstam et al.

The difference in the mean γ ray energy for the decay of 91Rb collected by this work and the value

used by Rudstam et al. as a normalisation brings in to question the credibility of the results they

collected for the γ spectra of many fission fragments. It has been shown that previous TAS analysis

agrees with the new value from this work for the mean γ energy, supporting evidence that this

previous value included the pandemonium effect. The large range of fission fragments measured by

Rudstam et al. using 91Rb for normalisation could result in a large impact on the total decay heat

measurements by affecting a large number of mean decay energies of fission fragments rather than

only 91Rb.

7.2 Future Work

This research has shown the working concept of a multi-segmented total absorption spectrometer,

with the use of multiple smaller components, a larger range of available detector materials are

possible. Another possibility for a segmented design is a modular construction whereby different

components can be added/ removed depending on the measurements requirements. Building on

this project, a new segmented NaI(Tl) TAS detector designed by the group in Valencia consisting

of 16 square crystal modules has been created, where NaI(Tl) was selected due to its reduced

resolution, price and volumes available for manufacture.
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The limited counting statistics meant that the full potential of this segmented design could not

be fully investigated. The summation of the separate crystals events to form one detector event

has been shown to be an effective way to collect the full γ ray cascade. The collection of energy

in each crystal and the multiplicity of each event could be used to increase the accuracy of the

response generated. The inclusion of this data to an already esoteric analysis may be found to be

too complex for the end result required, but possibly a known test case could be used to identify

the feasibility of this extra analysis. The use of the multiplicity and the sum of each individual

crystal would be highly dependent on the correct scattering and absorption within the MC model.

The analysis of the decay heat of fission fragments using TAS analysis has increased the accuracy

of nuclear database data by the elimination of the pandemonium effect in some measurements,

but there are still many isotope measurements that require remeasurement. As well as isotopes

important to decay heat, the improvement of mean decay energies and feeding distribution will

reduce uncertainties in nuclear data and help shape the theoretical models.
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A Analysis Inputs & Results Tabularized

A.1 Density Functions

Isotope Level density Parameters
a ∆ T E0 Ex

86Kr 8.434 1.599 0.833 1.518 4.342
91Sr 9.754 0.264 0.662 0.425 1.946
94Y 10.724 -0.156 0.546 0.124 1.960

Table A.1: Level Density parameters for daughter isotopes.

A.2 Gamma Strength Parameters

Isotope
Strength Function Parameters

E1 M1 E2
Energy Width σ Energy Width σ Energy Width σ
[MeV] [MeV] [mb] [MeV] [MeV] [mb] [MeV] [MeV] [mb]

86Kr 16.29 5.37 178.7 9.30 4.00 19.67 14.29 5.08 1.7817.17 5.94 161.63
91Sb 16.08 5.24 193.81 9.13 4.00 2.66 14.03 5.02 1.8916.95 5.79 175.32
94Y 14.59 4.35 240.44 9.03 4.00 2.25 13.88 4.98 1.9417.69 6.28 166.60

Table A.2: Gamma strength parameters for daughter isotopes.
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A.3 Level Schemes and Possible γ-ray Transitions From the Decay of 86Br

Levels
Jπ

γ-ray γ-ray
α

Permitted
[keV] Emission [keV] Intensity Feeding

1564.75 2+ 1564.75 100.00 0.00 Yes
2250.05 4+ 685.30 100.00 0.00 Yes

2349.95 2+
785.20 46.00 0.00 Yes2349.95 100.00 0.00

2726.75 0+
376.80 70.00 0.00 Yes1162.00 100.00 0.00

2850.35 2+
500.40 16.00 0.00 Yes1285.60 100.00 0.00

2917.05 3+
666.70 100.00 0.00 Yes1352.30 25.00 0.00

2926.32 2+
1361.57 100.00 0.00 Yes2926.32 19.00 0.00

3010.25 1+
660.30 75.00 0.00 Yes3010.25 100.00 0.00

3099.45 3− 1534.7 100.00 0.00 Yes
3328.25 2+ 1763.50 100.00 0.00 Yes

3541.65 0+
1191.70 100.00 0.00 Yes1976.90 50.00 0.00

Table A.3: Low energy excitation levels of 86Kr.
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A.4 Level Schemes and Possible γ-ray Transitions From he Decay of 91Rb

Levels
Jπ

γ-ray γ-ray
α

Permitted
[keV] Emission [keV] Intensity Feeding

93.63 3/2+ 93.63 100.00 1.26 Yes

439.16 3/2+
345.52 100.00 1.01 Yes439.15 25.20 0.00

993.50 9/2+ 993.50 100.00 0.00 No

1042.03 3/2+
602.85 100.00 0.00

Yes948.49 41.30 0.00
1041.99 77.00 0.00

1230.84 1/2+
1137.24 100.00 0.00 Yes1230.64 7.60 0.00

1367.76 7/2−
1274.05 33.00 0.00 No1367.76 100.00 0.00

1482.12 5/2+
1388.13 15.10 0.00 Yes1482.17 100.00 0.00

1740.27 3/2+
509.60 12.10 0.00

Yes1646.51 18.30 0.00
1740.25 100.00 0.00

1917.09 1/2+
875.00 14.20 0.00

Yes1823.30 47.00 0.00

1942.91 3/2+
1849.27 100.00 0.00 Yes1917.11 100.00 0.00
1942.81 12.00 0.00

2064.66 5/2+

1023.20 6.60 0.00

Yes1625.40 10.70 0.00
1970.99 100.00 0.00
2064.69 11.70 0.00

2077.50 11/2− 1084.00 100.00 0.00 No
2159.08 5/2+ 1719.90 100.00 0.00 Yes

2236.95 5/2+
1006.30 14.00 0.00

Yes2143.22 100.00 0.00
2236.90 21.00 0.00

2657.89 3/2−

593.23 10.30 0.00

Yes
917.59 1.48 0.00
1615.86 19.60 0.00
2218.20 2.20 0.00
2564.19 100.00 0.00

Table A.4: Low energy excitation levels of 91Sr.
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A.5 Level Schemes and Possible γ-ray Transitions From the Decay of 94Sr

Levels
Jπ

γ-ray γ-ray
α

Permitted
[keV] Emission [keV] Intensity Feeding
432.30 3− 432.20 100.00 0.00 No
621.70 3+ 621.70 100.00 0.00 No

723.80 1−
102.10 0.27 0.00 Yes723.80 100.00 0.00

906.91 2−/3− 906.90 100.00 0.00 Yes/No

1202.30 5+
769.90 100.00 0.00 No1202.40 17.60 0.00

1427.71 1+
520.80 0.16 0.00

Yes703.90 2.26 0.00
806.00 1.86 0.00
1427.70 100.00 0.00

1437.01 0− 530.10 100.00 0.00 Yes

2182.42 1+
754.70 21.00 0.00

Yes1560.70 11.00 0.00
2182.40 100.00 0.00

2373.02 0−
1649.20 100.00 0.00 Yes1751.30 79.00 0.00

2969.93 1+
2063.00 89.00 0.00 Yes2246.10 100.00 0.00

Table A.5: low energy excitation levels of94Y
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A.6 Feeding Distribution and Strength Function from the Decay of 86Br

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 15.01 0.08 0.03 0.00
1564.75 3.75 0.02 0.02 0.00
2250.05 0.00 0.00 0.00 0.00
2349.95 0.00 0.00 0.00 0.00
2726.75 2.91 0.02 0.05 0.00
2850.35 2.34 0.01 0.04 0.00
2917.05 0.21 0.00 0.00 0.00
2926.32 1.32 0.01 0.03 0.00
3010.25 2.95 0.02 0.06 0.00
3099.45 0.00 0.00 0.00 0.00
3328.25 3.58 0.02 0.10 0.00
3541.65 0.18 0.00 0.01 0.00
3580.00 0.36 0.00 0.01 0.00
3620.00 0.27 0.00 0.01 0.00
3660.00 0.30 0.00 0.01 0.00
3700.00 0.36 0.00 0.02 0.00
3740.00 0.39 0.00 0.02 0.00
3780.00 0.36 0.00 0.02 0.00
3820.00 0.22 0.00 0.01 0.00
3860.00 0.10 0.00 0.01 0.00
3900.00 0.06 0.00 0.00 0.00
3940.00 0.02 0.00 0.00 0.00
3980.00 0.01 0.00 0.00 0.00
4020.00 0.01 0.00 0.00 0.00
4060.00 0.02 0.00 0.00 0.00
4100.00 0.04 0.00 0.00 0.00
4140.00 0.13 0.00 0.01 0.00
4180.00 0.60 0.00 0.04 0.00
4220.00 1.95 0.01 0.15 0.00
4260.00 4.87 0.02 0.40 0.01
4300.00 9.48 0.04 0.82 0.02
4340.00 9.02 0.04 0.82 0.02
4380.00 5.31 0.02 0.51 0.01
4420.00 1.23 0.01 0.13 0.00
4460.00 0.28 0.00 0.03 0.00
4500.00 0.07 0.00 0.01 0.00
4540.00 0.01 0.00 0.00 0.00
4580.00 0.00 0.00 0.00 0.00

(a) Original result

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 12.40 0.07 0.03 0.00
1564.75 3.35 0.02 0.02 0.00
2250.05 0.00 0.00 0.00 0.00
2349.95 0.18 0.00 0.00 0.00
2726.75 4.22 0.02 0.07 0.00
2850.35 2.91 0.02 0.05 0.00
2917.05 0.51 0.00 0.01 0.00
2926.32 1.41 0.01 0.03 0.00
3010.25 4.00 0.02 0.08 0.00
3099.45 0.00 0.00 0.00 0.00
3328.25 5.26 0.03 0.15 0.00
3541.65 0.44 0.00 0.02 0.00
3580.00 0.59 0.00 0.02 0.00
3620.00 0.42 0.00 0.02 0.00
3660.00 0.40 0.00 0.02 0.00
3700.00 0.44 0.00 0.02 0.00
3740.00 0.49 0.00 0.02 0.00
3780.00 0.52 0.00 0.02 0.00
3820.00 0.46 0.00 0.02 0.00
3860.00 0.30 0.00 0.02 0.00
3900.00 0.21 0.00 0.01 0.00
3940.00 0.10 0.00 0.01 0.00
3980.00 0.06 0.00 0.00 0.00
4020.00 0.05 0.00 0.00 0.00
4060.00 0.06 0.00 0.00 0.00
4100.00 0.11 0.00 0.01 0.00
4140.00 0.29 0.00 0.02 0.00
4180.00 0.90 0.00 0.07 0.00
4220.00 2.27 0.01 0.18 0.00
4260.00 4.72 0.02 0.39 0.01
4300.00 8.20 0.04 0.71 0.01
4340.00 7.88 0.04 0.72 0.02
4380.00 4.96 0.02 0.48 0.01
4420.00 1.32 0.01 0.13 0.00
4460.00 0.37 0.00 0.04 0.00
4500.00 0.11 0.00 0.01 0.00
4540.00 0.02 0.00 0.00 0.00
4580.00 0.01 0.00 0.00 0.00

(b) Optimized γ-ray branching ratio result

Table A.6: Generated Beta Feeding Distribution and strength function For 86Kr.
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Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

4620.00 0.00 0.00 0.00 0.00
4660.00 0.00 0.00 0.00 0.00
4700.00 0.00 0.00 0.00 0.00
4740.00 0.01 0.00 0.00 0.00
4780.00 0.04 0.00 0.01 0.00
4820.00 0.09 0.00 0.02 0.00
4860.00 0.15 0.00 0.03 0.00
4900.00 0.19 0.00 0.04 0.00
4940.00 0.16 0.00 0.03 0.00
4980.00 0.10 0.00 0.02 0.00
5020.00 0.06 0.00 0.01 0.00
5060.00 0.04 0.00 0.01 0.00
5100.00 0.03 0.00 0.01 0.00
5140.00 0.05 0.00 0.01 0.00
5180.00 0.08 0.00 0.03 0.00
5220.00 0.21 0.00 0.07 0.00
5260.00 0.63 0.00 0.24 0.01
5300.00 1.33 0.01 0.53 0.01
5340.00 2.33 0.01 1.00 0.03
5380.00 3.40 0.02 1.56 0.04
5420.00 3.47 0.02 1.72 0.04
5460.00 2.84 0.01 1.53 0.04
5500.00 2.06 0.01 1.20 0.03
5540.00 1.36 0.01 0.86 0.02
5580.00 0.98 0.01 0.67 0.02
5620.00 0.78 0.00 0.57 0.01
5660.00 0.64 0.00 0.51 0.02
5700.00 0.57 0.00 0.50 0.01
5740.00 0.48 0.00 0.46 0.01
5780.00 0.38 0.00 0.39 0.01
5820.00 0.29 0.00 0.32 0.01
5860.00 0.21 0.00 0.26 0.01
5900.00 0.17 0.00 0.23 0.01
5940.00 0.15 0.00 0.23 0.01
5980.00 0.16 0.00 0.27 0.01
6020.00 0.21 0.00 0.38 0.01
6060.00 0.31 0.00 0.64 0.02
6100.00 0.51 0.00 1.14 0.04
6140.00 0.77 0.01 1.92 0.07
6180.00 1.02 0.01 2.85 0.10
6220.00 1.05 0.01 3.26 0.11

(a) Original result

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

4620.00 0.00 0.00 0.00 0.00
4660.00 0.01 0.00 0.00 0.00
4700.00 0.02 0.00 0.00 0.00
4740.00 0.03 0.00 0.00 0.00
4780.00 0.11 0.00 0.02 0.00
4820.00 0.21 0.00 0.04 0.00
4860.00 0.32 0.00 0.06 0.00
4900.00 0.32 0.00 0.07 0.00
4940.00 0.23 0.00 0.05 0.00
4980.00 0.13 0.00 0.03 0.00
5020.00 0.07 0.00 0.02 0.00
5060.00 0.04 0.00 0.01 0.00
5100.00 0.04 0.00 0.01 0.00
5140.00 0.05 0.00 0.02 0.00
5180.00 0.09 0.00 0.03 0.00
5220.00 0.24 0.00 0.08 0.00
5260.00 0.70 0.00 0.26 0.01
5300.00 1.38 0.01 0.55 0.01
5340.00 2.27 0.01 0.97 0.02
5380.00 3.09 0.02 1.42 0.04
5420.00 2.98 0.02 1.48 0.04
5460.00 2.37 0.01 1.28 0.04
5500.00 1.70 0.01 0.99 0.03
5540.00 1.16 0.01 0.74 0.02
5580.00 0.89 0.01 0.61 0.02
5620.00 0.72 0.00 0.53 0.01
5660.00 0.62 0.00 0.49 0.01
5700.00 0.55 0.00 0.49 0.01
5740.00 0.46 0.00 0.44 0.01
5780.00 0.35 0.00 0.36 0.01
5820.00 0.26 0.00 0.30 0.01
5860.00 0.19 0.00 0.24 0.01
5900.00 0.15 0.00 0.21 0.01
5940.00 0.14 0.00 0.21 0.01
5980.00 0.15 0.00 0.25 0.01
6020.00 0.19 0.00 0.35 0.01
6060.00 0.29 0.00 0.59 0.02
6100.00 0.48 0.00 1.08 0.04
6140.00 0.73 0.01 1.83 0.06
6180.00 0.96 0.01 2.66 0.09
6220.00 0.96 0.01 2.98 0.10

(b) Optimized γ-ray branching ratio result

Table A.7: Cont. Generated Beta Feeding Distribution and strength function For 86Kr.
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Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

6260.00 0.85 0.01 2.93 0.10
6300.00 0.57 0.00 2.20 0.08
6340.00 0.35 0.00 1.52 0.06
6380.00 0.25 0.00 1.24 0.05
6420.00 0.22 0.00 1.22 0.05
6460.00 0.23 0.00 1.50 0.06
6500.00 0.29 0.00 2.11 0.08
6540.00 0.37 0.00 3.05 0.14
6580.00 0.42 0.00 4.08 0.18
6620.00 0.40 0.00 4.54 0.20
6660.00 0.32 0.00 4.15 0.22
6700.00 0.21 0.00 3.18 0.17
6740.00 0.11 0.00 2.04 0.11
6780.00 0.06 0.00 1.25 0.07
6820.00 0.03 0.00 0.76 0.04
6860.00 0.02 0.00 0.52 0.03
6900.00 0.01 0.00 0.45 0.03
6940.00 0.01 0.00 0.55 0.04
6980.00 0.02 0.00 0.94 0.06
7020.00 0.03 0.00 2.09 0.14
7060.00 0.05 0.00 4.53 0.26
7100.00 0.07 0.00 8.16 0.66
7140.00 0.06 0.00 10.04 0.81
7180.00 0.04 0.00 7.44 0.78
7220.00 0.01 0.00 3.57 0.37
7260.00 0.00 0.00 1.37 0.14
7300.00 0.00 0.00 0.52 0.05
7340.00 0.00 0.00 0.21 0.03
7380.00 0.00 0.00 0.15 0.02
7420.00 0.00 0.00 0.16 0.03
7460.00 0.00 0.00 0.28 0.06
7500.00 0.00 0.00 0.84 0.23
7540.00 0.00 0.00 0.00 0.00
7580.00 0.00 0.00 0.00 0.00
7620.00 0.00 0.00 0.00 0.00

(a) Original result

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

6260.00 0.74 0.01 2.58 0.09
6300.00 0.48 0.00 1.87 0.07
6340.00 0.29 0.00 1.26 0.05
6380.00 0.20 0.00 1.02 0.04
6420.00 0.18 0.00 1.04 0.04
6460.00 0.21 0.00 1.33 0.05
6500.00 0.26 0.00 1.93 0.08
6540.00 0.34 0.00 2.81 0.13
6580.00 0.40 0.00 3.83 0.17
6620.00 0.37 0.00 4.19 0.19
6660.00 0.28 0.00 3.70 0.20
6700.00 0.18 0.00 2.73 0.15
6740.00 0.09 0.00 1.69 0.09
6780.00 0.05 0.00 0.99 0.05
6820.00 0.02 0.00 0.59 0.03
6860.00 0.01 0.00 0.40 0.02
6900.00 0.01 0.00 0.36 0.02
6940.00 0.01 0.00 0.48 0.03
6980.00 0.02 0.00 0.87 0.06
7020.00 0.03 0.00 2.06 0.14
7060.00 0.05 0.00 4.61 0.27
7100.00 0.07 0.00 8.22 0.67
7140.00 0.06 0.00 9.11 0.74
7180.00 0.03 0.00 5.89 0.62
7220.00 0.01 0.00 2.39 0.25
7260.00 0.00 0.00 0.76 0.08
7300.00 0.00 0.00 0.26 0.03
7340.00 0.00 0.00 0.10 0.01
7380.00 0.00 0.00 0.07 0.01
7420.00 0.00 0.00 0.08 0.01
7460.00 0.00 0.00 0.15 0.03
7500.00 0.00 0.00 0.46 0.13
7540.00 0.00 0.00 0.00 0.00
7580.00 0.00 0.00 0.00 0.00
7620.00 0.00 0.00 0.00 0.00

(b) Optimized γ-ray branching ratio result

Table A.8: Cont. Generated Beta Feeding Distribution and strength function For 86Kr.
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A.7 Feeding Distribution and Strength Function from the Decay of 91Rb.

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 6.61 0.03 0.04 0.00
93.63 10.90 0.06 0.07 0.00

439.16 2.19 0.02 0.02 0.00
993.50 0.00 0.00 0.00 0.00

1042.03 0.66 0.01 0.01 0.00
1230.84 0.62 0.01 0.01 0.00
1367.76 0.00 0.00 0.00 0.00
1482.12 0.00 0.00 0.00 0.00
1740.27 0.00 0.00 0.00 0.00
1917.09 0.91 0.01 0.03 0.00
1942.91 1.46 0.01 0.05 0.00
2064.66 5.41 0.03 0.22 0.00
2077.50 0.00 0.00 0.00 0.00
2159.08 0.04 0.00 0.00 0.00
2236.95 0.00 0.00 0.00 0.00
2657.89 15.58 0.08 1.33 0.02
2700.00 0.39 0.00 0.03 0.00
2740.00 0.09 0.00 0.01 0.00
2780.00 0.03 0.00 0.00 0.00
2820.00 0.01 0.00 0.00 0.00
2860.00 0.01 0.00 0.00 0.00
2900.00 0.01 0.00 0.00 0.00
2940.00 0.02 0.00 0.00 0.00
2980.00 0.02 0.00 0.00 0.00
3020.00 0.01 0.00 0.00 0.00
3060.00 0.01 0.00 0.00 0.00
3100.00 0.00 0.00 0.00 0.00
3140.00 0.00 0.00 0.00 0.00
3180.00 0.00 0.00 0.00 0.00
3220.00 0.00 0.00 0.00 0.00
3260.00 0.01 0.00 0.00 0.00
3300.00 0.04 0.00 0.01 0.00
3340.00 0.12 0.00 0.03 0.00
3380.00 0.25 0.00 0.06 0.00

(a) Original

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 6.61 0.03 0.04 0.00
93.63 10.90 0.06 0.07 0.00

439.16 2.19 0.02 0.02 0.00
993.50 0.00 0.00 0.00 0.00

1042.03 0.66 0.01 0.01 0.00
1230.84 0.62 0.01 0.01 0.00
1367.76 0.00 0.00 0.00 0.00
1482.12 0.00 0.00 0.00 0.00
1740.27 0.00 0.00 0.00 0.00
1917.09 0.91 0.01 0.03 0.00
1942.91 1.46 0.01 0.05 0.00
2064.66 5.41 0.03 0.22 0.00
2077.50 0.00 0.00 0.00 0.00
2159.08 0.04 0.00 0.00 0.00
2236.95 0.00 0.00 0.00 0.00
2657.89 15.58 0.08 1.33 0.02
2700.00 0.39 0.00 0.03 0.00
2740.00 0.09 0.00 0.01 0.00
2780.00 0.03 0.00 0.00 0.00
2820.00 0.01 0.00 0.00 0.00
2860.00 0.01 0.00 0.00 0.00
2900.00 0.01 0.00 0.00 0.00
2940.00 0.02 0.00 0.00 0.00
2980.00 0.02 0.00 0.00 0.00
3020.00 0.01 0.00 0.00 0.00
3060.00 0.01 0.00 0.00 0.00
3100.00 0.00 0.00 0.00 0.00
3140.00 0.00 0.00 0.00 0.00
3180.00 0.00 0.00 0.00 0.00
3220.00 0.00 0.00 0.00 0.00
3260.00 0.01 0.00 0.00 0.00
3300.00 0.04 0.00 0.01 0.00
3340.00 0.12 0.00 0.03 0.00
3380.00 0.25 0.00 0.06 0.00

(b) Modified Brm

Table A.9: Generated Beta Feeding Distribution and strength function For 91Sr.
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Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

3420.00 0.54 0.00 0.14 0.00
3460.00 0.79 0.00 0.22 0.00
3500.00 1.04 0.01 0.32 0.01
3540.00 1.38 0.01 0.45 0.01
3580.00 1.99 0.01 0.69 0.01
3620.00 2.96 0.01 1.11 0.02
3660.00 3.90 0.02 1.58 0.03
3700.00 3.98 0.02 1.74 0.03
3740.00 3.54 0.02 1.67 0.03
3780.00 2.21 0.01 1.13 0.02
3820.00 1.26 0.01 0.70 0.01
3860.00 0.86 0.00 0.52 0.01
3900.00 0.71 0.00 0.46 0.01
3940.00 0.79 0.00 0.55 0.01
3980.00 1.24 0.01 0.94 0.02
4020.00 1.81 0.01 1.50 0.03
4060.00 3.20 0.01 2.91 0.06
4100.00 4.29 0.02 4.27 0.09
4140.00 4.16 0.02 4.54 0.10
4180.00 3.38 0.02 4.05 0.09
4220.00 2.31 0.01 3.04 0.07
4260.00 1.49 0.01 2.14 0.05
4300.00 1.04 0.01 1.64 0.04
4340.00 0.89 0.01 1.56 0.04
4380.00 0.84 0.01 1.65 0.04
4420.00 0.79 0.01 1.74 0.04
4460.00 0.71 0.01 1.71 0.04
4500.00 0.57 0.00 1.52 0.04
4540.00 0.35 0.00 1.05 0.03
4580.00 0.23 0.00 0.78 0.02
4620.00 0.17 0.00 0.64 0.02
4660.00 0.14 0.00 0.58 0.02
4700.00 0.13 0.00 0.64 0.02
4740.00 0.13 0.00 0.75 0.03
4780.00 0.14 0.00 0.91 0.03

(a) Original

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

3420.00 0.54 0.00 0.14 0.00
3460.00 0.79 0.00 0.22 0.00
3500.00 1.04 0.01 0.32 0.01
3540.00 1.38 0.01 0.45 0.01
3580.00 1.99 0.01 0.69 0.01
3620.00 2.96 0.01 1.11 0.02
3660.00 3.90 0.02 1.58 0.03
3700.00 3.98 0.02 1.74 0.03
3740.00 3.54 0.02 1.67 0.03
3780.00 2.21 0.01 1.13 0.02
3820.00 1.26 0.01 0.70 0.01
3860.00 0.86 0.00 0.52 0.01
3900.00 0.71 0.00 0.46 0.01
3940.00 0.79 0.00 0.55 0.01
3980.00 1.24 0.01 0.94 0.02
4020.00 1.81 0.01 1.50 0.03
4060.00 3.20 0.01 2.91 0.06
4100.00 4.29 0.02 4.27 0.09
4140.00 4.16 0.02 4.54 0.10
4180.00 3.38 0.02 4.05 0.09
4220.00 2.31 0.01 3.04 0.07
4260.00 1.49 0.01 2.14 0.05
4300.00 1.04 0.01 1.64 0.04
4340.00 0.89 0.01 1.56 0.04
4380.00 0.84 0.01 1.65 0.04
4420.00 0.79 0.01 1.74 0.04
4460.00 0.71 0.01 1.71 0.04
4500.00 0.57 0.00 1.52 0.04
4540.00 0.35 0.00 1.05 0.03
4580.00 0.23 0.00 0.78 0.02
4620.00 0.17 0.00 0.64 0.02
4660.00 0.14 0.00 0.58 0.02
4700.00 0.13 0.00 0.64 0.02
4740.00 0.13 0.00 0.75 0.03
4780.00 0.14 0.00 0.91 0.03

(b) Modified Brm

Table A.10: Cont. Generated Beta Feeding Distribution and strength function For 91Sr.



A.7. FEEDING DISTRIBUTION AND STRENGTH FUNCTION FROM THE DECAY OF
91RB. 145

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

4820.00 0.15 0.00 1.07 0.04
4860.00 0.13 0.00 1.11 0.04
4900.00 0.11 0.00 1.07 0.04
4940.00 0.08 0.00 0.95 0.03
4980.00 0.06 0.00 0.74 0.03
5020.00 0.03 0.00 0.51 0.02
5060.00 0.02 0.00 0.33 0.02
5100.00 0.01 0.00 0.20 0.01
5140.00 0.00 0.00 0.12 0.01
5180.00 0.00 0.00 0.08 0.00
5220.00 0.00 0.00 0.05 0.00
5260.00 0.00 0.00 0.03 0.00
5300.00 0.00 0.00 0.03 0.00
5340.00 0.00 0.00 0.02 0.00
5380.00 0.00 0.00 0.02 0.00
5420.00 0.00 0.00 0.02 0.00
5460.00 0.00 0.00 0.02 0.00
5500.00 0.00 0.00 0.02 0.00
5540.00 0.00 0.00 0.01 0.00
5580.00 0.00 0.00 0.00 0.00
5620.00 0.00 0.00 0.00 0.00
5660.00 0.00 0.00 0.00 0.00
5700.00 0.00 0.00 0.00 0.00
5740.00 0.00 0.00 0.00 0.00
5780.00 0.00 0.00 0.00 0.00
5820.00 0.00 0.00 0.00 0.00
5860.00 0.00 0.00 0.00 0.00
5900.00 0.00 0.00 0.00 0.00

(a) Original

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

4820.00 0.15 0.00 1.07 0.04
4860.00 0.13 0.00 1.11 0.04
4900.00 0.11 0.00 1.07 0.04
4940.00 0.08 0.00 0.95 0.03
4980.00 0.06 0.00 0.74 0.03
5020.00 0.03 0.00 0.51 0.02
5060.00 0.02 0.00 0.33 0.02
5100.00 0.01 0.00 0.20 0.01
5140.00 0.00 0.00 0.12 0.01
5180.00 0.00 0.00 0.08 0.00
5220.00 0.00 0.00 0.05 0.00
5260.00 0.00 0.00 0.03 0.00
5300.00 0.00 0.00 0.03 0.00
5340.00 0.00 0.00 0.02 0.00
5380.00 0.00 0.00 0.02 0.00
5420.00 0.00 0.00 0.02 0.00
5460.00 0.00 0.00 0.02 0.00
5500.00 0.00 0.00 0.02 0.00
5540.00 0.00 0.00 0.01 0.00
5580.00 0.00 0.00 0.00 0.00
5620.00 0.00 0.00 0.00 0.00
5660.00 0.00 0.00 0.00 0.00
5700.00 0.00 0.00 0.00 0.00
5740.00 0.00 0.00 0.00 0.00
5780.00 0.00 0.00 0.00 0.00
5820.00 0.00 0.00 0.00 0.00
5860.00 0.00 0.00 0.00 0.00
5900.00 0.00 0.00 0.00 0.00

(b) Modified Brm

Table A.11: cont. Generated Beta Feeding Distribution and strength function For 91Sr.



A.8. FEEDING DISTRIBUTION AND STRENGTH FUNCTION FROM THE DECAY OF
94SR 146

A.8 Feeding Distribution and Strength Function from the Decay of 94Sr

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 0.32 0.00 0.01 0.00
432.30 0.00 0.00 0.00 0.00
621.70 0.00 0.00 0.00 0.00
723.80 0.00 0.00 0.00 0.00
906.91 0.00 0.00 0.00 0.00

1202.30 0.00 0.00 0.00 0.00
1427.71 80.87 0.23 33.78 0.58
1437.01 14.82 0.04 6.31 0.11
2182.42 1.38 0.01 3.49 0.08
2373.02 1.79 0.01 8.27 0.22
2969.93 0.82 0.00 56.50 3.14

(a) Level scheme 1

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 0.35 0.00 0.02 0.00
432.30 0.00 0.00 0.00 0.00
621.70 0.00 0.00 0.00 0.00
723.80 0.00 0.00 0.00 0.00
906.91 0.00 0.00 0.00 0.00

1202.30 0.00 0.00 0.00 0.00
1427.71 80.84 0.23 33.77 0.57
1437.01 14.82 0.04 6.31 0.11
2182.42 1.38 0.01 3.49 0.08
2373.02 1.79 0.01 8.25 0.22
2969.93 0.82 0.00 56.73 3.15

(b) Level scheme 2

Table A.12: Generated Beta Feeding Distribution and strength function For 94Sr (no continuum
used).



A.8. FEEDING DISTRIBUTION AND STRENGTH FUNCTION FROM THE DECAY OF
94SR 147

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 0.32 0.00 0.01 0.00
432.30 0.00 0.00 0.00 0.00
621.70 0.00 0.00 0.00 0.00
723.80 0.00 0.00 0.00 0.00
906.91 0.00 0.00 0.00 0.00

1202.30 0.00 0.00 0.00 0.00
1427.71 80.78 0.23 33.75 0.57
1437.01 14.82 0.04 6.31 0.11
2182.42 1.40 0.01 3.53 0.08
2373.02 1.80 0.01 8.32 0.22
2969.93 0.37 0.00 25.48 1.41
3020.00 0.36 0.00 34.82 1.93
3060.00 0.07 0.00 9.35 0.52
3100.00 0.02 0.00 3.46 0.26
3140.00 0.01 0.00 3.51 0.26
3180.00 0.01 0.00 5.49 0.41
3220.00 0.02 0.00 8.80 0.81
3260.00 0.01 0.00 13.06 1.45
3300.00 0.01 0.00 14.04 1.55
3340.00 0.00 0.00 14.45 2.13
3380.00 0.00 0.00 18.53 3.76
3420.00 0.00 0.00 0.00 0.00
3460.00 0.00 0.00 0.00 0.00
3500.00 0.00 0.00 0.00 0.00

(a) Level scheme 1

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 0.34 0.00 0.02 0.00
432.30 0.00 0.00 0.00 0.00
621.70 0.00 0.00 0.00 0.00
723.80 0.00 0.00 0.00 0.00
906.91 0.00 0.00 0.00 0.00

1202.30 0.00 0.00 0.00 0.00
1427.71 80.73 0.23 33.73 0.57
1437.01 14.82 0.04 6.31 0.11
2182.42 1.40 0.01 3.54 0.08
2373.02 1.80 0.01 8.31 0.22
2969.93 0.37 0.00 25.27 1.40
3020.00 0.37 0.00 35.78 1.99
3060.00 0.08 0.00 9.98 0.55
3100.00 0.02 0.00 3.43 0.25
3140.00 0.01 0.00 3.73 0.28
3180.00 0.02 0.00 6.17 0.46
3220.00 0.02 0.00 10.04 0.93
3260.00 0.02 0.00 14.14 1.56
3300.00 0.01 0.00 14.08 1.56
3340.00 0.00 0.00 13.68 2.02
3380.00 0.00 0.00 16.73 3.39
3420.00 0.00 0.00 0.00 0.00
3460.00 0.00 0.00 0.00 0.00
3500.00 0.00 0.00 0.00 0.00

(b) Level scheme 2

Table A.13: Generated Beta Feeding Distribution and strength function For 94Sr, standard result.



A.8. FEEDING DISTRIBUTION AND STRENGTH FUNCTION FROM THE DECAY OF
94SR 148

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 0.01 0.00 0.00 0.00
432.30 0.00 0.00 0.00 0.00
621.70 0.00 0.00 0.00 0.00
723.80 0.00 0.00 0.00 0.00
906.91 0.11 0.00 0.02 0.00

1202.30 0.00 0.00 0.00 0.00
1427.71 94.24 0.26 39.37 0.67
1437.01 0.00 0.00 0.00 0.00
2182.42 1.35 0.01 3.42 0.08
2373.02 2.85 0.01 13.18 0.35
2969.93 0.62 0.00 42.76 2.37
3020.00 0.47 0.00 46.31 2.57
3060.00 0.09 0.00 12.48 0.69
3100.00 0.03 0.00 5.07 0.37
3140.00 0.02 0.00 5.95 0.44
3180.00 0.03 0.00 11.59 0.86
3220.00 0.04 0.00 23.49 2.17
3260.00 0.05 0.00 42.19 4.67
3300.00 0.04 0.00 59.17 6.55
3340.00 0.02 0.00 75.38 11.12
3380.00 0.02 0.00 116.05 23.52
3420.00 0.00 0.00 0.00 0.00
3460.00 0.00 0.00 0.00 0.00
3500.00 0.00 0.00 0.00 0.00

(a) Level scheme 1

Energy β Feeding Strength Function
[keV] % σF 106 [S−1MeV−1] σS

0.00 0.34 0.00 0.02 0.00
432.30 0.00 0.00 0.00 0.00
621.70 0.00 0.00 0.00 0.00
723.80 0.00 0.00 0.00 0.00
906.91 0.00 0.00 0.00 0.00

1202.30 0.00 0.00 0.00 0.00
1427.71 80.73 0.23 33.73 0.57
1437.01 14.82 0.04 6.31 0.11
2182.42 1.40 0.01 3.54 0.08
2373.02 1.80 0.01 8.31 0.22
2969.93 0.37 0.00 25.27 1.40
3020.00 0.37 0.00 35.78 1.99
3060.00 0.08 0.00 9.98 0.55
3100.00 0.02 0.00 3.43 0.25
3140.00 0.01 0.00 3.73 0.28
3180.00 0.02 0.00 6.17 0.46
3220.00 0.02 0.00 10.04 0.93
3260.00 0.02 0.00 14.14 1.56
3300.00 0.01 0.00 14.08 1.56
3340.00 0.00 0.00 13.68 2.02
3380.00 0.00 0.00 16.73 3.39
3420.00 0.00 0.00 0.00 0.00
3460.00 0.00 0.00 0.00 0.00
3500.00 0.00 0.00 0.00 0.00

(b) Level scheme 2

Table A.14: Generated Beta Feeding Distribution and strength function For 94Sr (Restricted feeding
to 1427 keV level).



B Subtractions from Calibrant Data

B.1 Subtractions of “WithTube” Data
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Figure B.1: Full experiment set-up “WithTube” 137Cs, 60Co and 22Na calibrant data (black) subtrac-
tions of background (green) and pile-up (orange) to produce cleaned calibrant data (blue).
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Figure B.2: Full experiment set-up “WithTube” 24Na calibrant data (black) subtractions of back-
ground (green) and pile-up (orange) to produce cleaned calibrant data (blue).

B.2 Subtractions of “NoTube” Data
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Figure B.3: Preliminary calibration set-up “NoTube“ 137Cs and 60Co calibrant data (black) subtrac-
tions of background (green) and pile-up (orange) to produce cleaned calibrant data (blue).
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Figure B.4: Preliminary calibration set-up “NoTube“ 22Na and 24Na calibrant data (black) subtrac-
tions of background (green) and pile-up (orange) to produce cleaned calibrant data (blue).



C Monte Carlo and Calibrant Data

C.1 Monte Carlo Comparison of “WithTube” Data
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Figure C.1: Full experiment set-up “WithTube” 137Cs 60Co and 22Na calibrant data comparison of
Monte Carlo results (Red) and Experiment Data (Blue) after subtraction of Background and Pile-up.
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Figure C.2: Full experiment set-up “WithTube” 24Na calibrant data comparison of Monte Carlo results
(Red) and Experiment Data (Blue) after subtraction of Background and Pile-up.

C.2 Monte Carlo Comparison of “NoTube“ Data
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Figure C.3: Preliminary calibration set-up“NoTube” 137Cs and 60Co calibrant data comparison of
Monte Carlo results (Red) and Experiment Data (Blue) after subtraction of Background and Pile-up.
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Figure C.4: Preliminary calibration set-up“NoTube”22,24Na calibrant data comparison of Monte Carlo
results (Red) and Experiment Data (Blue) after subtraction of Background and Pile-up.



D Previous Reported Level Schemes Data

D.1 Calibrant

Source Gamma Energy (keV)
Software Sum E-Crystal

137Cs 661.7 661.7
60Co 1173.2 1173.2
60Co 1332.5 1332.5
60Co 2505.7 2505.7
22Na 1022.0 511.0
22Na 1274.5 1274.5
22Na 2296.5 -
24Na 1368.6 511.0
24Na 2754.0 1368.6
24Na 4122.6 2754.0

Table D.1: Reference γ rays for the calibration sources taken from [126].

1
CITATION:

Nuclear Data Sheets (2007)

From NNDC(BNL)

program ENSDAT

13
5

7
6Ba81

13
5

7
6Ba81

    137Cs ββββ– Decay   1983Be18,1996Bi23,1997WaZZ   

7/2+ 0.0 30.08 y

%B–=100

13
5

7
5Cs82

Q–=1175.6317

3/2+ 0.012.0795.31176

1/2+ 283.5016.612u0.00058

11/2– 661.659 2.552 min9.6251u94.7514.03

Log f tIβ–Eβ–                        

  Decay Scheme  

Intensities:  I(γ+ce) per

100 parent decays

2
8
3
.5

  
0
.0
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(a) 137Cs

Figure D.1: Previously reported decay data for the 137Cs calibrant, taken from [25].
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2
CITATION:

Nuclear Data Sheets (2013)

From NNDC(BNL)

program ENSDAT

 6
2

0
8Ni32

 6
2

0
8Ni32

    60Co ββββ– Decay (10.467 min)   1963Sc14   

2+ 58.59 10.467 min

%B–=0.25 3

6
2

0
7Co33

Q–(g.s . )=2822.82

0+ 0.0 stable

2+ 1332.5087.20.24

2+ 2158.6137.40.0086

Log f tIβ–              

  Decay Scheme  

Intensities:  Iγ per 100

parent decays

1
3
3
2
.4

9
2
  

0
.2

5

8
2
6
.1

0
  

≈0
.0

0
7
8
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8
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7
  

≈0
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0
7
5

6
2

0
8Ni32

(a) 60Co

1
CITATION:

Nuclear Data Sheets (2005)

From NNDC(BNL)

program ENSDAT

 2
1

2
0Ne12

 2
1

2
0Ne12

    22Na ββββ+ Decay   

3+ 0.0 2.6027 y

%B+=100

2
1

2
1Na11
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Figure D.2: Previously reported decay data for the 60Co, 22Na and 24Na calibrants, taken from [25].
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D.2 Isotopes Under Investigation
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Figure D.3: Previously reported β decay data for 86Br, taken from [29].
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Figure D.4: Previously reported β decay data for 94Sr, taken from [43].
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Figure D.5: Previously reported β decay data for 91Rb (Part I), taken from [39].
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Figure D.6: Previously reported β decay data for 91Rb (Part II), taken from [39].
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Figure D.7: Previously reported β decay data for 91Rb (Part III), taken from [39].
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Abstract.
A knowledge of the decay heat emitted by thermal neutron-irradiated nuclear fuel is an

important factor in ensuring safe reactor design and operation, spent fuel removal from the
core, and subsequent storage prior to and after reprocessing, and waste disposal. Decay heat
can be readily calculated from the nuclear decay properties of the fission products, actinides and
their decay products as generated within the irradiated fuel. Much of the information comes
from experiments performed with HPGe detectors, which often underestimate the beta feeding
to states at high excitation energies. This inability to detect high-energy gamma emissions
effectively results in the derivation of decay schemes that suffer from the pandemonium effect,
although such a serious problem can be avoided through application of total absorption γ-
ray spectroscopy (TAS). The beta decay of key radionuclei produced as a consequence of the
neutron-induced fission of 235U and 239Pu are being re-assessed by means of this spectroscopic
technique. A brief synopsis is given of the Valencia-Surrey (BaF2) TAS detector, and their
method of operation, calibration and spectral analysis.

1. Motivation
Commercial nuclear reactors produce roughly 1040 different nuclides, a large fraction of which
are unstable. The energy released in their decays in the fuel produces heat known as decay
heat. During operations in thermal fission nuclear reactors, approximately 8% of the total heat
produced in the reactor is due to decay heat and this contribution must be factored into the
energy production [1]. Decay heat is the sole source of heat from the fuel in the absence of fission
and therefore is extremely important in reactor design, irradiated fuel operations and storage.

Decay heat has three components: heavy particles(HHP ), light particles(HLP ) and
photons(HEM ). Heavy particles are defined as neutrons, protons, alpha particles and
spontaneous fission fragments, whereas light particles are defined as electrons, positrons, Auger
electrons and conversion electrons, but are sometimes referred to collectively as “betas” photons
are defined as γ-rays, X-rays, bremsstrahlung and annihilation radiation [2]. Data from nuclear
databases such as JEFF 3.1 [3] can be used to calculate the actinide and fission-product
inventories for a specified condition of reactor operation as a function of the cooling period. The
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decay heat can then be derived by summing the decay energies from the emitted heavy particles,
light particles and photons weighted with the activities of the produced fission products:

HHP (t) =
M∑

i=1

λT
i Ni(t)Ē

i
HP (1)

HLP (t) =
M∑

i=1

λT
i Ni(t)Ē

i
LP (2)

HEM (t) =
M∑

i=1

λT
i Ni(t)Ē

i
EM (3)

Ē, λT and N represent the mean energy released per disintegration, the total decay constant
for the nuclide and the number of the nuclides present respectively. The decay heat has also been
experimentally measured by calorimetry thus providing an opportunity to test the accuracy of
the nuclear datasets.

1.1. Pandemonium effect
The discrepancy between the calorimetry data and the modelled nuclear dataset is thought to
be due to incorrect beta decay data (β− and β+) and more specifically missing beta feeding
to higher-lying levels in some key nuclei (see for example Ref.[4]). The decay spectroscopy
of many fission fragments was carried out using high-resolution γ-ray spectroscopy due to the
simplicity of this technique. The application of high resolution γ-ray measurements to quantify
the individual beta decays in some nuclei might suffer from the pandemonium effect resulting
in the incorrect assignment of beta feeding to low-lying levels in the daughter nucleus [5]. This
results in a systematic error in the deduced mean beta and gamma energies, thus affecting the
decay heat calculations. Ref.[6] outlines a list of nuclear measurements that might be affected
by the pandemonium effect and prioritises them according to their involvement in decay heat
calculations for the most common nuclear fuels used in power generation.

(a) Real feeding levels (b) Detected feeding levels

Figure 1: Schematic representation of the pandemonium effect in beta decay.

The beta-decaying parent nucleus populates many levels in the daughter nucleus, and each
decay to a different level has a precise beta-decay end point. High resolution γ-ray spectroscopy
is used to measure the γ-ray intensities that both depopulate and populate these daughter
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nuclear levels, and by this means individual beta feeding can be deduced from the balance of
γ-ray intensities populating and depopulating each level. Decays with large Qβ values may lead
to the population of a large number of levels in the daughter nucleus including some at high
excitation energies (Fig.1a). The pandemonium effect occurs when these β-feeding distributions
to the higher excitation states are erroneously derived from the γ-ray spectra (Fig.1b).

The detection of β-feeding distributions to high excitation states is impeded. At high
excitation energies, a higher density of nuclear levels exist in the daughter nucleus, and the
detection of β-feeding distributions is impeded. Due to the proximity of these energy levels, the
β-branching to each individual level will be weaker than at lower energies. The high-excitation
energy levels are open to multiple γ-decay paths to the ground state, and therefore their β-
population produces many weak γ-rays that are statistically difficult to detect. These processes
alone restrict the measurement of the β-feeding distributions to the high excitation states, but
when combined with the low efficiency of HPGe detectors and the significant reduction of this
efficiency at higher energy ( > 2 MeV) the probability of detection reduces even further.

A large number of beta decay measurements have been undertaken by means of HPGe
detectors before this effect was fully understood. As a result some decay schemes were thought to
be complete and the β-feeding was assumed to be correct. But in reality the incorrect assignment
of β-feeding as a consequence of the pandemonium effect can produce significant errors in the
nuclear data sets. Fig.2 compares the measured beta strength function of 150Ho obtained from
the Cluster Cube (HPGe array) with that from the GSI-TAS (NaI(Tl) TAS detector)). The
resulting spectra show clear evidence of the pandemonium effect in the HPGe data above 5
MeV, whereas the TAS measurements do not suffer from this problem. These data and spectra
are taken from Ref.[7].

Figure 2: Beta-strength as a function of excitation energy in the daughter nucleus following
the decay of the 2− ground state in 150Ho measured with the CLUSTER CUBE (depicted as a
histogram) and the GSI-TAS spectrometer (continuous spectral data) [7].

2. Total Absorption Gamma-ray Spectroscopy
An ideal total absorption gamma-ray spectrometer would be 100% efficient in the detection of
γ-ray radiation, cover a full 4π solid angle with good energy-resolution characteristics. TAS
detectors can be made from scintillator materials (such as NaI(Tl) or BaF2) with near 4π
geometry. These relatively high-Z detection materials and the large volume of these detectors can
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provide high overall detection efficiency, but with a significant deterioration in energy resolution
compared with HPGe detectors. The collection of γ-rays in the TAS differs from conventional
high-resolution gamma spectroscopy such as HPGe arrays, in that the TAS detector collects the
full γ-ray energy cascade from a source, rather than measuring the individual γ-ray energies
which make up the mutually coincident cascade.

The use of scintillators with an increased efficiency and the capability to collect full γ cascades
reduces the pandemonium effect. Analysis of the TAS spectra is non-trivial and requires solution
of equation (4):

di =
∑

j

Rijfj (4)

where d,R and f are the detector data, the response matrix and the feeding distribution
respectively.

3. Experiments
The accelerator facility at the University of Jyvaskyla, Finland (JYFL), was used in November
2009 to generate eight separate radionuclides for TAS studies. Each of these nuclei had been
defined as of high priority in decay heat studies [2, 6] and JYFL was selected due to the ability
to produce high-purity sources. Analysis of the resulting spectral data has been divided between
groups in Valencia, Nantes and Surrey.

3.1. Valencia-Surrey TAS detector
The Valencia-Surrey TAS spectrometer is a segmented barium fluoride (BaF2) detector. The
geometry of the 12 segments of BaF2 is shown in Fig.(3) with detector dimensions of 25 cm
length, 25 cm diameter with a 5 cm diameter, and 5 cm diameter longitudinal hole in the
centre. Each BaF2 crystal segment is optically insulated. Generally, BaF2 crystals include
contamination from radium due to radium and barium being chemical homologues. This
contamination also gives rise to background radiation from the radioactive daughters produced
within the natural decay chain of the radium isotopes. Detection of this internal radiation
allows a constant gain matching between each of the PMT outputs. A planar silicon detector
was placed at the centre of the TAS detector so that beta tagging could be used as a hardware
trigger to reduce the random background counts in the final data.

Figure 3: Valencia-Surrey TAS detector, (left) longitudinal cross section showing the locations
of the tape and planar silicon detector; (right) cross section of the crystal arrangement.
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The separated source from JYFL was deposited onto a tape delivery system which moved
regularly to place the source at the centre of the TAS detector, simultaneously removing decayed
sources and thus reducing the background produced by any daughter products. Each measuring
cycle of the tape was optimised to the half-life of the decay being measured. Background
measurements were taken at regular intervals between source measurement. Each segment of
the TAS detector was readout separately producing many different output options. For the
initial stage of the analysis two outputs were created: sum of each segment (E-crystal); and
an online summation of the signals (Software Sum), which collects the signal as if the detector
system was a single crystal (see Fig.4).

Standard sources of 22Na, 137Cs and 60Co were used to calibrate and characterise the detector
(however, these sources were sealed as a safety requirement, and therefore the silicon detector
could not be applied for beta tagging in the initial set-up). 24Na created by the JYFL was
also used as a calibrant. The TAS data were cleaned-up and improved by undertaking both
background and pile-up subtraction, prior to implementing energy and resolution calibrations.
The detector manufacturer’s specifications and the resulting energy and resolution calibrations
were adopted as input to the GEANT4 code in order to create an appropriate Monte-Carlo
(MC) model. This model is presently being used to characterise the detector on the basis of the
calibrant sources.

4. Current State of Data Analysis
The spectra produced by the MC model for the calibration sources are currently being compared
with the equivalent TAS data for each source (Fig.4). MC spectral data are not in satisfactory
agreement with the TAS calibration data. Therefore, the existing MC code is being adjusted
with respect to detector geometry, based on known differences between the original specified
geometry and that subsequently quoted by the manufacturer. Physics processes within the
GEANT4 MC code will also be assessed for validity at a later stage. When the MC model
is able to replicate a good agreement to the calibration data, attention will be turned with
confidence towards analyses of the spectral data of interest.

(a) E-crystal of 60Co data (b) Software sum of 22Na data

Figure 4: Comparison of the MC and the experimental data: (a) γ-rays from 60Co calibration
source collected in each crystal and then summed. (b) γ-rays collected from 22Na source
calibration source as if the complete detector array was a single crystal.

MC models are required for the measured nuclei of interest. These model are created as
before, with adjustments to the decay read-in files as created for each source from the available
decay schemes (taken from nuclear data sets). A statistical model will be used to extend the
calculations to high energies. Since the experimental sources are unsealed, gating on the silicon
detector should be possible in order to eliminate most of the spectral background. The effects
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of pile-up and any contamination from daughter decay will also be removed. These cleaned-up
spectra can then be compared with the MC spectra to show whether the pandemonium effect
affects the nuclear data set.

Assuming that the original measurements are affected by the pandemonium effect as
postulated in Ref.[6], a new decay scheme will be created for the MC model. This new decay
scheme will be created from the recorded nuclear data up to an energy threshold set to exclude
regions of excitation energy in the daughter that might have been affected by the pandemonium
effect. Above this new threshold the decay scheme will consist of “pseudo levels” added with
their corresponding γ-branching ratios on the basis of the adopted a statistical model. Once
this is completed an iterative process of adjusting the feeding to all the levels will be carried out
so that the MC spectra gives good agreement with the experimental data.

5. Conclusions
Total absorption γ-ray spectroscopy can be used to avoid the pandemonium effect found in
some HPGe gamma measurements of beta feeding distributions. The analysis of the TAS
data is non-trivial and accurate MC models of the system are needed to extract the beta
feeding distributions. Hopefully, with the measurement of selected nuclei by means of TAS,
more accurate decay heat calculations can be achieved, and so assist in providing even greater
confidence in operational procedures involving irradiated fuel.
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