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Abstract 
 
 

The aim of this work was to establish a method for using the Compton edge in the electron 

spectra included by γ-rays for energy calibration of α liquid scintillation spectra. The 

relationship between α-peak positions and Compton edges in liquid scintillation spectra was 

studied by means of Compton scattering of electrons of monoenergitic γ-rays. The α detector 

system used for the liquid-liquid extraction system SISAK was used; this is the state-of-the-

art α-spectroscopy system which uses pulse-shape discrimination to eliminate β and γ 

background. 

The experiments were performed with two connected detection cells in which the 

liquid was continuously flowing through: the first cell was used to measure α spectra from 
219Rn/215Po, 238,234U, 220Rn/216Po injected into the solution flowing through the cell and the 

Compton electron spectra from a selection of γ emitters placed outside the cell. The second 

cell was used to monitor the scintillator performance with the external 137Cs source which 

generated a Compton electron sepectrum. I.e. The continuous deviation in the scintillation 

light output (“quenching”) could be monitored by observing the shifts in the Compton edge 

during the course of the experiments. This information was also used in the analysis to 

transform the measurement into data equivalent to measurements done without any 

quenching. It was found that the quench correction method which works very well for α 

sources, established in earlier works are routinely used in SISAK experiments can not be 

used directly for the Compton electrons. However, by applying an additional, linear 

correction, this work shows that the Compton edge in γ induced Compton electron spectra 

can be used for calibration of liquid scintillation α-spectra. 
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Chapter 1    

Introduction 
 

 

SISAK is a fast chemical separation system [1-3] which operates in a continuous manner and 

consists of two main parts, namely an extraction system and a detection system (see Fig. 1-1).  

The SISAK system was originally developed to study physical properties of short lived nuclei 

after fast chemical separations. When the system was adapted for studies of the transactinide 

elements (Z≥104) in the 1990s, which mainly decay by α decay, liquid-scintillation detection 

had to be implemented [4, 5]. The transactinide elements are characterized with short half-

lives and extremely low production rates. 

The extraction system is based on the method of liquid-liquid extraction using small 

centrifuges. The chemical species under investigation is dissolved in an aqueous phase which 

then is rapidly mixed with an organic phase. Liquid-liquid extraction equilibrium is quickly 

established; provided that the right types of chemical reactions have been selected then the 

two phases are separated in the centrifuge. The system works with steady, continuous flow-

through and it typically only takes about 1-2 s for the mixing-equilibrium-separation 

sequence to be performed.  For studies of the transactinide elements the activity in the 

organic phase output is measured by mixing it with a liquid scintillation cocktail and 

measured by α spectroscopy. Nuclei of transactinide elements with half lives down to about 4 

s can be studied with the SISAK system [6, 7]. 

The detection system uses the liquid scintillation detection principle [8, 9] and 

consists of photomultiplier tubes coupled with detection cells. The organic phase mixed with 

the scintillation cocktail is flushed with an inert gas (usually He), then the gas is removed in a 

degassing centrifuge and pumped through the detection cells. This degassing centrifuge is 

refereed to as a "booster", since it also helps pump the liquid through the detection cells. 

Liquid scintillation counting offers nearly 4π counting geometry which results in a detection 

efficiency close to 100% for α emitting radionuclides. Hence, there is no problem with 

sample self-absorption, as commonly encountered for e.g. α measurement with solid-state 
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detectors. Thus, provided the solution is not pumped through the measurement cells too fast, 

liquid scintillation (LS) counting is well suited as a detection system when chemical 

investigation of transactinide elements are undertaken, since the detection rate is extremely 

low (usually less than one event per hour, frequently much lower).  

A problem with using LS detection of α particles is that electrons and β particles 

generate about 10 times as much light than the α particles. Thus, the spectra overlap and 

since the amount of β particles and γ ray induced electrons are much higher than the number 

of electrons this will totally mask the α events [10]. Fortunately, it is possible to separate 

events from α and beta particles /electrons because the shape of the generated light-pulses can 

be distinguished using pulse shape discrimination (PSD).   

Energy calibration of the liquid scintillation detectors is usually performed by adding 

short-lived α activity (e.g. 4-s 219Rn) with known α energies to the scintillation solution [11]. 

This may results in contamination of the scintillation cells by long-lived daughters (e.g. 211Pb 

and 211Bi). Thus, calibrations 

during an experiment must be 

kept to a minimum to reduce the 

contamination as much as 

possible.  

Earlier, it has been shown 

[12, 13] that a relation between 

α- and electron energies can be 

established for liquid scintillation 

cocktails. So, it can be expected 

that external γ-sources, which 

will induce Compton electrons in 

the scintillator, can be used for 

energy calibration by measuring the position of the Compton edge in the electron spectrum. 

This will avoid contamination of the cells and is easily performed by simply placing a γ 

source outside the cell. For such a calibration method to work, the relationship between α 

peak positions and Compton edges of electron spectra induced by external γ-sources must be 

established.   

Figure 1-1 Schematic drawings of SISAK setup used in 
investigation of transactinide elements
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Thus, the main objectives of this thesis work were to: 

 Investigate the relationship between α-peak positions and Compton edges in 

liquid scintillation spectra. 

 Examine the influence of variations of the performance of the LS solution on this 

relationship (due to quenching effects). 

 Establish formulas or relationships which can be used to calculate the equivalent α 

energy of the Compton edges from γ-ray induced electrons.  
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Chapter 2    

Background 
 

 

2.1 Interactions of radiation in a scintillation solution 
 

In liquid scintillation detection systems energetic particles or electrons induced by 

electromagnetic radiation traveling through the liquid scintillation cocktail interact with the 

molecules (primarily with the solvent) in the solution. This interaction leads to ionization and 

excitation of the solvent molecules. The solvent molecules subsequently transfer part of its 

excitation energy to the scintillator molecules. For this process to happen efficiently the 

solution must be free of any ingredients which inhibits this process – such ingredients are 

commonly referred to as quenchers and the process as quenching ("light extinguishing").  

The scintillator emits photons of light upon de-excitation. The scintillator (normally 

aromatic compounds) which is used in liquid scintillation solutions is characterized by π-

electron systems. They have delocalized π-electrons that can be excited by radiation. The de-

excitation of molecular π-electrons results in some emission of photons or flashes of light 

(most of the de-excitations only produce heat). Two of the most important de-excitation 

(excited state relaxation) processes fluorescence and phosphorescence of an organic 

scintillator molecule are illustrated in the simplified energy level diagram shown in Fig.2-1. 

Transitions from singlet states like S1 to the ground state (S0) give rise to prompt light 

emission (fluorescence) while transitions from triplet states like T1 to the ground state (S0) 

give rise to delayed light emission (phosphorescence) [14]. The life time of an excited singlet 

state is approximately 10-9 to 10-7 s [15] and therefore the decay time of fluorescence is of the 

same order of magnitude. As phosphorescence originates from the lowest triplet states, it will 

have decay times approximately equal to the life time of the triplet state which is equal to 10-4 

to 10 s [15]. In other words by observing the time profile of the emission as well as the 

wavelength spectrum, the singlet-singlet fluorescence emission will occur on the nanosecond 
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time scale, and the phosphorescence will occur much more slowly, on the millisecond or 

longer time scale. 

c

phosphorescence fluorescence Absorption 

T1 

T2 

T3 

S3 

S2 

S1 

S0 

Π-states 
triplet singlet 

 

Figure 2-1 Energy levels of organic molecules 
 

 Figure 2-2 provides a schematic illustration of the way the emitted radiation interacts 

with the liquid scintillation solution which is mainly composed of the solvent (S) and the 

scintillator (M) as designated in the figure. Ionizing radiations passing through the liquid 

scintillation solution and transfer its energy by means of excitation, ionization, formation of 

radicals and molecular fragments. These species produced within the solution are either 

exited or highly reactive. They will pass on the energy they got from the energetic radiations 

emitted into the liquid scintillation solution by interaction with other species. There are many 

different interactions which will pass on (i.e. "lose") the energy absorbed from α- and beta 

particles and γ rays.  Most of these interactions will not lead to direct light emissions, e.g. ion 

recombination, ion-molecule interaction, and energy transfer [10]. A fraction of the energy 

deposited in the solution will be passed on to the scintillator molecules. Of this a small 

fraction will be emitted as light.  The distribution of deposited energy and types of excitation 

is highly dependent on the type of incident particle. I.e. there is a difference in energy transfer 

and light production in a scintillation solution depending on if the radiation is from α or β/γ 

radiations. 
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Figure 2-2 Schematic diagrams showing the scintillation process 
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α particles 

An α decay process releases a helium nucleus with a specific energy from the nucleus of 

radioactive nuclei. When α decay occurs in the liquid scintillation solution, the α particles 

interact with the solvent and then scintillator to produce light [16]. Compared to other forms 

of nuclear radiation α particles have higher mass and charge that gives it greater ionization 

power but a poorer ability to penetrate matter. Therefore, α particles traveling through the 

scintillator solution produce radicals and fragmented molecules concentrated along a short 

path length. Therefore, the number of ions produced per unit path length is much higher for α 

particles than beta particles and γ photons. The specific ionization density affects both the 

light output and light pulse decay times. In addition to ionization α particles may impart their 

energy in the liquid scintillation solution via excitation. This occurs when the molecules of 

the scintillation solution (mainly the solvent) absorb the portion of the α particles energy and 

become elevated to a higher energy state. This means that a larger part of the energy 

produced by α particles is lost to non-light producing processes than of the energy produced 

by beta and γ radiations. In short, the principal mechanism by which α particles impart its 

energy, results in that ionization is much greater than excitation. α particles produce only 

about one-tenth the light intensity as beta particles or γ radiation per unit of radiation energy 

[17].   
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This means that the light output from a 5 MeV α and a 0.5 MeV beta in the same scintillator 

produce about the same amount of light. This outcome is very inconvenient in α spectrometry 

by liquid scintillation since it means α peaks will almost always be lying on top of a beta-γ 

continuum. Fortunately, the high excitation density of the α particles results in a larger 

fraction of triplet excited states. Thus, the light pulse from α particles contains a slow 

component which can be used to separate them from other pulses. [10]. The pulse decay 

times of the light emissions from α particles is different from beta particles and Compton 

electrons (induced by γ radiation) 

and then have unique response 

function in the liquid scintillation 

solution [16]. This is shown in 

Figure 2-3. Pulse shape 

discrimination (PSD) takes 

advantage of this difference in 

pulse length forms in order to 

discriminate α events from a beta/γ 

event. 

α 

V
ol

ts

TIME (ns)β-γ 

 

Figure 2-3 The light from an alpha event decays more slowly than 
that from a beta event (adapted from reference [10]) 

 
β particles 

β decay can take place by either 

electron or positron emission. The 

total energy that is released in the β 

decay process is shared between a β 

particle and a neutrino. However, only 

the β particle can be detected by the 

scintillation process.  

Figure 2-4 β spectrum 
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On average, the neutrino will get 2/3 of the kinetic energy, but the distribution between the β 

particle and the neutrino is random for each decay. Thus, the energy distribution for β’s is 

from zero to its maximum energy as illustrated in Fig. 2-4. This energy is usually completely 

absorbed within the scintillator and its container up to energies of approximately 1 MeV [10]. 

Just like α particles the light output of β particles is proportional to the β energy absorbed 

within this range of energies. 

 

γ rays 

A γ ray is emitted from the nucleus of the decaying atom. γ ray emission often accompanies 

α, β, or electron capture (EC) decay processes. In liquid scintillation detection system it is not 

the γ ray that is directly detected but rather the α particles, β particles, or atomic electrons that 

may be produced during the decay process occurring in the liquid scintillation solution [16]. 

However, γ rays from radioactive nuclei in the liquid scintillation solution can produce 

Compton electrons [16]. The electron energy depends on the scattering angle from the path of 

the incident photon. Thus, the Compton spectrum is a continuum with a maximum energy 

depending on the energy of the incident γ rays. The maximum energy of the Compton recoil 

electron which is occurring at 1800 scattering angle is given by 

γ

γ

E
E

E
2511.0

2
+

= , (2-1) 

                                                                                                                    

Where, Eγ is the incident photon energy in MeV. 

Fig. 2-5 illustrates the Compton distributions of 137Cs obtained from SISAK liquid 

scintillation detection 

system employed for 

this work. Compared to 

charged particles γ rays 

make only a minor 

contribution to exci-

tation in the liquid 

scintillation solution. 

However, this depends 

on the γ ray path length and the γ ray energy [10]. For example, low energy γ’s deposit a 

larger fraction of their energy in the scintillator than do high energy γ’s. 

Figure 2-5 Electron spectrum of 137CS measured using SISAK liquid 
scintillation detector. 
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2.2 Scintillators 
 
The type of scintillator and its concentration strongly affect the amount of light produced by 

the scintillator for a given amount of deposited energy. Increasing the concentration of the 

scintillator increases the light output (Fig.2-6) up to a point, after which adding additional 

scintillator often results in less light production, an effect usually attributed to self-quenching 

by the scintillator [18]. One of the important constituent of liquid scintillation solution is the 

scintillator which emits light by fluorescence when sufficient energy is received from α- and 

β/γ radiation emitted by radioactive isotope. It is dissolved in an organic solvent.  

Scintillators are classified in two broad categories. These are primary scintillators and 

secondary scintillators. Primary scintillator must be soluble in the solvent at sufficient 

concentration to give efficient energy capture and do not interfere with the actions of the 

other constituents [19]. They are usually fluorescent aromatic compounds. For example 

Butyl-PBD and PPO are primary scintillators.  
A secondary scintillator captures the fluorescence energy of the excited primary 

scintillator, and re-emits it as a longer wavelength [19]. For example, Bis-MSB and POPOP 

are secondary scintillators.  Some of the scintillators used in liquid scintillation detection 

system are listed below in Table 2-1. 

 
Table 2-1 Scintillators 

Chemical name Acronym 

2,5-diphenyloxazole PPO 

2-(4-tert-butylphenyl)-5-(4-biphenyl)-1,3,4-oxadiazole Butyl-PBD 

2-(4-biphenylyl)-5-phenyl-1,3,4-oxadizole PBD 

2-(4-biphenylyl)-6-phenylbenzoxazole PBBO 

[1,4-bis(5-phenyloxazol-2-yl)benzene] POPOP 

1,4-bis[2-(4-methyl-5-phenyl-oxazoyl)]-2-benzene Dimethyl-POPOP 
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 Figure 2-6 Pulse height produced by three scintillators as a function 
of scintillator concentration. Nuclide used was 241Am. (taken from 
reference [20]) 

 

 

Solvent 

As the scintillator the solvent is an important chemical constituent of the liquid scintillation 

solution. Compared to the scintillator it is the major constituent of the scintillation solution 

comprising from 60-99% of the total solution [19]. Solvents commonly used in liquid 

scintillation detection systems are aromatic compounds. For example toluene, pseduocumene 

and phenyl xylylethane are solvents used in liquid scintillation detection system (Fig.2-7). 
  

 
Figure 2-7 Solvents used in liquid scintillation solution (taken from reference [19]) 
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2.3 Liquid scintillation detection                                                                                   
 

The composition of the liquid scintillation solution affects the performance of the liquid 

scintillation detection system. Hence, a scintillation cocktail composition must be sought to 

optimize the required performance of the scintillation solution. This will be different for 

different applications, but for α detection of transactinide elements the parameters to optimize 

are energy resolution and pulse shape discrimination. To achieve this the solution must [10]: 

 
 Allow efficient transport of energy from the initial ionization event to the scintillator 

 Allow efficient production of light by the scintillator, and 

 Contain an absolute minimum of quenching components 

 

The liquid scintillation detection system commonly employs a 

combination of the scintillation solution and one or two 

photomultiplier tubes (PMT) depending on the type of liquid 

scintillation instrumentation and the purpose of measurement. Two 

PMTs are necessary for very weak light pulses to eliminate noise 

by coincidence measurement. This is not a problem for α particles, 

which causes enough excitation to emit a light pulse generating a 

signal well above the PMTs noise level. Thus, for α spectroscopy 

only one PMT are used. However, to achieve good energy resolution, it is important that as 

much of the emitted light as possible is measured for each α decay. In addition, the fraction of 

light captured by the PMTs photo cathode must be as constant as possible (e.g. not a function 

of origin of excitation in the measurement cell), otherwise the energy resolution will be very 

poor. In practice, this means that the parts of the measurement cell which do not face the 

PMT must be reflective. In this way 

any light which is emitted in other 

directions than toward the photo 

cathode will be reflected and then hit 

the cathode. The excess electronic 

energy of the solvent can be passed to 

a scintillator (1-methyl-naphthalene 

Figure 2-8 1-Methyl-
naphthalene, the primary 
scintillator employed in 
investigating the 
relationship between α-
and electron energies 

Figure 2-9 Dimethyl-POPOP, the secondary scintillator 
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and Dimethyl-POPOP for the case of this study) see (Fig. 2-8 & Fig 2-9, respectively) 

molecule causing its electronic excitation.  

 Photons emitted from the scintillator molecules will upon exiting the detection cell 

pass through a 1 mm Kel-F disc which diffuses the light evenly into a cylindrical light guide 

which guides the light onto the photo cathode of the PMT. Here photoelectric electrons are 

produced which are accelerated to the nearest dynode where more electrons are knocked off. 

The process is continued producing a cascading effect until the accumulated electrons reach 

the anode. This process is illustrated in Figure 2-10. 

 

 Dynodes Reflector (Secondary e- emission)Emitted 
Anode 

 

Figure 2-10 Light guide coupled with the photomultiplier tube illustrating electron 
multiplication inside the PMT 

 

The electrical signal from the anode of the PMT is further amplified by a charge 

sensitive preamplifier which is directly connected to the PMT output. This electrical signal 

then further amplified and 

shaped by a delay line 

amplifier into a pulse suitable 

to be measured by the digital 

acquisition system. The 

outputs from the preamplifier 

and Delay line amplifier are 

shown in Figure 2-11. 

 

Electron 
Glass 

Coaxial out

Scintillation photon 

Photocathode 

Figure 2-11 Electrical pulse signals in liquid scintillation counting 
system. Top: the output from the charge sensitive preamplifier, 
Bottom: Delay line amplifier output 
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The acquisition system, called a Multi Channel Analyzer (MCA basically consists of 

analog-to-digital converter (ADC), memory and display (PC monitor). The MCA records and 

stores pulses according to their height [14]. Once the ADC has measured the pulse height the 

MCA finds the memory bin which most closely corresponds to this pulse height and then 

adds one count to it. Each storage unit is called a channel. Thus, each memory bin 

corresponds to a channel number on the x-axis of the display and the y-axis is the number of 

counts. In other words MCA places the accumulated data into memory and displays this pulse 

height distribution in a histogram. The resultant histogram is referred to as a spectrum.  

The anode of the PMT outputs a voltage pulse proportional to the number of electrons 

collected. In other words this electrical signal is proportional to the amount of light emitted 

from the scintillator [10]. Therefore, events in a given histogram channel, which is 

proportional to the PMT 

output pulse-height, is 

proportional to the energy of 

the incident particle. Thus, 

the position in the histogram 

provides quantitative infor-

mation about the nuclei in the 

sample. An illustration of the 

flow of main processes and 

units in the liquid scintillation 

detection system employed in this work is shown in Figure 2-12. 

Figure 2-12 Schematic diagrams showing the SISAK liquid 
scintillation detection system [21]. The abbreviations are: HV-high 
voltage, MCA-multi channel analyzer, Amp-amplifier, and PM-
photomultiplier, and Preamp-preamplifier 

In liquid scintillation counting the sample is completely dissolved in the liquid 

scintillation solution. Therefore, none of the α particle's energy is lost before it is measured 

(only at the walls of the sample container some energy will be lost, but this is normally 

negligible). This is one of its primary advantages over other radiation detection systems 

because the sample is placed within the detector hence the emitted radiation is not subjected 

to pass through a barrier (e.g. air or gaseous medium). Additionally, there are no problems of 

sample self-absorption. However, liquid scintillation detection system has the disadvantage of 

having much poorer energy resolution than solid state detectors. This is due to the relatively 

inefficient light production in a scintillator.  
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2.4 Quenching effects 
 
Quenching results from different processes occurring in the liquid scintillation solution, as 

illustrated in Figure 2-13 for a β particle. The solvent molecule transfers its excess energy to 

the scintillator molecule, which with a given probability emits light. Under normal 

circumstances this process is expected to happen.  

However, if the solvent 

molecule is prevented to transfer 

energy to the scintillator or if it 

transfers its energy to a non-light 

producing molecule the kinetic energy 

of the emitted particle is not likely to 

reach the scintillator. In short the 

sequence of events which will lead to energy transfer to the scintillator to produce photons is 

interrupted. Such interruptions are normally called chemical quenching. For example water, 

oxygen, and nitrates will interrupt the transfer process and are called chemical quenchers. 

Another type of quenching occurs if the emitted light is lost. This can happen if there are 

colored materials present in the solution which absorbs the light. This phenomenon is 

therefore called color quenching. In summary, quenching refers to interference with any of 

the events of energy transfer from the solvent to the scintillator molecule and subsequent light 

transmission to the phototube [10]. Generally, quenching results in a shift of the α peak on 

the energy or pulse-height scale, loss of energy resolution, and loss of the ability to 

differentiate between α pulses and beta/γ pulses by pulse shape discrimination [10].  

Figure 2-13 Chemical quenching and color quenching 
processes 

For α spectroscopy, quenching effects must be minimized in order to obtain the 

maximum amount of information for reliable identification and detection of the. In general, 

this is achieved by transferring the α emitter into a suitable organic solution (e.g. toluene) and 

preventing water, oxygen and other quenchers from entering. Frequently one uses non-

aqueous-accepting, extractive scintillators in order to selectively transfer the analyte nuclide 

into the liquid scintillation solution [10]. 
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Chapter 3    

Experimental Setup 
 

 

3.1 Setup 
 
 

The experimental setup shown in figure 3-1 was used in this work in order to investigate the 

relationship between α's- and Compton electrons energies [21]. Emanation products from 
227Ac and 228Th sources can be added to the helium gas which is fed to the degasser. A valve 

system allows switching between either of the two sources or bypasses them. In front of the 

degasser there is a static mixer where the gas is mixed with the liquid phase, which is the 

scintillator for the experiments described here. The mixer ensures efficient transfer of activity 

into the liquid. The gas flow was controlled by a computer controlled gas-flow controller 

meter. In the degasser the gas/liquid mixture is separated and the gas discharged into an 

exhaust port. The degasser pumps the separated liquid scintillation solution into the detection 

system, which for these experiments consisted of two measurement cells: The first one is 

referred to as the working cell, the second as the monitoring cell. The working cell was used 

for the actual measurements, i.e. to measure α energies from α sources injected into the cell 

by means of gas and liquid phases and Compton electron energies of γ emitters placed 

outside the cell. The second cell is used for monitoring the performance of the LS solution by 

monitoring the Compton edge generated by an external 137Cs γ-source. Shifts in the position 

of the 137Cs Compton edge is a function of the degree of quenching of the scintillation 

process. Details and the fundamental operating principles of the monitoring cell are explained 

in reference [8]. The liquid scintillation solution was continuously flowing in a loop, as can 

be seen in Fig. 3-1. 
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Figure 3-1 Setup used for studying the relationship between α and Compton-electron energies   

 

 

3.2 Detectors  
 
The detectors are constructed as shown in Fig. 3-2.  From a meander-shaped track carved out 

in a Teflon block the scintillator emits its light through a 1.0mm thick Kel-F (poly-trifluoro-

chloroethylene) disc and a cylindrical light guide into the photo cathode of the PMT. The 

purpose of the Kel-F disc is twofold: 1) It protects the plexiglass from the solvent (toluene 

will dissolve the plexiglass) and 2) it diffuses the light evenly into the light guide to ensure 

the best possible energy resolution. The volume of the measurement cell is 5.5 mL. 

 
 
 
 
 
 
 
 
 

 
 

Outlet

Inlet

Light guide

PMT

Scintillation
chamber

Figure 3-2 To the left picture of the meander detection and to the right a schematic drawing of 
the assembly of the detection cell  
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 The monitoring detector is built in the same 

way as the measurement detector, but with a 

different cell shape. The monitoring cell shape is 

shown in Fig. 3-3. The volume of this cell is 2 mL 

and its liquid chamber is shaped as a square box. 

Directly under this box, separated by about 0.5 mm 

Teflon is another chamber where the 137Cs γ-source 

is placed.  Figure 3-3 Schematic drawing of the 
scintillation light output monitoring cell, 
taken from reference [23]  

 
 
 
3.3 Electronics 

 
 

The electronic system used for this experiment is 

illustrated in Fig. 3-4. The signal from the anode of the 

PMT tube is amplified and shaped by a Charge 

Sensitive Preamplifier (CSPA, Cremat’s CR-111). This 

signal then entered a Delay Line Amplifier (DLA, 

ORTEC model 460) to be further amplified and shaped. 

The DLA output branches into two parts, one unipolar 

and one bipolar. The unipolar output is used for pulse 

height determination (i.e. energy measurement). It is 

fed via a Delay Amplifier (DA, ORTEC model 427A) 

to an Analog to Digital Converter (ADC, SILENA 

model 7411) which measures the pulse height. The 

purpose of the DA is to synchronization the DLA 

output with the gate signal from the TAC (explained 

further down). The bipolar output from the DLA is used 

for pulse shape analysis (for α/β discrimination). It’s 

fed into a Pulse Shape Analyzer / Timing Single 

Channel Analyzer (PSA/T-SCA, ORTEC model 552). The PSA was set up to measure the 

time from when the decaying pulse reached 50% of it's maximum amplitude to when the 

Figure 3-4 Functional block diagram 
of the electronics used for the 
detection system 
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bipolar pulse crossed zero. It generates a start and stop signal, respectively, and these are fed 

into a Timing to Pulse Height Converter (TPHC, ORTEC model 467). The TPHC output 

amplitude is proportional to the time difference between the start and stop signals. Due to the 

longer decay time of the α pulses the time between start and stop is longer than for β signals, 

thus the TPHC pulses will be higher for α's than for β's. The TPHC output is fed into a 

second ADC  

The energy ADC is gated by a gate signal from the TPHC to ensure that the energy 

and pulse shape signals are grouped correctly together. This also enables the TPHC to set a 

hardware gate on the energy ADC, to e.g. only accept α events. The signals from the two 

ADCs is collected by acquisition computer and displayed as individual spectra on the screen 

(which can also be saved to disk). The data stream from the ADCs is also saved directly to 

disk for later analysis (so called List Mode Data – LMD). 

 

 

3.4 Radioactive sources 
 
 

Radioactive sources employed in this work are listed in the Table 3.1. Two types of sources 

were used, α sources, to get α spectra, γ sources, to get electron spectra. The sources were 

chosen depending on the energy interval related to the energy region of Transactinides. 

 

Table 3-1 α and γ sources used in the investigation of the relation between α’s-  

and Compton electrons 

Isotope Decay 
mode 

Radiation 
energy 
(keV) 

half-life Emission 
probability Ref 

238U α 4198 2.455E+5 y 0.790 8279 [22] 
234U α 4774.6 4.468E+09 y 0.7138 (16) [22] 

220Rn α 6288.1 55.6 s 0.99886 (17) [22] 
216Po α 6778.3 0.145 s 0.999981 (3) [22] 
219Rn α 6819.1 3.96 s 0.794 (10) [22] 
215Po α 7386.1 1.78 ms 1.00 [22] 
57Co EC 122.1 271.79 d 0.8560(17) [22] 
137Cs β- 661.7 30.07 y 0.851 (2) [22] 
54Mn EC 834.8 312.3 d 0.999758 (24) [22] 

88Y EC 898 106.65 d 0.940 (3) [22] 
60Co β-, IT 1332.5 5.2714 y 0.99983 (6) [22] 
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α sources 
 

Radon gas (219Rn and 220Rn) emanates from 227Ac and 228Th generators, respectively (Fig. 3-5 

and 3-6). As described in Chapter 3-1, He gas carries emanation products from the 227Ac and 
228Th sources to the degasser, allowing Rn to dissolve in the scintillation solution before 

entering the detection cells. In addition to the emanation sources,  238U/234U α sources were 

extracted into toluene from an aqueous solution of a uranium salt and directly mixed into the 

liquid scintillation solution (see Chapter 4-2).  
227Ac (21.8y) 227Th (18.7d)  223Ra (11.4d)  ⎯→⎯β ⎯→⎯α ⎯→⎯α

 
 
 219Rn (3.96s) ⎯⎯⎯ →⎯ MeV819.6  215Po (1.78ms) ⎯⎯⎯ →⎯ MeV386.7  
 

 

                                                                          211Pb (36.1m) 211Bi (2.17m) 211Po (0.516s)  ⎯→⎯β ⎯→⎯β

     
                                                 α↓ α↓
                                                                                   207Tl (4.77min)  207Pb ⎯→⎯β

 
  Figure 3-5 Decay chain of 227Ac and its daughter nuclides 
 

 

 

 228Th (1.9y) 224Ra (3.6d)  220Rn (55.6s) ⎯→⎯α ⎯→⎯α ⎯⎯⎯ →⎯ MeV29.6  
 
 
 216Po (0.145s) ⎯⎯⎯ →⎯ MeV78.6  212Pb (10.6h) 212Bi (60.6min) 212Po (0.3µs)  ⎯→⎯β ⎯→⎯β

     
                                                 α↓ α↓
                                                                                   209Tl (3.0min)  208Pb ⎯→⎯β

                                                                                 

 

 Figure 3-6 Decay chain of 228Th and its daughter nuclides 
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γ sources 
 
 

The γ sources chosen for these experiments, see Table 3-1, were based on their half life, type 

of decay and γ energy. They have long enough half-lives to be used for routine energy 

calibration and cover a useful range of energies. Furthermore, monoenergitic γ sources were 

preferred in order to avoid Compton spectra with Compton edges lying close together or on 

top of more high energy Compton ridges. 57Co (122.1 keV), 137Cs (661.7 keV), and 54Mn 

(834.8 keV) are monoenergitic γ sources which fit perfectly with our selection characteristics. 

However, we need Compton edges in the high energy region of the α spectrum. Hence, we 

need γ sources which give mainly Compton edges in the 6-11 MeV equivalent α energy 

regions. No suitable monoenergitic γ sources were available, so for this region sources with 

multiple γ lines were selected:  Both 88Y and 60Co were usable as it they had Compton spectra 

with Compton electrons from a single dominant γ ray, (898 keV and 1332.5 keV, 

respectively). 

 

 

 

3.5 Scintillation solution 
 

 The LS solution used in this study consists of 2g/L Dimethyl-POPOP and 30 % (v/v) of 1-

methyl naphthalene in toluene. Extensive tests have been conducted in former works to find 

the optimum scintillation mixture for SISAK experiments with the LS detection system, see 

[23] for details. 
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Chapter 4    

Experimental Procedure 
 

 

4.1 Scintillation solution preparation 
 

 

To prepare the Liquid scintillation cocktail 2 g of Dimethyl-POPOP was weighed and placed into 

a 1 L Erlenmeyer flask. Using a graduated cylinder 0.3 L of 1-methyl-naphthalene was measured and 

added to the Erlenmeyer flask. The graduated cylinder was rinsed with toluene and this was also 

added to the solution. Then toluene was added until just under the 1 L mark. The mixture was stirred 

using a magnetic stirrer until the constituents were thoroughly mixed. Finally, toluene was added until 

the total volume was exactly 1 L. This solution was filtered to remove any particles which might clog 

the SISAK system using filter paper of type folded from Schleicher and Schuell. 

 
 
 

4.2 Sources preparation 
 
 
238U/234U-source 

Uranium from uranyl-nitrate salt dissolved in 3 M HNO3 was extracted by liquid-liquid 

extraction. A 0.130 gm UO2(NO3)2.6H2O was weighed and dissolved in the acid solution 

filled to 50 mL. Hence, a 50 mL solution of 1.233 mg uranium/mL in 3M HNO3 was 

prepared. Tri-n-octylphoshine oxide (TOPO) was used as extraction agent. TOPO was 

diluted in toluene to 0.2 M and the extraction carried out with equal volumes of the two 

phases in a separation funnel. TOPO was chosen for two reasons: 1) It has high extraction 

yield for the actinides and 2) it has low quenching effect in the scintillation process [24].  

The mixture was shaken for 5 minutes and then the separatory funnel was set aside for 

10 minutes in order to allow the phases to separate. After phase separation 200µL of the 

organic phase was transferred into 70 mL of the scintillation cocktail. This solution was then 

used in the closed liquid loop in the SISAK setup already described (see Chapter 3-1). 
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54Mn production 

The MC-35 Scanditronix cyclotron at OCL was used for the production of 54Mn. A 91.62 mg 

target foil made of natural vanadium metal was irradiated with a 15 MeV 4He2+ beam of 1 µA 

intensity. The target was bombarded for 3 hours. The nuclear reaction producing 54Mn is: 
51V (2

4He2+, n) 54Mn 

After cooling for about one day the activity was measured using a high purity germanium 

detector. The activity of 54Mn produced approximately a 2 kBq 54Mn.  

 
 

4.3 Measurement of α and γ sources 
 
 
All measurements are made at room temperature and with the general experimental 

conditions listed below: 

   
            Table 4-1 Experimental conditions 

Preamplifier  Cremat’s CR-111 
Detector  Hamamatsu PMT w S/N: N217 
Scintillator solution 2 g/L of Dimethyl-POPOP 

30 % (v/v) 1-methylnaphthalene 
DLA   Fine gain = 0.65, Coarse gain = 10 
PSA/T-SCA  Start = 50%, Stop = BI 
HV for the work cell +1000 V 
HV for the 137Cs cell +1260 V 
Gas flow rate 80 mL/min 
Pump operation 3V 
Degasser spinning 20k RPM 

 
 

 The experimental set up shown in Fig. 3-1 were used in order to measure both the α 

and γ sources. Measurements of both γ and α sources at different levels of quenching were 

made. 3 M HNO3 was used as quenching agent: 20 µL quantities were gradually added to 

achieve different degrees of quenching.  

Approximately 70–85 mL of the liquid scintillation solution was employed for each 

measurement. The liquid scintillation solution was thoroughly stirred with a magnetic stirrer 

in order to keep the solution homogeneous throughout each measurement.  Because of the 

volatile nature of toluene the amount of toluene in the solution gradually decreased during a 

measurement period. In order to minimize this problem toluene was continuously added from 
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a separation funnel drop by drop into the scintillation storage bottle. By adjusting the drip rate 

the amount of toluene could be kept at a constant level.  

 Simultaneous data was acquired for the α particle emitter pairs 219Rn/215Po, 
220Rn/216Po, and 238U/234U together with Compton spectra from the γ -ray emitters 57Co, 137Cs, 
54Mn, 88Y, and 60Co. In order to accumulate the electron spectrum for the γ sources, they were 

placed outside the detection cell, but as close as possible to the cell. The α sources were 

introduced into the scintillation solution via the gas jet or directly into the solution, as 

previously described.  

The liquid scintillation solution was flowing in a closed loop through the system. In 

this way it was continuously flushed with helium to remove oxygen, which otherwise would 

build up and quench the scintillation process more and more. The time it took to accumulate 

spectra of good enough quality for different sources varied, the approximate measurement 

times for the various sources are given in Table 4-2. 

           
Table 4-2 Energy calibration sources with time taken for data acquisitions 

Source Type of measurement  Approximate Time 
227Ac 219Rn/215Po α's 1:30 h 
228Th 220Rn/216Po α's 1:00 h 

Natural Uranium 238U/234U α's 1:00 h 
54Mn Compton electrons from 834.8 keV γ  3:00 h 
137Cs Compton electrons from 661.7 keV γ  2:00 h 

88Y Compton electrons from 898 keV γ  5-7:00 h 
60Co Compton electrons from 1332.5 keV γ  5-7:00 h 
57Co Compton electrons from 122 keV γ  50 min 

 

 The spectra for α and γ sources were accumulated simultaneously until the amplitude 

of the peaks and/or edges reached between 350 and 400 counts per channel. The 

simultaneous measurement of α and γ sources was done to ensure that exactly the same 

degree of quenching applied to both type of sources. In addition, the scintillation performance 

was continuously monitored with the monitoring cell. The Compton edge from this cell could 

then be used in the analysis to compare data from different measurements. This procedure 

will be described in the analysis chapter.  

Example spectra for α particles and β particles/electrons are shown in Fig. 4-1 and 4-

2, respectively.  The spectra are generated from data measured simultaneously and Fig. 4-1 
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illustrates how selecting 

either the α or β peak in the 

pulse shape discriminator 

effectively separates the two 

particle types. However, with 

this separation there was 

lower β contribution in the α 

channels. In short there was 

lower β background in the α 

spectrum. 

One hundred and three 

data sets were measured for 

different combinations of 

sources and different degrees 

of quenching. Four different 

categories of measurements 

were made: each α source, each γ source, and two α nuclides at the same time, and α and γ 

sources concurrently. Each sample was measured for several times (2-3) successively under 

the same experimental conditions. A sample counted several times will yield a slightly 

different result each time. Hence, several measurements were made for each sample to collect 

enough data to smooth out the statistical fluctuations. Several measurements were made also 

for the Compton edge position of 137Cs of the monitoring cell to control its statistic I.e. 8-22 

points of quenching 

measurements were made during 

data collection of each sample 

within a single measurement. 

The acquisition times for each 

sample were 50 min to 7 h (see 

Table 4-2). Electron spectrum for 
137Cs was accumulated for 2 min 

between a fixed time intervals 

Figure 4-1 Full energy spectrum of 238U/234U and 219Rn/215Po sources 
(top panel) and β particles (bottom panel) measured simultaneously, 
but separated by pulse-shape discrimination in the SISAK liquid 
scintillation detection system 

Figure 4-2 Electron spectrum of 54Mn measured using 
SISAK liquid scintillation detector
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through out the acquisition times of each sample. Intervals of the acquisition times for 

measuring 137Cs of the monitoring cell were 10, 15 and 20 min depending on the length of 

acquisition times for each sample.   

In order to investigate the effect of quenching on the position of peaks/edges for α’s and γ’s 

among the four categories of measurements done, only data points obtained under 

simultaneous measurements of α and γ nuclides were taken. This is for the reason described 

previously. 

 

 
4.4 Acquisition 

 
 

The events coming from the working cell was accumulated by the LOKE acquisition 

programme [25],  a program specially written by the Oslo SISAK group for this purpose. It's 

written in LabVIEW [25].  The data coming from the monitoring cell was accumulated in 

DigiBASE acquisition units from ORTEC and controlled by the MAESTRO software-

program from ORTEC [26].  
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Chapter 5    

Method of Analysis 
 

 

5.1 Application programmes 
 

The data accumulated by the LOKE and MAESTRO programmes were processed by three 

different types of application programmes: 

 

1) Calculate_Compton_Edge_Application_V07auto_17Apr2005.vi was used to 

calculate the position of the Compton edge inflection point in spectra accumulated 

by the LOKE acquisition program. 

2) Calculate_Compton_Edge_Application_V09auto_02Feb2008 did the same as 

the program in 1), but worked with data from the MAESTRO acquisition 

program.  

3) Volund version 5.0 (13 September 2006) was used to determine position and 

size of α peaks in the α spectra.  

 

All three programs are written by Jon Petter Omtvedt for the SISAK Oslo group.  

 

Electron spectra 
The Compton edge in this work, and also generally used for the SISAK acquisition and 

analysis software, is taken as the point where the second derivative of the spectrum is zero, 

i.e. the inflection point. Specially written software applications, as mentioned in section 5-1, 

are used to calculate the inflection point. Examples of electron spectra and the calculated 

inflection points for the γ sources used in this work are presented below. 
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88Y - 898 keV γ line 

The maximum energy of the Compton electron is 0.6991 MeV and 1.612 MeV for the γ-ray 

energy of 898 keV and 1836 keV, respectively (from Equation 2-1). It was not practical to 

acquire enough data to determine the Compton edge of the 1836 keV γ line from 88Y that 

would have required a much stronger source than was available. The reason for the difficulty 

in finding the Compton edge of the 1836 keV γ is due to that the Compton electrons are 

spread over a large range of channels, due to the high energy of the γ. Therefore the count 

rate in each channel is rather low. Thus, it takes a correspondingly longer time to acquire 

enough data to be able to calculate the inflection point accurately.  

 However, the other major γ-line at 898 keV yielded a well defined Compton edge 

inflection point, as shown in Fig 5-1 

 

 
Channel number 

 
 Figure 5-1 The Compton spectrum from 88Y γ's 

 
 
60Co - 1.3MeV γ line 

This γ source decays by a two γ-ray cascade, where the γ lines have energies 1.17 MeV and 

1.33 MeV.  The maximum energy of the Compton recoil electron is 1.12 MeV for the 1.33-

MeV line and 0.96 MeV for 1.17-MeV line (from Equation 2-1). Thus the two inflection 

points are separated by only 0.16 MeV. They are both indicated in Fig. 5-2. As can be seen 

only the high energy Compton edge gives a well defined inflection point. Therefore, it is 

impossible to use the Compton edge of the 1.17 MeV γ-line. It should be noted, that the 

closeness of the inflection points might influence the position of the high-energy one, thus 

this source must be used with some care. 
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Figure 5-2 The Compton spectrum from 60Co. The inflection point of the Compton edge from the 1.33 
MeV γ-line, as fitted by the analysis software, is labeled as "IE 1.33" (597). The estimated inflection 
point for electrons from the 1.17-MeV γ-line is labeled as "IE 1.17" (512) 

 
 
 
 Examples of the Compton spectra for the other γ sources I.e. 137Cs and 54Mn are 

given in previous chapters (see Fig.2-5 and 4-2), respectively. The spectrum of 57Co is shown 

in Figure 5-3. 

 
 
 
 

 

Figure 5-3 The Compton spectrum from 57Co  
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5.2 Corrections for quenching effects 
 

Different degrees of quenching can not be avoided in a system like a SISAK-setup with 

several extraction steps (used for liquid-liquid extraction studies of transactinide elements) – 

small variations in the flow of the different liquids and unavoidable variations in phase 

separation in the extraction centrifuges continuously changes the degree of quenching. For 

this reason the 137Cs monitoring cell was implemented as part of the detector system. Based 

on the measured inflection point of the Compton edge from this spectrum a set of equations 

was established which calculated the correct energy-calibration parameters for a given degree 

of quenching. I.e. the slope, a, and y-intercept, b, for the linear energy calibration function 

(Energy = Channel x a + b) is functions of the degree of quenching, Q: a = a (Q) and b = b 

(Q). This method is thoroughly described by Stavsetra et al. in [27]. Stavsetra's quench-

correction method was used in this work to transform all the measured data to a common 

(virtual) degree of quenching, chosen to be equal to the inflection point of unquenched 

scintillator (any value could have been chosen).  

In this way results from different measurements can be compared. Stavsetra 

established her method for α spectra, but not for Compton electrons. Therefore, an important 

part of this work is to investigate if the quench correction applied to the α peaks also can be 

used to correct the electron spectra. If this is not the case then correction factors or functions 

should be sought.  

 

The transformation of the data was divided into three steps: 

 

1) Energy calibration based on the spectra from the α sources were performed for 

different degrees of quenching. 

2) Parameters for the quench correction functions were fitted to the energy calibration 

function parameters (slope and y-intercept) 

3) The quench corrections were applied to both α peaks and Compton spectra inflection 

points, thus transform everything into data witch artificially have the same degree of 

quenching.  

 

During the course of this work the gain of the monitoring-cell amplifier had to be changed. 

For this reason, the data had to be divided in two sets, one before and one after the gain 

change, they are referred to as data set one and data set two, respectively.  
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Energy Calibration 

An energy calibration was performed for each nuclide. The energy calibration is given by the 

following linear equation: 

 

QiQi bCaE +×= αα  (5-1) 

 
Where Eα is the energy of the α particle recorded in channel number Cα. The energy 

calibration parameters were found by linear fits of the peak centroids for the α peaks from the 

sources used for the given measurement. An example of the fits is shown in Fig. 5-4. 

 The results of all the fits are presented in Table 5-1 and 5-2. For Data set one, 

presented in Table 5-1, only small variation in the quenching was measured due to 

unavoidable quenching following the injections of activity. The measurements for the other 

data set, presented in Table 5-2, has a much larger range of quenching, as this was done 

deliberately by adding small quantities of nitric acid. 

 

Table 5-1 Data set one 

Degree of 
quenching 

(CEIP 
137Cs) 

File name 
Peak 

position of 
238U 

Peak 
position 
of 234U 

Peak 
position 
of 219Rn 

Peak 
position 
of  215Po 

Slope of  
calib. 

function 

y-intercept 
of calib. 
function 

390 01-19-10-07 227.2 271.4 460.7 518  
10.9 

 
1764.5 

393 03-22-10-07 393 272.2 453 514 11.2 1700.9 
395 04-22-10-07 395 274.9 463.2 521.8 11 1736.7 
393 05-22-10-07 393 272.9 453.5 516 11.1 1699.2 
395 06-23-10-07 395 276.4 457.6 516.4 11.2 1639.3 
390 07-23-10-07 390 272 446.6 504.7 11.6 1602 
384 08-24-10-07 384 270 438.4 498.6 11.8 1569.6 
389 09-24-10-07 389 267.5 436.1 496.3 11.8 1585.3 
372 10-25-10-07 372 259.5 442.2 500.4 11.2 1811 
374 11-25-10-07 374 258.2 432.5 489.4 11.7 1723.9 
370 12-25-10-07 370 261.6 435.2 497 11.5 1722.5 
377 14-26-10-07 372 263.9 439.7 500.1 11.4 1740.2 
374 15-26-10-07 377 262.8 430.1 490.6 11.7 1713.8 
369 16-26-10-07 374 258.7 426.4 484.5 11.8 1712.7 
365 17-26-10-07 369 255.7 428.5 487.5 11.7 1723.7 
361 18-30-10-07 365 257.1 418.1 475 12.1 1701.6 
359 19-30-10-07 361 251 416.8 468.4 12.2 1705.2 
356 20-30-10-07 359 246.6 408 459.3 12.7 1604.6 
358 21-30-10-07 356 246.7 416 470.4 12.2 1676.1 
350 22-2-11-07 358 249.6 396.1 443.8 13.2 1555 
348 23-2-11-07 350 241.3 395.7 446.2 13.1 1603.3 
369 26-9-11-07 348 239.9 451 511.9 11.1 1761.4 
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Table 5-2 Data set two: (a) 238U/234U and 228Th measured concurrently (b) 238U/234U and 227Ac measured 
concurrently 

(a) 
Degree of 
quenching 

(CEIP 137Cs) 
File name 

Peak 
position 
of 238U 

Peak 
positio

n of 
234U 

Peak 
position 
of 220Rn 

Peak 
position of  

216Po 

Slope of  
calibration 
function 

y-intercept 
of 

calibration 
function 

342 30-20-11-07 209.5 249.8 363.8 406.4 12.9 1575.3 
341 31-20-11-07 210 250.9 369.4 412.5 12.7 1570.5 
340 32-22-11-07 211.9 252.7 367.2 409.4 13 1500.4 
339 33-22-11-07 178.6 212.1 373.6 417 12.6 1568.7 
284 42-28-01-08 179.7 213 311.1 346.2 15.4 1484.1 
281 43-28-01-08 179.9 213.1 311.5 347.2 15.4 1464.3 
281 44-28-01-08 177.2 209.8 312.1 347.9 15.3 1472.5 
282 45-28-01-08 195.5 232.9 307.1 341.9 15.6 1460.6 
316 49-29-01-08 193.7 230.6 343.9 383.1 13.7 1546.4 
305 50-29-01-08 192.7 229.3 340.9 380.1 13.8 1556.1 
305 51-29-01-08 209.5 249.8 338 377.2 14 1539.3 

 
(b) 

Degree of 
quenching 
(CEIP 137Cs) 

File name Peak 
position 
of  238U 

Peak 
position 
of  234U 

Peak 
position 
of  
219Rn 

Peak 
position of  
215Po 

Slope of  
calibration 
function 

y-
intercept 
of 
calibration 
function 

286 46-29-01-08 177.9 211.5 351.9 396.5 14.6 1651.9 
294 47-29-01-08 181.6 216.3 361.7 406.3 14.1 1673 
294 48-29-01-08 182.3 217 360.5 410.2 14 1688 
322 52-30-01-08 196.9 235.2 396.1 446.6 12.8 1734.8 
322 53-30-01-08 196.9 234.8 395.1 445.9 12.8 1729.4 
321 54-30-01-08 198.7 236.8 390.8 446.5 13 1672.1 
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   Eα = (15.37 ± 0.29) * Chn + (1484.06 ± 77.69)                  

  Q= 284

 
Figure 5-4 Example of a linear fit through the α-peak centroids for one data set 

 
Quench Correction 

The energy calibration parameters (slope and y-intercept) fitted in the previous section and 

tabulated in Table 5-1 and 5-2 where used to obtain quench correction functions, using the 
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method described in [27]. The degree of quenching for each measurement was taken as the 

Compton edge inflection-point (CEIP) of 137Cs in the monitoring cell. 

The slope and y-intercept were plotted against the Compton edge inflection point of 

the monitoring cell in two separate plots, as shown in Fig. 5-5. Then the following two 

functions were fitted to the slope and y-intercept plots, respectively: 

 

1
10

A
CEIP

eAAa
−

+=  
(5-2) 

  
CEIPBBb ∗+= 10  (5-3) 

 
The data plotting and fitting program Origin was used for the fitting [28]. 
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Figure 5-5 Quench correction fits: a) Energy calibration slope for data set one, b) energy calibration y-intercept 
for data set one, c) Energy calibration slope for data set two, and d) energy calibration y-intercept for data set 
two versus quenching effect plots. 
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Transformation to Fixed Degree of Quenching 

Using the quench correction functions derived above, the centroids of the α peaks and the γ 

induced Compton inflection points were shifted to correspond to data measured with the 

Compton edge in the monitoring cell equal to channel 340. This corresponds to an 

unquenched scintillator solution. The procedure is described below. 

Generally the energy calibration function can be represented by the following 

equation: 

QiiQii bCaE +×=  (5-4) 

 

Where Ei is a given energy (for e.g. a Compton edge inflection point or an α peak). Then 

• Qi is the degree of quenching measured in the monitoring cell. 

• aQi is the energy calibration slope for quenching = Qi, which can be calculated from 

Eq. 5-2.  

• Ci is the channel corresponding to Ei for the degree of quenching (=Qi).  

• bQi is the energy calibration y-intercept for quenching = Qi and can be calculated from 

Eq. 5-3. 

 

Eq. 5-4 can be used to shift channels measured for one degree of quenching (=Q1) into 

channels which would have been measured if the quenching had been different (=Q2), by 

observing that for both cases the energy must be equal: 

 

22211121 QQQQ bCabCaEE +×=+×⇔=  (5-5) 

 

Eq. 5-2 is used to calculate aQ1 and aQ2 while Eq. 5-3 is used to calculate bQ1 and bQ2.  

 

Rearranging Eq. 5-5 provides the formula used for transposing the data into virtual 

data for a given, fixed degree of quenching: 

 

2

2111
2

)(

Q

QQQ

a
bbCa

C
−+×

=  (5-6) 
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For the following transformations, Q2 were selected equal to 340, as mentioned before. The 

results of the transformations are given in Table 5-3 and 5-4 for the two data sets, 

respectively. 

Table 5-3 Transformation of measured Compton edge channels at a specific degree of quenching into the 
channel which would have been measured if the quenching had been equal to 340 for data set one 

γ-ray sources Corrected 
measurement channel

Quenching 
CEIP for 137CS Uncorrected channel 

57Co (122.1keV) 103 341.4 106 
 89.9 372 113 
 92.3 398.6 117.1 
 93 400.5 118 
137Cs (661.7keV) 240.2 354.7 285 
 239.4 365 301 
 237.6 369 303 
 235.6 395 311 
 242.1 399 320 
 242.8 407 321 
 237.7 408 314 
 244.3 409 323 
 253.4 414 335 
 246.5 422 325 
 254 423 335 
54Mn (834.86keV) 344.4 341.9 355 
 307.6 356 369 
 309.3 358 376 
 305.8 359 374 
 301 370 386 
 298.2 385 393 
 301.8 402 401 
 301.8 404 401 
 311.3 410 414 
 322.8 422.4 429 
 320.8 426 426 
 341.6 429 454 
 327.2 433 434 
88Y (898.04keV) 332.6 359 407 
 325.5 361.1 403 
 330.3 396 439 
 331.2 404 441 
 347.1 425 462 
 349.5 427.2 465 
 361.4 439 480 
 354.4 443 470 
60Co (1332.5keV) 514.6 340.4 518 
 441.6 397.9 590 
 440.9 401 589.5 
 443 407 593 
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Table 5-4 Transformation of measured Compton edge channels at a specific degree of quenching into the 
channel which would have been measured if the quenching had been equal to 340 for data set two 

γ-ray sources Corrected 
measurement channel

Quenching 
CEIP for 137CS Uncorrected channel 

57Co (122keV) 105.9 341.4 106 
 113.2 372 113 
 118.6 398.6 117.1 
 119.6 400.5 118 

137Cs (661.7keV) 283 354.7 285 
 298 365 301 
 300 369 303 
 307.8 395 311 
 316.7 399 320 
 318 407 321 
 311.3 408 314 
 320.1 409 323 
 332 414 335 
 322.7 422 325 
 332.5 423 335 

54Mn (834.86keV) 354.5 341.9 355 
 365.8 356 369 
 372.6 358 376 
 370.3 359 374 
 381.3 370 386 
 387.8 385 393 
 396 402 401 
 396 404 401 
 409 410 414 
 424.1 422.4 429 
 421.4 426 426 
 448.8 429 454 
 429.6 433 434 

88Y (898.04keV) 403 359 407 
 398.7 361.1 403 
 432.8 396 439 
 435 404 441 
 456.4 425 462 
 459.4 427.2 465 
 474.7 439 480 
 465.2 443 470 

60Co (1332.5keV) 517.8 340.4 518 
 580.3 397.9 590 
 579.8 401 589.5 
 583.3 407 593 
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Chapter 6    

Results and Discussion 
 

 

6.1 Results from measurements of α- and γ sources 
   

The data from the transformed measurements, presented in Table 5-3 and 5-4 for the two data 

sets, respectively, can be used to investigate the relationship between α energies and position 

of Compton edges. First, to demonstrate that the method works, plots of α peaks versus the 

corrected channels were made. These are shown in Fig. 6-1 and 6-2. In these plots the 

average of the measured and corrected α-channels for a given α-peak and the associated 

standard deviation is plotted. As clearly shown in the figures, the errors are small and of the 

size expected from the measurement uncertainty. This verifies that the quench correction and 

transformation works well for the α data. 
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Figure 6-1 Average value and its associated uncertainty for each and α peak after transformation to the same, 
virtual, degree of quenching, for data set one 
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Figure 6-2 Average value and its associated uncertainty for each and α peak after transformation to 
the same, virtual, degree of quenching, for data set two 
 
 A new plot was made which shows the position of the Compton edges in relationship 

to the α peaks. The plot is shown in Fig. 6-3 and 6.4. 
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Figure 6-3 Relationships between α peaks and Compton edges, after transforming all data to virtual quenching 
equal to 340 for data set one  
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Figure 6-4 Relationships between α peaks and Compton edges, after transforming all data to virtual quenching 
equal to 340 for data set two 
 

 As can be seen from Fig. 6-3 and 6-4, the uncertainty of the Compton edges are much 

larger than for the α peaks. There is nothing in the measurements to suggest such a behavior. 

Therefore, it seems likely that the Compton edge position can not be transformed with the 

same equation as for the α data. Further indications of this emerges when the Compton edges, 

after transformation, is plotted as function of their Compton edge energy. Such plots are 

shown in Fig. 6-5 and 6-6. Again, it can clearly be seen that the variations are much larger 

than for the α peaks. The results are tabulated in Table 6-1. 
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Figure 6-5 Average value and uncertainty of Compton edges after transformation to same degree of quenching 
for data set one 
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Figure 6-6 Average value and uncertainty of Compton edges after transformation to same degree of quenching 
for data set two 
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Table 6-1 Equivalent α energies for the corresponding measured Compton edge inflection point for data set one 

and data set two (two experimental conditions with regard to quenching agent) 

 

Gamma 

energy(keV) 

Set 1 

“Eα” (keV) 

uncertainty Set 2 

“Eα” (keV) 

uncertainty deviation 

122 3029 121.4 3062 147.1 33 

662 5590 225.2 5297 169.0 293 

835 6670 387.4 6378 281.4 292 

898 7236 390.7 6778 260.5 458 

1332.3 8844 439.3 8563 584.5 281 

 

 

 Thus, if Compton edges are to be used as calibration sources for α spectra, some sort 

of correction or calibration function need to be employed. To investigate the nature of this 

function, the transformed Compton edge channels were plotted as functions of the actual 

degree of quenching, see Fig. 6-7 and 6-8. 
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Figure 6-7 Relationships between the Compton edge inflection point of the monitoring cell and the corrected 
Compton edge inflection point of the working cell under virtual degree of quenching of 340 channels for data 
set one 
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Figure 6-8 Relationships between Compton the edge inflection point of the monitoring cell and the corrected 
Compton edge inflection point of the working cell under virtual degree of quenching of 340 channels for data 
set two 
 

As can be seen (Fig. 6-7 and 6-8) the corrected Compton edge channels are linear functions 

of the degree of quenching. Accordingly, there is no single true value for the equivalent α 

energy of a Compton edge inflection point. It has to be calculated from a calibration curve. 

This means it is possible use Compton edges for α calibration, but only by first use the α 

quench correction and then carefully determining the linear correction as observed in Fig. 6-7 

and 6-8.  
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Chapter 7    

Conclusion 
 

 

An energy calibration method which can be applied for the SISAK detection system by using 

the Compton spectrum of gamma rays has been established. As stated above it is unworkable 

to get single, true value for the equivalent α energy of the Compton edge inflection point of 

gamma sources. Therefore, the obvious conclusions from the results described above are: 

 

 The quench correction which works well for α particles doesn’t work equally well for 

electrons. 

 There is a systematic relationship between corrected γ Compton edge inflection point 

in the detection cell and quenching that is the Compton edge inflection point of the 

monitoring cell. Thus the large error bars observed for γ sources is not due to 

statistical variations but it is rather due to a systematic dependency of CEIP of γ 

sources on CEIP of the monitoring cell (quenching). Hence, it can be concluded that 

the Compton edge inflection point of γ’s is dependent on quenching 

 The Compton edge of γ’s will not always be equivalent to the same α energy despite 

the consequences of quenching. 

 Equivalent α energy for the CEIP of gamma sources is a function of the quenching 

effect. Not only this but also of the scintillator. 
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Appendices 
 
 
Appendix A: Glossary of abbreviations and acronyms 
 
 ADC-Analog-to-Digital Converter 

AKUFVE-Arrangement for continuous investigations of distribution ratios 

CEIP-Compton Edge Inflection Point 

CSPA-Charge Sensitive Preamplifier 

Dimetyl-POPOP-1, 4-Di-2-(4-methyl-5-phenyloxazolyl)-benzene 

MCA-Multi Channel Analyzer 

OCL-Oslo Cyclotron Laboratory 

PMT-Photomultiplier Tube 

PSA-Pulse Shape Analyzer 

SISAK-Short-lived Isotopes Studied by the AKUFVE technique 
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Appendix B: Calculations of uncertainty 
 
 
 
Uncertainty estimates 
The mean and propagation of the error was calculated for each source using Equation B-1 

and B-2, respectively [14].  

 

μ = ∑ n
Xi  (B-1) 

  

σ = )1()( 2 −−∑ nXi μ  (B-2) 

 

         

Where μ represents mean, σ is standard deviation, Xi is an individual measurement, and n is 
the total number of control results included in the group. 

Propagation of errors 
There is a general formula that can be used to propagate errors in any equation. For any 

quantity f that is a function of variables x, y, --- z. The error in f, σf, can be calculated from 

σx, σy, ---, σz using the following general formula: 

 
 

σf
2 = 2)(

x
f

∂
∂ σx

2 + 2)(
y
f

∂
∂  σy

2 + --- + 2)(
z
f

∂
∂ σz

2      (B-3) 

 
 
Hence the uncertainty, σE, of E (equivalent alpha energy) can be derived by partial 
differentiation of E as of applying the general rule (Equation B-3): 
 
E = a * Chn + b 

σE = ([ 2)(
a

aσ  + 2)(
Chn

aσ  ] * [a * Chn] 2  + σb
2) 2

1
     (B-4) 

 
Where a is the slope, b is y-intercept and Chn is the channel position of peaks/edges. The 

uncertainty, σa, of a (slope) and, σb, of b (y-intercept) was directly obtained after the energy 

calibration curve was linearly fitted with the software programme Origin [28]. The 

uncertainty for channel positions of peaks/edges was calculated using Equation B-2. 
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Appendix C: Color pictures of the electronic and detection system used in this 
work 
 
 
 
 
 
 

 
 
 
 
B.1 Source introduction system by using inert gas and liquid scintillation solution to the detection cell 
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B.2 Inert Gas cylinder. 
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B.3 PMT coupled with the detection cell, left monitoring cell, and right detection cell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 51



 
 
B.4 Electronic system 
 
 

 
 
B.5 Controlling unit for the gas flow meter. 
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