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Abstract 
Alanine dosimetry with EPR spectroscopy readout is now widely recognized as a one of the most 

accurate method in the industry (kGy doses). But due to poor sensitivity at low radiation doses 

(below 2-3 Gy) currently, alanine dosimetry is limited in its potential use in radiotherapy . 

The purpose of this study was used computer based  procedures for low dose measurements in 

EPR/alanine dosimetry and to estimate its uncertainty in radiotherapy dose range. For this 

purpose, two computer based reference dose linear regression procedures were developed and 

dose estimation with uncertainty analysis was done and compared with the conventional peak 

to peak method. A high reference dose (50 Gy) was given to 4 alanine dosimeters and all spectra 

at seven dose points (five dosimeters each at each dose of 0.1 Gy,0.2 Gy,0.5 Gy ,1 Gy 2 Gy, 5 Gy 

and 10 Gy) were fitted to the mean of the four reference dose spectra using linear regression. 

Two different microwave cavities were used for the EPR measurements: a rectangular cavity 

(ST1021/13) cavity and a kind of cylindrical (SHQE) cavity with higher sensitivity and almost 

double quality factor (Q). The dose estimation for the three procedures peak to peak calibration 

curve (PP), linear regression with reference dose (Dref) and linear regression with reference dose 

and background (Dref+BG) was done with two methods: the simple method (SM) and calibration 

curve methods (CC). Two equal sets of data obtained using the two cavities (named as cavity 1 

and cavity 2) were compared on the basis of the uncertainty analyses made. 

Five  dosimeters given an unknown dose( for this master student) were used for a final protocol  

run, a total uncertainty and accuracy of 5% and 5.5% respectively was achieved at the estimated 

dose of 0.38 Gy. 

The results of the analyses of uncertainties in the dose estimations proved that the proposed 

procedure reference dose linear regression using the calibration curve method is comparable 

with the conventional peak to peak calibration curve method. The total uncertainty at doses of 

2-5 Gy was about 3.5-1.5%, and for the lower doses, it is in the range of 0.05Gy. The precision 

and accuracy at low doses was 0.025 Gy and at 5 Gy the result of precision was is similar to 

previously reported results. The combined uncertainty at low doses was of 0.13 Gy and at 5 Gy it 

was 2.6% (7 min analysis time per dosimeter) and proved more time efficient than previously 
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reported results. Overall, the computer based procedures are simple, time efficient and cost 

effective.
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1 INTRODUCTION 

The use of ionization radiation, whether it is for industrial, diagnostic, therapeutic or research 

purposes, requires control of the amount of energy the target for the radiation exposure absorbs 

from the radiation field. In particular, radiotherapy of cancer delivers doses which should be high 

enough to stop the proliferation of the colony-forming tumor cells and low enough to avoid side 

effects to neighboring normal tissue and other organs at risk (ICRU, 2010). Most of the time this 

purpose is fulfilled with spatial intensity modulation, multiple entrance directions and 

fractionated radiotherapy. 

The mean absorbed energy per unit mass is called the radiation dose, and the art of determining 

radiation doses is called radiation dosimetry. There are several methods available for dosimetry, 

and which method is chosen depends on the purpose of radiation exposure and the physical 

environment of the exposure situation. The range between the maximum dose to the tumor and 

the minimum dose to the surrounding normal tissue is mostly narrow and it is important that 

absolute dose values and the final dose distribution are under control (Cheung, 2006, Ciesielski 

et al., 2003). Consequently, the accuracy of the dose determination is a cornerstone of 

radiotherapy dosimetry.  

Free radicals, being molecular systems that have been interacting with high-energy ionizing 

radiation, contain one unpaired electron. Such radicals are, by way of the unpaired electron spin, 

paramagnetic entities (Sagstuen, 2009). EPR spectroscopy is a technique which quantitively and 

qualitatively monitors free radicals in a silent matrix of undamaged molecules. 

EPR dosimetry is a solid-state dosimetry technique with a non-destructive readout process 

(Mehta and Girzikowsky, 1996). The simple amino acid l-alanine has been shown to exhibit very 

profitable properties for the use as EPR dosimeters, and today alanine is the most common 

material for EPR dosimetry. EPR/alanine dosimetry systems are used as a secondary standard for 

absorbed dose to water at e.g. the National Physical Laboratory (NPL, UK)(Sharpe et al., 1996) 

and at the Physikalisch-Technische Bundesanstalt (PTB)(Helt-Hansen et al., 2009, Anton et al., 
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2008). Important factors for the success of alanine as a dosimeter material are the unusual 

stability of the radiation-induced radicals, the relatively high radiation sensitivity, the linear signal 

response over a wide range of radiation doses, and the weak dependences on ambient 

conditions, radiation quality and dose rate(Anton et al., 2013) . 

EPR dosimetry is well established method and a standard method for the measurement of high 

doses. The largest disadvantage with alanine dosimetry is a relatively poor sensitivity for 

radiation doses below 1 Gy, and the accompanying uncertainty of such measurements is often 

considerable. For comparison, single clinical doses for cancer therapy are of the order of 2-4 Gy, 

whereas the doses associated with e.g. CT diagnostics may be of the order of 10 mGy. High-dose 

applications, e.g. sterilization of spices and medical instruments, commonly range into the kGy 

magnitude. A number of quite elaborate methods have been suggested to overcome the low-

dose limit of alanine. The disadvantage for most of these methods has been that the procedures 

required are too laborious and time-consuming to be of interest for routine measurements 

where many samples and the need for rapid analysis often is a limiting factor. 

The most commonly used method for estimating the radiation doses is measuring the peak to 

peak signal amplitude of the central resonance line in the alanine EPR spectrum. Alanine has a 

complex spectrum due to three radicals formed by ionizing radiation with overlapping EPR 

spectra, the radical species are designated R1, R2 and R3 (Malinen et al., 2003a, Malinen et al., 

2003b). The peak to peak procedure used for measuring signal amplitudes employ in principle 

only two data points from the entire spectrum. Apparently, there is a possibility for improving 

the method by using larger fractions of the spectrum or eventually the entire spectrum. 

In some national reference laboratories (NPL, Great Britain; PTB, Germany) a computer-assisted 

experimental method has been suggested for the purpose of lowering the dose limit and 

enhancing the precision of the EPR alanine dosimetry method. This proposed method is based 

on the simple concept of recording a reference spectrum at a relatively high dose (20-50 Gy) and 

subsequently fitting the spectra from the samples with unknown doses to this reference 

spectrum. However, a number of complicating issues has to be solved for this method to become 
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practically useful including spectrum manipulations (background and frequency corrections), 

non-linear fitting techniques and statistics 

For radiotherapy applications of alanine as a dosimetry material a complete uncertainty analysis 

at applicable dose levels is required (Wambersie, 2001). This has previously been addressed in 

many studies (Anton, 2006, Nagy et al., 2002, Bergstrand et al., 1998). Nagy and his coworker 

reported 1.5 – 4 % uncertainty for doses in the 1-5 Gy range. A method of high precision 

measurement using alanine dosimetry in radiotherapy have been reported (Hayes et al., 2000a) 

but involved impractical and time-consuming procedures.  

The aim of this thesis is to investigate computer-based procedures other than the conventional 

peak to peak method for estimating signal intensities. Different approaches should be compared, 

and different EPR spectrometer sample holders (cavities) should be used for the purpose. The 

results of the analyses should be compared with respect to the sensitivity and reproducibility. 

A time-efficient protocol for low-dose EPR/alanine dosimetry adaptable to any application 

laboratory, and the low-dose sensitivity limit using this protocol should be established for EPR 

dosimetry alanine pellets. Some samples irradiated to doses unknown for this master student 

were prepared in separate irradiation runs by the advisors, and the dose and uncertainties  were 

determined and compared with results from the other samples in final protocol test-runs. 

It appears that some of the methods investigated in the present work optimize the performance 

of the EPR alanine dosimetry system for better efficiency regarding measurement time, dose 

estimation and uncertainties at low (sub- doses). 
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2  THEORETICAL CONSIDERATIONS 

2.1 Introduction to EPR Spectroscopy 

EPR (Electron Paramagnetic Resonance) spectroscopy (Weil, 2007), also referred to as ESR 

(Electron Spin Resonance) spectroscopy is a technique that, at its most elementary level, can be 

described as a way to exploit the well-known Zeeman effect to deduce information about the 

molecular structure of paramagnetic entities.  

Ionizing radiation creates radicals in non-conducting samples. We are interested in measuring 

how much of the given energy was used to create these radicals. We start by introducing the 

simple model of a free electron in a constant magnetic field. 

2.1.1 Zeeman Effect 

Due to its intrinsic spin property, the electron acts as a magnetic dipole. The magnetic moment 

(µs) of a free electron is given by 

𝜇𝑆 = −𝑔𝑆𝛽𝑒𝑆      (2.1) 

where gs=2.002319 is the g-factor of a free electron, βe=9.27401540 ・10-24 J/T is the Bohr 

magneton and S is the spin angular momentum. When an electron is placed in an external 

magnetic field Bext, the magnetic potential energy can be written as 

       𝑈 = −𝜇𝑆⃗⃗⃗⃗⃗ ⋅ 𝐵𝑒𝑥𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗      (2.2) 

By substituting the expression for µs in the preceding equation, we obtain the Hamiltonian for 

the free electron in an external magnetic field 

𝐻𝑒 = 𝑔𝑆𝛽𝑒𝑆 ⋅ 𝐵𝑒𝑥𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗                                  (2.3) 

By quantizing the angular momentum in some direction, there are two possible magnetically 

degenerate spin eigenstates, ms = +1/2 and ms = -1/2. When the magnetic field Bext is applied in 

this direction, the degeneracy between the two states is lifted. The higher energy level 
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corresponds to the ms = +1/2 (|𝛼𝑒 >state) and the lower energy level corresponds to the ms = -

1/2 (|𝛽𝑒 >state), as shown in figure 2.1.  

This phenomenon is often referred to as the electronic Zeeman effect, where the energies for 

the two possible states are given by 

          𝑈 =  ±
1

2
𝑔𝑆𝛽𝑒𝐵     (2.4) 

At a given magnitude B of the external magnetic field, the energy difference between the two 
states is ΔE = gSβeB. 

2.1.2 Principle of Operation 

For an ensemble of N spins, using Maxwell-Boltzmann statistics, it can be shown that there are 

slightly more electrons in the lower energy state than in the higher energy state. At thermal 

equilibrium, we have that 

    
𝑁+1/2 

𝑁−1/2
=𝑒𝑥𝑝 (−

𝛥𝐸

𝑘𝐵𝑇
)           (2.5) 

where N+1/2 and N-1/2 are the population numbers of the two allowed states (the sum of these 

two numbers is N), 𝛥𝐸is the energy difference between the two states  T is the thermodynamic 

lattice temperature and kB is the Boltzmann constant. Note that the value of the exponential 

function in the equation is smaller than one, meaning that N+½ < N-½ , that is, at thermal 

equilibrium more electrons are in the lower energy state than in the higher energy state. 
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Figure 2.1: Energy levels of a free electron as a function of the intensity of an external magnetic field. 

Suppose that an electromagnetic field (EM field) of frequency v is incident on this system. The 

energy of a single photon is hv. As we increase the magnetic field, the electrons will not do 

anything with this incident energy. At least not until the energy split 𝛥𝐸 is equal to the energy of 

the incident photons. When that happens, the electrons either transition from the lower energy 

state to the higher energy state (stimulated absorption), or from the high energy state to the 

lower energy state (stimulated emission). This is called the resonance condition, 

ΔE = hν = gS βe B                                       (2.6) 

     

The probability per particle and per time is the same for these two types of transitions. The 

intensity of the transmitted beam can be measured as a function of the magnetic field to look for 

the resonance condition. However, a peak in the absorption spectrum will only be detected if 

there are more electrons in the  |𝛽 > state than in the |𝛼𝑁 > state, since the rate of induced 

transitions is proportional to the number of electrons in a given initial state. 

In a more realistic scenario, the electrons are present in a structured environment such as a 

molecule (see section 2.2).  
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2.1.3 EPR Signal and Field Modulation 

The intensity of the outgoing EM-field is measured as a function of the applied magnetic field to 

look for the resonance effect. The result is an absorption spectrum characteristic for the sample 

under investigation.  However, the most common practice is to apply a field modulation on the 

main external field B which combined with a specific signal detection scheme actually yields the 

derivative of the absorption spectrum. This is done to increase signal resolution. 

2.2 The Electron in a Structured Environment 

In section 2.1.1, an overview of the electron Zeeman effect was made. This effect can be roughly 

described as an interaction of the electron with the external magnetic field due to its intrinsic 

spin property. However, when the electron is present in some structure, such as a molecule, 

there are additional spin interactions to be considered: interactions between the nuclei and the 

magnetic field (Nuclear Zeeman Effect) and the electron-nuclear spin interactions (Hyperfine 

Interactions). This can be summarized with the following spin Hamiltonian 

𝐻 = 𝐻𝑒 + 𝐻𝑛 + 𝐻𝑒−𝑛    (2.7) 

where the two first terms are the electron- and nuclear Zeeman effects, respectively, and the last 

term is the electron-nuclear interaction term.  Additionally, the total angular momentum of the 

electron contributes an additional term since it possesses both spin angular momentum and 

orbital angular momentum. 

2.2.1 Spin-Orbital Coupling 

In section 2.1.1 the spin angular momentum of the electron was considered to be the only 

contributing factor to its total angular momentum (J), however, when present in a molecule, the 

electron also has orbital angular momentum (L), meaning that J = L+S. One can relate the 

magnetic moment arising from each of the angular momenta to their operator, analogously to 

equation (2.1). In particular, we have that 

    𝜇𝑆⃗⃗⃗⃗⃗ = −𝑔𝐽𝛽𝑒𝐽            (2.8) 
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     in a modified version of the spin Hamiltonian derived in section 2.1.1: 

𝐻𝑒 = 𝑔𝐽𝛽𝑒𝐽 ⋅ 𝐵𝑒𝑥𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗         (2.9)  

However, in most organic molecular systems, the orbital angular momentum to a large degree is 

suppressed (quenched), resulting in that spin-orbital couplings are small. Conventionally this is 

taken care of by introducing the spin-orbit coupling as a perturbation to the spin Hamiltonian   

                                                 𝐻𝐿𝑆 = 𝜆 𝑳. 𝑺 

where 𝜆 is spin orbital coupling constant and 𝑳 is electron orbital angular momentum and 𝑺 is 
electron eigen spin. 

As a result of this the spin-orbit coupling become embedded with the electronic g-factor gS which 

then is expressed as a 2order Cartesian tensor ĝ  and the electron-Zeeman term is then written 

ˆ
eB g S    .  In solutions the anisotropy of the g-tensor is time averaged resulting in an isotropic 

g-factor being g = 1/3 Trace( ĝ ) which may then be used in expressions like Eq. 2.3.                 

2.2.2 Nuclear Zeeman Effect 

The derivation of Hn is entirely analogous to the derivation done in section 2.1.1 for the electron 

Zeeman effect. In this case we consider the nuclear spin I=1/2 

    𝜇𝐼⃗⃗⃗⃗ = 𝑔𝑛𝛽𝑛𝐼              (2.10) 

where 𝑔𝑛 is the nuclear g factor and βn is the nuclear magneton which is equal to 

                                                    βn = eħ/2mp = 5.050 × 10-27  J/T               

resulting in the Hamiltonian 

    𝐻𝑛 = −𝑔𝑛𝛽𝑛𝐼 ⋅ 𝐵𝑒𝑥𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗            (2.11)           

The eigenstates of this Hamiltonian result from the angular momentum quantization: |𝛼𝑁 > and 

|𝛽𝑁 >, whose energy values are  

    𝑈 = ±
1

2
𝑔𝑛𝛽𝑁𝐵𝑒𝑥𝑡 
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By substituting (2.8) and (2.10) in (2.6) we obtain 

                              𝐻𝑛 =   (g𝛽𝑒𝑆 − 𝑔𝑛𝛽𝑛𝐼)𝐵𝑒𝑥𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗ + 𝐻𝑒−𝑛                                           (2.12)                                    

2.2.3 The Isotropic Hyperfine Interaction 

There are three known radicals present in irradiated solid-state alanine (see chapter 3): R1, R2 

and R3. In the R1 radical, there is one unpaired electron that interacts with three equivalent β-

protons and one α-proton. To explain the characteristics of the resulting EPR spectrum, we are 

interested in understanding these interactions from a theoretical standpoint.  

Consider the simple case of a two spin ½ particle coupling (i.e. an electron-proton interaction). 

As seen in previous sections, individually, their spin eigenstates are |𝛼 > is ms = 1/2 and |𝛽 > is 

ms= -1/2 for the electron  and |𝛼𝑁 > is ml = ½ and |𝛽𝑁 >  is ml = -½  for the proton. Therefore, in 

the coupled system the spin basis eigenstates are 

                                                                         |α, 𝛼𝑁 >, |α, 𝛽𝑁 > 

                                                                         |𝛽, 𝛼𝑁 >, |β, 𝛽𝑁 >    (2.13) 

In the case of an isotropic electron-nuclear interaction, the corresponding interaction 

Hamiltonian for this system can be written as 

                     𝐻𝑒−𝑛 = 𝑎𝑖𝑠𝑜𝑆 ⋅ 𝐼    (2.14) 

where 𝑎𝑖𝑠𝑜 is the isotropic hyperfine coupling constant, whose value can be shown to be 

    𝑎𝑖𝑠𝑜  =  
2𝜇0

3
g𝛽𝑒𝑔𝑛𝛽𝑛|𝜓(0)|²   (2.15) 

where  is the permeability of free space. |𝜓(0)|² is the probability of finding the electron at 

the position of the nucleus. 

By applying some external magnetic field, the electronic and nuclear Zeeman effect needs to be 

taken into account. The resulting Hamiltonian is  

    𝐻 = 𝑔β𝑆 ⋅ �⃗⃗� − 𝑔𝑛𝛽𝑛𝐼 ⋅ �⃗⃗�  +  𝑎𝑖𝑠𝑜𝑆 ⋅ 𝐼  (2.16) 
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If the applied field is large compare to hyperfine coupling constant aiso and assuming an isotropic 

g value for an electron-proton system at a given orientation  �⃗⃗� = B𝑘, where k is a unit vector 

along the magnetic field then 

                𝐻 = 𝑔β𝑆zB − 𝑔𝑛𝛽𝑛𝐼𝑧𝐵 + 𝑎𝑖𝑠𝑜SzIz                      (2.17) 

This is the first order Hamiltonian with the corresponding eigenvalues are  

                                                    𝐸 = 𝑀 𝑠 𝑔𝛽e𝐵0 − 𝑀 𝐼𝑔𝑛𝛽n𝐵0 + 𝑎𝑀s𝑀l                          

For 𝑀s = 𝑀l = ±1/2 the energy level diagram for hydrogen is 

 

Figure 2.2: Energy level diagram for the system S=1/2 and I =1/2 The arrowed line shows the allowed EPR transition. Selection rule 
∆MI =0 and ∆Ms = ± 1 

In this case, only two possible transitions are observed, corresponding to the two resonance 

conditions that can be observed in the EPR signal. Fig 2.2 shows the EPR transitions may take 

place between the pairs of level with difference Ms value and same MI values.  

As a result, the EPR spectrum consist of two equally intense lines split by hyperfine coupling 

constant aiso and centered at g. 
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Figure 2.3: EPR spectrum consist of two equally intense line lines split by hyperfine a coupling constant and  centre about g. 

The hyperfine splitting of the electron interaction with multiple protons can be obtained by 

further splitting 𝑔𝑛g these energy levels. In the case of four protons interacting nearly identically 

with the electron (like the three protons of the alanine R1-radical methyl group and the fourth 

alpha-proton) the isotropic spectrum will consist of 5 lines with a relative intensity distribution 

close to 1:4:6: 4:1. 

The hyperfine couplings, however, are anisotropic due to dipolar interaction. The dipolar-dipolar 

interaction contributes to the coupling between electron and nuclear spins. Its interaction 

between the magnetic moments of the electron and nuclear spin is similar to classic dipolar 

interaction between magnetic moments and the energy of interaction can be written as 

                                         𝐻 =  −
𝜇0

4𝜋
gβ  𝑔𝑛 < 𝛽𝑛  

𝑺.𝑰

𝒓𝟑 − (3
(𝑺.𝑰)(𝑰.𝒓)

𝒓𝟓 ) >                                        (2.18) 

 where 𝜇0 is the permeability of the vacuum, r is the distance between the two spins considered 

to be connected by the vector r. 

The methyl group anisotropy is not very large but the α-proton anisotropy of the alanine R1-

radical  is large. There is also a small g factor anisotropy so that the total powder spectrum has a 

complex shape.  Fig 2.4 shows the first derivative EPR signals of the absorption spectrum of 

an50Gy-irradiated alanine pellet. 
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Figure 2.4: First derivative of EPR spectrum of 50Gy-irradiated alanine pellet 

Both g and a are anisotropic resulting the broadening of lines and the occurrence of additional 

lines in the spectrum.  

EPR intensity is an arbitrary unit because Measured intensity is directly related to the 

spectrometer setting at the time of measurement. The magnetic field strength is in Gauss (G), it 

can be converted to SI unit Tesla (T) by the relation T = 104  G  

2.3 Dosimetry  

Radiation dosimetry (dosimetry) is the calculation or measurement of absorbed dose resulting 

from the exposure of ionizing radiation (Bergstrand, 2004). Ionization radiation are 

electromagnetic waves, atomic or subatomic particles which must carry enough energy to ionize 

when interactions with matter occur. There are two types of ionizing radiation, charged particles 

(e.g electrons and positrons)  and uncharged particles ( photons and neutrons), also called direct 

and indirect ionizing radiations, respectively (Nilsson, 2015). 

There are three most useful physical quantities for describing the interaction of ionizing radiation 

with matter:  

a) Absorbed dose (D) 

b) Kerma (K) and  
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c) Exposure X (Attix, 2008) 

In this work, the focus is on the absorbed dose.  

The absorbed dose to  a material  is the expected value of energy imparted per unit mass dm by 

ionizing radiation (Fisher and Fahey, 2017). 

                                                                                      D = 
𝑑�̅�

𝑑𝑚
 

where𝑑�̅� is the mean energy imparted to a target volume dV and dm is the mass of absorbing 

material of volume dV.  The absorbed dose is the fundamental radiation quantity that describes 

the energy deposition by an ionizing radiation in absorbing medium. The dose is given in Gray 

(Gy) and one Gy is defined to 1 Joule/kg. Energy imparted is sum of all the energy entering in the 

volume equal to all the energy leaving the volume of interest under the law of conservation of 

energy. 

To estimate the absorbed dose (hereafter designated simply as ‘dose’) in dosimetry, a device 

called dosimeters are used. There are different kind of dosimeters ((IAEA), 2007) which use 

different techniques to calculate the dose. 

The use of a dosimeter to estimate the dose first requires that the reading is traceable to some 

primary standard (McLaughlin, 1980, McLaughlin and Desrosiers, 1995). Calorimetry, ionization 

chambers and chemical dosimeters are absolute dosimetry methods in which give the absorbed 

dose directly without any calibration. 

Typical standard secondary dosimetry materials use for radiotherapy and industrial applications 

are TL (thermoluminescence) dosimeters, semiconductor diodes, film dosimeters, plastic 

dosimeters , EPR dosimeters (Esen, 2018, Adolfsson, 2014, Hayes et al., 2000b, Wieser and 

Regulla, 1989, Vestad et al., 2004). These dosimeters need to be calibrated by using a primary 

standard. The calibration procedure is the most important step in most of the quantitative 

dosimetry measurement techniques providing the relationship between the various observable 

quantities and the dose. An ideal EPR dosimeter material should give EPR spectrum of few narrow 

lines with no zero dose signals. The material should have stable post irradiation radicals under 
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standard environmental conditions and a radiation quality dependence similar to human tissue. 

Furthermore, the dosimeter must have high radiation chemical yield with low dose rate 

dependence and accurate at low doses. For practical applications, a dosimeter should be small 

and inexpensive and easy to be read out(Seco et al., 2014, Abrego et al., 2007, Smith, 2017).  

2.4 Source of Uncertainty Associated with the Dosimeter 

The sources of error in dosimetry can be predicted by measurements of estimating the accuracy 

and precision using a specific type of dosimeter. 

The accuracy is defined as how close the dosimeter expectation reading is to the true value of 

the measuring quantity. In other words, the accuracy means that the value is free from the 

systematic errors. By precision we mean simply how close the readings are to each other upon 

many repetitions of the experiment. The precision can be expressed in terms of the standard 

deviation. A high standard deviation means low precision and vice versa. 

 There are three main sources of uncertainty in radiation dosimeters. 

1) Radiation parameters  

2) Environmental factor  

3) dosimeter properties  

Examples of such sources are  

Dose-rate and range (Desrosiers et al., 2008) 

Radiation energy dependence (water equivalence) 

Humidity and water content of dosimeter 

Irradiation and storage temperatures  

Light conditions 

The physical size and shape of the material 



2-15 
 

Radical stability 

Calibration methods  

2.5 EPR Dosimetry 

The basic principle in EPR dosimetry is the proportionality between the absorbed energy from 

ionizing radiation (the dose) and the number of radicals produced. For low doses, a linear 

relationship is implied, at higher doses dose-saturation may occur resulting in a departure from 

the linear relation. 

The absorbed dose by the sample can be calculated by integrating the absorption spectrum. 

However, the alternative peak to peak measure of the most commonly recorded first derivative 

of the spectrum is used since it is proportional to the area under the absorbance curve. 

 

Figure 2.5: The first derivative EPR spectrum of a 50 Gy-irradiated alanine pellet. The vertical bar indicates the signal peak to peak 
intensity which was measured. 

The peak to peak intensity as a function of dose has for alanine dosimeters been observed to 

behave linearly up to the order of kGy doses. This allows for a simple way to construct a 

calibration curve using least square linear regression methods. This procedure is attractive due 

to its simplicity; however, it is known to produce results with high uncertainty for low doses. 
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 Using the traditional peak to peak procedure for measuring the signal intensity only two points 

of the spectrum are used,  which obviously is not the best method – not even if a small number 

of data points are used for estimating the peak height by some manual local fitting.  Other 

methods should be devised which can take more data points into consideration. 

More elaborate methods than the simple peak to peak-method for measuring EPR signal 

amplitude as described above include spectrum fitting procedures and computer-based 

regression method.  

These techniques are based on the fact that the EPR spectrum consists of an array of many 

measurement points (2048 in the present work). 

2.6 Alanine  

Alanine was suggested used as a dosimeter almost 60 years and is nowadays a common material 

for clinical and industrial use of EPR dosimetry. Alanine is an amino acid (C3H7NO2), used by the 

human body for the synthesis of protein can exist in two structural forms α and β.  Bradshaw and 

coworkers (Bradshaw et al., 1962) suggested it can also be used as a radiation dosimeter. α-

alanine molecules in the solid state exhibits a crystalline structure and upon exposure to ionizing 

radiation produce free radicals in high yields, being stable for a long period of time with minimal 

recombination processes.  Due to the yield and the high stability of the radiation-induced radicals 

α-alanine is used worldwide. α-alanine make it similar to water is Its density and effective atomic 

number is of (1.42 g/cm3  and 6.8 respectively) and fundamental base to make it one of the best 

amongst dosimeters . 

 Two possible α-alanine stereoisomers can be used in dosimetry, the so-called L and D isomers. 

The L- α-alanine isomer is the most commonly used conformation for EPR dosimetry purposes. 
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Figure 2.6: l-α-Alanine 

Previously it was assumed that polycrystalline alanine when irradiated produced only one radical 

called the SAR or the R1 radical. In 1997, Sagstuen and coworkers showed that three radicals 

were formed in crystalline alanine irradiated at room temperature, and these authors also 

proposed mechanisms for the formation of these three radicals (Sagstuen et al., 1997, Garcia and 

Dolo, 2007). Later work has confirmed that three different radicals are formed and stabilized at 

room temperature when alanine is irradiated(Heydari et al., 2002). The R1 radical contributes 

about 60 % of the alanine EPR spectrum at room temperature. The other two radicals are 

designated R2 and R3, and contributes about 35 % and 5 % respectively, to the room temperature 

EPR spectrum . 

 

Figure 2.7: The three alanine radicals R1, R2 and R3 formed following irradiation of alanine at room temperature (Malinen et 
al., 2003a) . 
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The R1 radical is formed in the reduction chain and radicals R2 and R3 are most probably both 

formed due to oxidation.  For the R1 radical, the unpaired electron is located mainly at the central 

carbon central peak is formed after deamination. 

The alanine/EPR spectrum (e.g. Fig. 2.4) consists of five major peaks (with relative intensities near 

1:4:6:4:1 ) together with a number of less intense peaks due to radical R2 and to the anisotropy 

of the hyperfine- and g-tensor anisotropy. Radical R3 only contributes very weakly to the central 

part of the spectrum. This is demonstrated in Fig. 2.7, which shows how the three alanine radicals 

contribute to the observed EPR spectrum. 

 

Figure 2.8:First derivative EPR spectrum of Polycrystalline L-α alanine irradiated at 296 K to a dose of 10 Gy. The lower traces 
show the simulated polycrystalline EPR spectra for the three radicals R1, R2 and R3 (Malinen et al., 2003b).  

At low doses, the three radicals behave very similar with respect to radiation doses at room 

temperature . 

One of the most important consideration in clinical application uncertainty analyses is that the 

dosimeter must be able to measure doses in radiotherapy dose range precisely and accurately. 

For doses below 5 Gy which is an interesting range for clinical radiotherapy, alanine is not 

considered to be sensitive enough when using conventional peak to peak measurement 

strategies. However, the sensitivity of alanine dosimeter could be increased if we improve on the 
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protocol used for quantifying the EPR signal as well as for measurements of the EPR signals .Other 

work on alanine reports the determination of dose 10m Gy (Hayes et al., 2000a) with the accuracy 

of 1 % involving long recording times and elaborate signal manipulation and subtraction of 

individual background doses. Several national laboratories over the world are offering calibration 

services using alanine/EPR dosimetry  (Anton, 2006, Regulla, 2000). 

Alanine can be use profitably used in radiotherapy if the dose range is extended down to 01 – 02 

Gy with an acceptable accuracy and precision (preferably less than 5% for the lowest dose-range) 

using an X-band EPR spectrometer and standard (commercial) alanine dosimeters. One of the 

aim of this work to develop a low dose protocol for alanine/EPR dosimetry. 
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3 MATERIAL AND METHODS 

This chapter describes the methods and equipment used for low dose EPR/Alanine dosimetry to 

estimate the dose and for the uncertainty analysis. 

In this study, pellet-type l-α-Alanine dosimeters were irradiated at the University of Oslo(UIO) 

using a well-calibrated X-ray source (PANTAK HF 225). The doses given ranged from 0.1Gy to 

10Gy. The reference samples were irradiated to 50Gy at the same time but in separate sessions 

from the other samples. Unirradiated samples (blanks) were always kept together with the 

irradiated sample. 

All the dosimeters were then transferred to state of the art EPR laboratory at the Section for 

Biophysics and medical physics at UiO. Electron paramagnetic spectroscopy (EPR) was used to 

measure the signals from the dosimeters in a Bruker Elexsys 560 EPR spectrometer with X-band 

microwave bridges.   

Two series of measurements were done using two different spectrometer cavities, the 

ST1021/13 and SHQE/401, cavities having different quality factors (Q).  

The signal intensity conventionally is measured using the peak to peak procedure. Two new 

computer based reference dose procedures were introduced in hope for improving the  dose 

uncertainties.  A high reference dose (50Gy) spectrum was recorded and subsequently fitted to 

the spectra from the low dose samples by linear regression analysis in one of the two approaches. 

In the second approach, the background spectrum accompanied with the same reference dose 

spectrum was included in the regression procedures. Spectrum manipulations (background and 

frequency corrections) and the reference regression fitting techniques were all computer based. 

Two methods of estimating the dose were used, the calibration curve method and simple 

method: the calibration curve of all doses were constructed by well-known calibration curve 

method whereas the simple method of taking the ratio of the unknown dose spectrum to the 

reference spectrum was used to interpret the signals of each alanine dosimeter into dose. 
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The uncertainties (both accuracy and precision) were estimated for data obtained using each 

cavity by all three signal measuring procedures with two methods of dose estimation.  

Five pellets were irradiated for the final protocol run, at the same time as the other dosimeters 

but to a dose unknown to this master student. The purpose of the protocol run was to test the 

different procedures and methods used. 

3.1 Alanine Dosimeters 

L-α-Alanine is a regular alpha-amino acid, commercially available. Alanine is the most common 

material for medium and high dose applications of EPR dosimetry and also the material used in 

the present work. 

Alanine pellets from BRUKER Biospin produced March 2013, batch T02604, were used. The 

diameter of the pellets is 4.8mm and the pellet height is 3.0mm. The average mass is nominally 

64.5mg with an uncertainty of ±0.5mg. The dosimeter pellets contain  alanine and paraffin where 

the latter is used as a binder in the mixture for making the pellets robust. 

The number of radicals in the pellets, induced by radiation, is directly proportional to the mass 

of pellets. If the mass is not accounted for this may increase or decrease the estimated dose. The 

pellets exhibit a weak background signal. To make sure stable readouts are observed, the current 

EPR measurements were recorded several days after irradiation.  

In total, 49 dosimeters were used for the entire study. Five dosimeters were used at each dose 

point, in addition also 5 unirradiated samples, and 5 pellets given an unknown dose (for the final 

protocol run). Four dosimeters were given the 50Gy reference dose. Each of these sets of 

dosimeters were placed in separate plastic vials (Fig. 3-1), and these in turn were placed into a 

closed metal box which was stored in darkness at low humidity (20-35%) and a temperature 

around 24 °C. 
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Figure 3.1: Storage system for the EPR dosimeters used in the current work, with all dosimeters at a given dose point stored in a 
plastic bottle together with  one bottle with unirradiated pellets and one bottle with 50 Gy reference dosimeters . The pictured 
Styrofoam sheet was placed into a closed metal box which in turn was stored in darkness at low humidity (20-35%) and a 
temperature around 24 °C. 

3.2 Irradiation  

The alanine pellets were irradiated using a PANTAK HF 225 x-ray source operating at 

220kV/10mA. The nominal maximum voltage and power of the generator were 225kV and 

3.2KW.  

The dose rate was measured using the Wellhofer FC65G ionization chamber. It is a cylindrical 

chamber designed by Farmer and also called thimble due to its shape. The ionization chamber is 

the most common detector used for radiotherapy globally. In the present work, it was operating 

as the calibration standard for determining the absorbed dose to water delivered by an external 

beam.  The ionization chamber was placed below the center of the X-ray beam with a standard 

1.5 aluminum with 0.5mmCu filter and connected to a standard imaging MAX4000 electrometer. 
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3.2.1 Irradiation Process  

The X-ray dosimetry was performed using the ionization chamber measurements. The dose rate 

(dose to water) was measured by the ionization chamber with the electrometer. The X-ray tube 

was set to 220kV, and several measurements were made to determine the dose rate as shown in 

Fig. 3.2 and Table 3.1.  

 

 

Figure 3.2: Dose rate per second by ion chamber measurements 

The stability of the chamber was checked by the repeatability response. The irradiation time 

given to electrometer was 12 to 180 seconds. This was done by taking eight sets of readings by 

the electrometer range and the mean and standard deviation of mean was computed. This was 

repeated for three sets of readings. The temperature was 22 0 C and was stable to ± 0.10 C during 

the measurement and pressure was 101.3KPa. 
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Table 3.1:Calibration data of the ion chamber. 

Calibration data (Sec) 
 

Reading (I)nc/sec Relative readingI / Imax Dose rate (Gy/min) 

12 
 

0.114 0.737 0.3207 

15 
 

0.126 0.811 0.353 

20 
 

0.134 0.864 0.375 

40 
 

0.146 0.938 0.408 

60 
 

0.150 0.967 0.420 

90 
 

0.153 0.986 0.428 

120 
 

0.154 0.994 0.432 

                180 
 

0.155 1 0.435 

If M is used to denote the corrected dosimeter reading per unit time and Dw is the absorbed dose 

to water per unit time at reference point derived from secondary standard and corrected to the 

same reference point, the dosimeter calibration coefficient is obtained by(IAEA, 2009)  

                                                                          NDW = Dw/M 

The dosimeters were placed in the same position as the ionization chamber . The dosimeters 

were given doses of 0.1Gy, 0.2Gy, 0.5Gy, 1Gy, 2Gy, 5Gy and 10Gy with five dosimeters at each 

dose point. Five unexposed pellets were included when obtaining the calibration curve. A 

reference dose of 50Gy was also given to four dosimeters. Dosimeters irradiated up to 5Gy were 

irradiated in one session and the 10Gy and 50Gy dosimeters were irradiated in two and 11 

sessions, respectively. This allows checking the cooling water temperature for eventual 

overheating. The irradiation was done under standard temperature and pressure. Since the 

relative humidity was in the range of 20% to 25%, we did not have to use the correction factor 

for standard environmental conditions. After irradiations, the dosimeters were packed in a 

dosimeter holder for transport to the EPR laboratory where they were stored under controlled 

conditions as shown in Fig. 3.1. 
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3.3 EPR Spectrometer  

EPR experiments were done using a constant frequency and varying the magnetic field through 

the resonance condition, which is the most widely used paramagnetic resonance technique.  The 

main parts of EPR spectrometer consist of source for electromagnetic radiation, a magnet 

system, modulation system and the detection system.  A Gunn diode, which is a semiconductor 

device, produces continuous wave X-Band microwaves. The frequency of the source was adjusted 

during the sample tuning procedure in the beginning of each new sample measurement. 

An isolator, an attenuator and a circulator are essential components between the source and 

sample holder (cavity). The attenuator regulates the power from the source by which the power 

to the sample in the sample holder (cavity) also was controlled. The circulator serves to direct 

the microwave power to the cavity and at the same time redirect reflected power to the detector. 

The reference arm with a separate attenuator and phase regulator balances the signal with the 

reflected microwaves. 

 

Figure 3.3: A simple sketch of the EPR spectrometer showing the microwave flow. 
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3.4 Cavity 

An important device of EPR Spectrometer is called a cavity (also called a resonator) which is used 

to amplify weak signals from the sample. It is a metal box which resonates with a microwave like 

an organ pipe with sound waves. There are different types of cavities and two different types, 

the rectangular (ST1013/21) cavity and a kind of cylindrical cavity, the SHQE/0401, were used in 

these experiments. The energy density of SHQE cavity at the sample position is higher than in the 

rectangular cavity. A quality factor Q also indicate the efficiency of cavity to store the microwave 

energy. It is expressed as 

𝑄 =  
𝑣𝑟𝑒𝑠

𝛥𝑣
    (Eq. 3.2) 

where 𝑣𝑟𝑒𝑠 is the resonant frequency of the cavity and 𝛥𝜈 is the width at half height of the cavity 

microwave absorption curve which normally is displayed during the cavity tuning procedure. Q is 

typically twice as large for the SHQE resonator as compared to that of the rectangular resonator. 

                                   

Figure 3.4: A rectangular reflection EPR cavity with sample tube inside. The external magnetic field is designated B0(Lindon, 2010).  

The sample was placed at the position of the maximum microwave magnetic field B1 which is in 

the center of each of the cavities. The applied magnetic field Bext is modulated by a 100 kHz low-

amplitude magnetic field Bm using a set of Helmholtz coils in the walls of the cavity. The Bext and 

Bm fields are parallel and oriented perpendicular to the microwave magnetic field component B1. 

A small opening in the cavity where microwaves are coupled to the cavity is called the iris. A 
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screw with a metal tip controls the amount of microwave transmitted by carefully matching the 

impedance of the cavity with that of the source system. 

For each time the spectrometer is turned on, it takes about one hour to temperature stabilize 

the system. Before the start of each measurement, the cavity + support + sample in sample tube 

-system was tuned and critically coupled.  

The SHQE (Super High Q cavity for Elexsys) cavity used in this work is a kind of cylindrical cavity 

with four metal rods and a dielectric ring. It concentrates the microwave field more efficiently 

over the sample. This results in that the effective power at the sample position is larger. For in 

part compensating for this, the input power to the SHQE cavity was reduced as compared to that 

of the rectangular cavity (Table 3.2) 

 

Figure 3.5: The ELEXSYS 560 EPR spectrometer with X-band microwave bridge used in the present work. In this picture, the SHQE 
cavity is mounted in the magnet gap. 
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3.5 EPR Measurements 

In EPR spectroscopy, there are three fundamental problems that can influence quantitative 

determinations: the positioning of the sample in the resonance cavity and the tuning of the 

spectrometer, the selection of the acquisition parameters for the spectrum, and the processing 

and interpretation of the acquired spectrum (Nagy, 2000). This work concentrates primarily on 

the last issue, and also on the selection of different acquisition parameters and resonance 

cavities. 

The spectrometer used for the experiment was a BRUKER EleXsyS 560 X- and Q-band machine 

with a 10-inch magnet. Two different types of X-band EPR sample holders were used, the BRUKER 

ST 1021/13 TE102 rectangular cavity (cavity 1) and the Super X SHQE/0401 cylindrical cavity (cavity 

2) which is proprietary of Bruker Biospin. Both cavities were thoroughly cleaned for the 

experiment. A 5 mm id Wilmad quartz tube was used for the measurements as a sample holder. 

It was cleaned using acetone, rinsed in distilled water and isopropanol. For drying, dry air and 

careful heat treatment at 40 °C was used.  

3.5.1 Sample Positioning 

The measured EPR signal intensity of a given pellet depends on the position of the sample within 

the cavity. The dosimeters were placed in the sample tube which in turn was positioned in the 

resonator. Much attention was given to ensure reproducible positioning inside the EPR cavity. If 

the dosimeter fixation is poor the reproducibility in the measurement is also poor. Also, the 

fixation method should not introduce any additional EPR signal nor disturb the magnetic field 

inside the cavity. The most common method is to use of Teflon bottom support that serves as a 

pedestal for the sample tube to rest on. 
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Figure 3.6: Teflon support as modified for the present experiments. 

An in-house made Teflon support was used for this purpose. A cylindrical Teflon rod with 10 mm 

diameter was used. For the upper 23 mm height the diameter was machined down to 5 mm as 

shown in fig 3.6. The top was machined to fit the bottom of the sample tube. Only the thin part 

of the support extended into the cavity. The Teflon rod was well fixed and served to prevent the 

sample tube from moving in any direction inside the cavity. 

3.5.2 Spectrometer Settings 

For measuring low doses, EPR parameters have to be optimized carefully. High signal to noise 

ratio parameters was chosen in this work such that the major features of the alanine spectrum 

were retained. A relatively high modulation amplitude and microwave power was used for low 

dose measurements. The magnetic field modulation width was chosen to 0.4mT. This resulted in 

EPR spectra being slightly overmodulated to improve the signal to noise ratio for weak signals. 

The microwave power was chosen to 5 mW (2 mW for the SHQE cavity) which is still below the 

peak in the power-diagrams for alanine dosimeters (Malinen et al., 2003a). 

For the chosen sweep rate (18 mT in 84 s) and a resonance line with a line width of about 0.4 mT, 

the line peak-to-peak sweep time is 1.87 sec. The recommended 1/10th of this time for the filter 
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time constant is 187ms, but we chose to use 327ms to improve signal-to-noise without noticeably 

distorting the line shape. 

Typical resonance frequencies for the cavities ST1021/13 and SHQE during these measurements 

were 9.754 GHz and 9.827 GHz, respectively. It should be noted that lower microwave power is 

used for the SHQE cavity to compensate for a larger effective microwave power at the sample 

and hence also avoiding excess microwave saturation. Furthermore, all spectra recorded from 

one and the same cavity used one fixed gain setting to avoid uncertainties in the spectrometer 

gain setting protocol.  

Table 3.2: Experimental parameters for EPR spectrometer using both cavities. 

Spectrometer Parameters 
 

ST1021
/13  

SHQE/0401 

Modulation frequency                    
 

100KHz 100KHz 

Modulation width (peak to peak) 0.4mT 0.4mT 

Modulation phase relative to DPPH 
calibration sample  
 

4° 358 (-2) ° 

Gain  
 

89dB 82dB 

Time constant (t) 
 

327ms 327ms 

Conversion time (tc) 
 

41ms 41ms 

Sweep time  
 

84 s 84 s 

Resolution (N) 
 

2048 2048 

Microwave power   
dB = +10 log (P in / P out) 
 

5 mW  
16dB 

 2 mW 
20dB                 

Magnetic field sweep (ΔB) 
 

18.0mT 18.0mT 

 

At low doses, the spectra exhibit a lower signal-to-noise ratio. For that reason, a different number 

of scans (2-32) were added throughout the experiment for both cavities to improve the signal to 
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noise ratio.  This is detailed in Table 3-2.  The signal will increase proportionally to the number of 

scans (n). Since the noise was truly random the signal-to-noise ratio increased by √𝑛 . 

Table 3.3 No of scans Ni used for the signal acquisition from both cavities. 

Dose group 
i 

Dose 
(Gy) 

Ni 

 
1 

50 2             

 
2 

10 4 

3 
5 
2 

9 

4 
1 

0.5 
16 

5 
0.2 
0.1 

32 

 

Signal acquisition from EPR spectrometer was done as follows 

1) For each group i of pellets, blank pellets were measured using Ni scans. 

2) For I >1, the reference 50Gy pellets were recorded using two scans per pellet. These 

measurements were also used for monitoring the spectrometer stability and 

reproducibility. 

3) Record all Di pellets using Ni scans. 

4) Repeat the process with I = I + 1 for next experiment. 

The same systematic process was followed to record the alanine EPR signals for SHQE cavity. 
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3.6 Signal Measurement Techniques (Procedures) 

 

Figure 3.7: Schematic of the various data processes used to quantify the spectra. 

For the measurement and processing of the EPR signals, three different procedures were used. 

This included the conventional peak to peak procedure and two computer-based linear 

regression measurement techniques. The details of all the procedures are described below. 

3.6.1 Peak to Peak (PP) Measurements  

An EPR spectrum is in principle a measure of the number of free radicals present in the dosimeter. 

This number (when avoiding dose saturation) is proportional to the dose received. For a single, 

undistorted line shape, this number is directly proportional to the peak-to-peak amplitude of the 

first-derivative absorption spectrum. For a complex EPR spectrum like the alanine spectrum, 

conventionally the peak-to-peak (PP) height of the strong central line is used for this purpose. 

Therefore, taking the PP amplitude of the central line of the first derivative EPR spectrum is an 

indirect way to measure the dose. What is needed in addition is a comparison with EPR spectra 

from identical samples given known doses. 

The PP method is the conventional method in which the peak to peak amplitude of the central 

line of the first derivative of the EPR spectrum is measured. As the signal to noise ratio was low 
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for dosimeters receiving small doses (below 1Gy), the PP measurements were assisted using the 

first derivative of a model Gaussian line shape function. The line shape fitting was done visually.  

3.6.2 Computer-based Linear Regression Techniques  

The reason for adapting a computer-based regression technique is that the EPR spectrum consists 

of an array of 2048 measurement points. In peak to peak procedure, for measuring the signal 

intensity only two of these 2048 points are used. Alternative methods should use a larger fraction 

of the measurement data points.  

To extract more information about the absorbed dose to measurement one way used here was 

to fit a model EPR spectrum to the EPR spectrum from the measured pellets.  

A new procedure was introduced based on computer-based linear regression to quantify the 

signal intensity (amplitude) of a low dose spectrum. Basically, in this procedure, it is assumed 

that same spectrum is obtained from a dosimeter irradiated to a low dose (unknown) and to an 

identical dosimeter irradiated to a high dose (known) (Sharpe et al., 1996). 

 

Figure 3.8: This figure shows a comparison of two low-dose spectra with a 50Gy(Dref) spectrum with two number of scans: the  
upper two spectra are obtained from pellets exposed to doses of 0.1Gy and 1GY accumulated using 32 and 16 number of scans, 
respectively. 
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First, however, a rough DC shift base-line subtraction was performed immediately after 

registration of spectra. This is done automatically in data acquisition software by subtracting a 

constant baseline. Data was subsequently imported from the spectrometer files into an ASCII file 

using the conversion program Elx2Wepr. 

In the present work, a frequency correction procedure was subsequently applied for all the 

dosimeters as described in section chapter 4, section 4.2. The weighted sum of all five 

unirradiated dosimeters (background) was used in regression analysis. 

3.6.2.1 Computer-based reference (known) dose  linear regression ( DRef)    

The mean of the four 50 Gy first derivative EPR alanine spectra was assigned as a reference 

spectrum DRef. The spectra were recorded as described above using both cavities, and these 

reference spectra were used for the linear regression methods as described below. MS Excel was 

used for all fitting procedures.  

The signal amplitude for the absorbed dose (𝐷𝑢𝑛𝑘𝑛𝑜𝑤𝑛) was deduced by the simple equation  

𝐷𝑢𝑛𝑘𝑛𝑜𝑤𝑛 = 𝐴𝐷𝑟𝑒𝑓 + 𝐵    (Eq. 3.3) 

where A is a multiplicative factor indicating the intensity or amplitude of the unknown signal and 

B is constant.  

3.6.2.2 Computer-based reference (known) and background linear 

regression (Dref +BG) 

In this method, the 𝐷𝑢𝑛𝑘𝑛𝑜𝑤𝑛signal was fitted to a combination of the reference spectrum and 

the spectra from the unirradiated (blank) pellets designated as the  background (BG) spectra. This 

method is therefore a multivariate linear regression method: 

𝐷𝑢𝑛𝑘𝑛𝑜𝑤𝑛 = 𝐴1𝐷𝑟𝑒𝑓 + 𝐴2𝐵𝐺 + 𝐵  (Eq. 3.4) 

where A1 and A2 are multiplicative amplitude factors,  𝐷𝑟𝑒𝑓 is the reference dose and BG is the 

mean of all the background spectra, taken in a number-of-scan weighted manner so that the 
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mean background (BG) corresponds to one single scan. The background spectra using both 

cavities ST1021/13 and SHQE are shown in Fig. 4.4 and Fig. 4.12 respectively. 

3.7 Dose Estimation Methods 

The main goal of spectrum analysis is to find the absorbed dose by relating it with the alanine 

EPR spectrum. The two different procedures for dose calculation that were used are designated 

the simple method (SM) and the calibration curve method (CC). 

3.7.1 Calibration Curve Method  

The signal amplitudes were at each known dose point obtained from all three procedures 

described above, the PP procedure and the two computer-based linear regression procedures. 

The calibration curve was then constructed by fitting the simple relation Eq. 3.5 to all amplitude 

data points: 

   𝑆 = 𝐴 + 𝐵𝐷      (Eq. 3.5) 

where S is the EPR signal intensity, D is the dose to water and A and B are the intercept and slope 

respectively. 

3.7.2 Simple Method 

in this method the dose was estimated by dividing the signal intensity at a given dose point x, Sx 

, by the signal of the reference sample and multiply with the reference dose. 

𝐷𝑥  = 50 
𝑆𝑥

𝐷𝑟𝑒𝑓(𝑆𝐼)
     (Eq. 3.6) 

where 𝐷𝑟𝑒𝑓(SI) is the reference dose signal intensity. 

 Here EPR intensities of a given alanine spectrum are plotted as a function of corresponding 

intensities in the reference dose spectrum .  
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3.8 Uncertainty Analysis 

The linear regression is based on the assumption of linearity between dose and EPR reading. A 

standard linear regression was applied on dose versus every curve of reading. The regression 

method assumes that the x value which in this case is dose to water is without uncertainty. The 

uncertainty in y variable (here, the dosimeter reading) are assumed to have a uniform uncertainty 

distribution (Bergstrand et al., 1998, Wambersie, 2001). 

The weighted least squares method in contrast to the standard  least squares method takes 

account of varying uncertainties in both x and y values and weight the residual with the standard 

uncertainties of both x and y values of the point of interest to find the regression parameter.   

According to ISO (1995) the standard uncertainty is defined as the uncertainty of the result of a 

measurement expressed as a standard deviation, while the combined standard uncertainty in the 

same reference is defined as the standard uncertainty of the result of a measurement when that 

result is obtained from the values of a number of other quantities equal to the positive square 

root of a sum of terms, the terms being the variances or covariances of these other quantities 

weighted according to how the measurement result varies with changes in these quantities. 

Absolute standard uncertainty used in this work. 

The uncertainty is of two types: type A and type B. 

Type A evaluation (of uncertainty) method of evaluation of uncertainty by the statistical analysis 

of series of observations (random) 

 Type B evaluation (of uncertainty) method of evaluation of uncertainty by means other than the 

statistical analysis of series of observations (systematic) 

To find  the total errors 𝜎𝑒𝑟𝑟𝑜𝑟 (𝐷)  in the absorbed dose Dala, the linear relationship of EPR signal 

intensities and the applied dose D (which is assumed as the true dose) was used. 

The absolute errors are estimated from the random and systematic errors of the measurements 

by the equation. 

𝜎𝑒𝑟𝑟𝑜𝑟 (𝐷) =  √
𝜎𝐴 

2

𝑛
+ 𝜎𝐵 

2                        (Eq. 3.7) 



3-37 
 

where n is the number of measurements values, 

or 

𝜎𝑒𝑟𝑟𝑜𝑟 (𝐷) =  √(
𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛

√𝑛
)2 + (𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦)2 

In the present work,  random error (A) and systematic error (B) are denoted as ‘precision’ and 

‘accuracy’ and calculated as follows: 

𝜎𝐴 (𝐷) = √∑ (𝐷𝑖 − 𝐷𝑚𝑒𝑎𝑛)2/ 𝑛𝑖                        (Eq. 3.8) 

where Di is the estimated doses  by of all dosimeters (five in this case) used in each calibration 

point out of seven dose points, 𝐷𝑚𝑒𝑎𝑛 is the mean of all the (five) estimated doses and  n is the 

number of dosimeter (five in this case) used in each calibration points. 

𝜎𝐵 (𝐷) =√
1

𝑛
∑ (𝐷𝑖

𝑛
𝑖=1  –  D)2                                      (Eq. 3.9) 

Where D is the true dose  applied to each  dosimeters for calibration curve in ion chamber 

measurement as true dose value is known in this case. 

                                    𝐷𝑚𝑒𝑎𝑛 =  ∑
𝐷𝑖

𝑛
                                     𝑛

𝑖=1         (Eq. 3.10) 

Above equation is used for  uncertainty (error) in the estimated doses causes by random and 

systematic error. 

There are different main sources of uncertainty in EPR Dosimetry. For the instrument, the sources 

of inaccuracies are: instability in the sensitivity of the spectrometer, inaccuracies in receiver gain 

calibration and inhomogeneity of field in the cavity.  

As same receiver gain is used throughout this project so inaccuracies  in receiver gain setting is 

not valid in the uncertainty analysis of this studies. 

For the data processing the inaccuracies are as follows: 

1) violation of basic assumption of the used version of the least square method; 

2) inappropriate  model selection for fitting the data; 
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3) non optimal design of calibration experiment (Nagy, 2000) 

To find the combined uncertainty  in the estimated dose the expression 3.11 will take into 

account. 

In the case of a calibration plot based on n calibration points, the 95 percent confidence interval 

for the d value determined from m replicate measurements of the signal of a test sample can be 

calculated from the following equation: 

d= d0 ±  𝑡𝑛−2 ,𝑃  
𝑆𝑓𝑖𝑡 

𝑏
  √(

1

𝑛
 +

1

𝑚
 

𝑑0+𝑑𝑚𝑒𝑎𝑛

∑  (𝑑𝑖−𝑑𝑚𝑒𝑎𝑛  )𝑖=1
 ) (Nagy, 2000)    (Eq. 3.11) 

d0 = measured (selected) dose value d (to find uncertainty) 

n= degrees of freedom  

p= significant level = 0.05 

t= t statistic for n-2 

b = slope  

d mean = mean of all dose points 

For the  seven dose points, the sum of square errors is 

                                                                         ∑  (𝑑𝑖 − 𝑑𝑚𝑒𝑎𝑛  )𝑖=1                                               (Eq. 3.12) 

From the equation, it is deduced the uncertainty in the x value can be decreased by 

1. Decreasing the standard error of the fit i.e. by improving the reproducibility of 

measurements 

2. Without a proportional increase of standard error by increasing the slope of regression. 

This can be done by increasing the sensitivity of response. 

3. Increasing the number of calibration points  
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4 RESULTS AND ANALYSES  

In this chapter, the uncertainty analysis of the experimentally obtained data is discussed. Two 

sets of data were obtained, one for each EPR cavity used for acquiring the data: the ST1021/13 

(cavity 1) and the SHQE (cavity 2). Furthermore, two methods for dose estimation were used, 

called the Simple Method (SM) and the Calibration Curve (CC) methods. 

The measurements and processing of the EPR signals was done by three procedures, as shown in 

the block diagram below (Fig. 4.1). 

 

Figure 4.1: Illustration of the various data processing methods used in this project 

The three aforementioned methods, peak to peak (PP), linear regression by 50 Gy(Dref) and linear 

regression by 50 Gy and background (Dref + BG), were used to quantify the EPR signals, already  

descried in chapter 3. 

Frequency corrected spectra and the weighted sum of all background spectra (BG) were used in 

both sets of data (cavity 1 & cavity 2) for two Computer based linear regression methods Dref 

and Dref + BG.  

 Comparison of experimental and best fitted spectrum obtained by computer based linear 

regression using both the cavities is also discussed. 
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In first part of chapter frequency correction, weighted sum of background and reference spectra 

for cavity 1 is discussed.   

4.1 Frequency Correction  

First of all, all spectra taken from the spectrometer were converted to text-type (ASCII) data files. 

It is done by a software Elx2Wepr.The software convert spectrometer.DAT files into ASCII files. 

The ASCII files were used for the Microsoft EXCEL 365 analyses. 

The first task was the frequency correction of all the spectra. The microwave frequency of the 1st 

10 Gy spectrum was chosen as a reference, and all other spectra were frequency corrected with 

respect to that reference spectrum. We have used a sweep width of 180 Gauss at 2048 points 

resolution. The field resolution is 180 gauss/2047 = 0.087934 gauss/point. This corresponds to a 

frequency shift of 0.087934*2.8030 = 0.246 MHz per point. Therefore, when the microwave 

frequency for a spectrum deviated from the reference microwave frequency (Δv) by more than 

0.246 a magnetic field shift of Round (Δv/0.246) in a unit of field resolution. Due to digital 

sampling of EPR spectra shift was rounded off. When a shift is positive, the spectrum was moved 

towards lower fields by removing the first corresponding number of data points. The removed 

data points were added to the upper part of the spectrum. 

 

Figure 4.2: First derivative EPR alanine spectrum comparison of 1st and 2nd spectrum obtained at 10 Gy without frequency 
correction 
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Figure 4.3: First derivative EPR alanine spectrum comparison of 1st and 2nd spectrum obtained at 10 Gy with frequency correction. 

Fig 4.2 and 4.3 shows two examples of spectra out of the five 10 Gy dose points (pellet number 

1 and 2) without and with the frequency shift procedure applied. It appears that the frequency 

shifted spectrum 2 now fits the reference spectrum 1 very well. 

Fig 4.4 shows the frequency corrected spectra of all five 10 Gy spectra whereas Fig 4.5 shows the 

frequency corrected spectra of pellet number 1 for all seven dose points.  

 

Figure 4.4: First derivative EPR alanine spectrum comparison of all five spectra obtained at 10 Gy with frequency correction. 
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Figure 4.5: First derivative EPR alanine spectrum comparison using the first pellet at all seven dose points with frequency 
correction. 

4.2 Reference Spectra (Dref)  

Fig 4.6 shows all four-frequency corrected 50Gy spectra, the mean of four 50Gy spectra was 

assigned as a reference spectrum for both computer-based linear regression procedures (Dref). 

 

Figure 4.6: Four 50 Gy first derivative EPR alanine spectra with the mean assigned as a reference spectrum (Dref) 
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4.3 Sum of all background spectra 

Fig 4.7 exhibits weighted sum of all background (BG) spectra was chosen to be used for the fitting 

of Dref and background (Dref + BG). For this the frequency corrected background spectra were 

used. 

As each background spectrum has a different number of scans as shown in Table 3.3, this was 

accounted for when evaluating the mean background spectrum:  

5

1
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1

*i i

i
ss

i

i

BG N

BG

N

=

=

  =



     where the index ss indicate that this is the mean single scan 

background spectrum. 

 

 

Figure 4.7: The mean background EPR signal of unirradiated alanine dosimeters using  

4.4 Cavity 1 (ST1021/13) 

The results using the ST1021/13 rectangular cavity (cavity 1) are shown below by all three 

methods. In each method, the calibration curve was obtained by the linear regression method 

and then the precision and accuracy of both the simple method (SM) and the calibration curve 

method (CC) were calculated.  
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4.4.1 Peak to Peak (PP) 

Fig 4.8 shows the dose dependence of peak to the peak intensity of EPR spectrum of alanine 

dosimeter. The seven dose points ranging from 0.1 to 10 Gy show linear dose response with five 

dosimeters in each calibration point. The R2 value for the calibration curve is 0.9991, illustrating 

how well the measurement points correspond to dose.  

 

Figure 4.8: Calibration curve obtained from the peak to peak EPR spectrum intensity per dosimeter mass. Here, five dosimeters 
at each of the seven dose points and five unexposed dosimeters have been used. 

 

Figure 4.9: Expanded plot from 0 to 2 Gy, taken from Figure 4.4 (a). 
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Fig 4.10 shows the results from the precision and accuracy calculations of peak to peak by both 

the simple method (SM PP) and calibration curve method (CC PP). 

 

Figure 4.10: The uncertainties in dose determination in peak to peak value (PP) for the two methods simple method (SM) and 
calibration curve method (CC). 

The simple method and calibration curve methods have the same uncertainty in precision, but 

the accuracy using the calibration curve is much better than that for the simple method. The 

uncertainties in accuracy of simple method (SM) is ranging from 0.1Gy to 0.27Gy while for 

calibration curve methods it is in 0.01Gy to 0.09Gy range. In SM PP method, the accuracy for the 

simple method increases for higher doses. The uncertainties calculated for the CC PP method, for 

both low and high doses, are well within the range of 0.1Gy. 

4.4.2 Computer based linear regression (Dref) 

The calibration curve of the EPR spectrum intensity obtained using Dref linear regression methods 

for all seven dose points with five dosimeters in each point is shown in Fig 4.11. The resulting R2  

value of 0.9994 is slightly better than for the curve obtained by peak to peak methods. Fig4.12 

shows the part of the plot for low doses (up to 2Gy). 

0

0,05

0,1

0,15

0,2

0,25

0,3

0 2 4 6 8 10 12

U
n

ce
rr

an
it

y 
D

o
se

(G
y)

DOSE (Gy)

Accuracy and Precision (PP) 

Precision SM PP

Accuracy SM PP

Precision CC PP

Accuracy CC PP



4-46 
 

 

Figure 4.11: Plot showing the relationship of dose and to EPR intensity of calibration curve of Dref linear regression data. 

 

Figure 4.12: Expanded plot from 0 to 2 Gy, taken from Figure 4.6 (a) 
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Figure 4.13: The uncertainties in dose determination using linear regression (Dref) by simple and calibration curve methods.  

Fig 4.13 shows the precision and accuracy comparison of computer-based SM Dref and CC Dref 

methods linear regression. The precision using the CC Dref and SM Dref methods are similar. The 

accuracy of the SM Dref method ranged from 0.1Gy to 0.27Gy, while in the case of CC Dref the 

accuracy ranged from 0.02Gy to 0.1Gy. 

4.4.3 Computer based linear regression with background (Dref +BG) 

Fig 4.14 shows the data obtained using CC Dref +BG as well as it’s linear regression calibration 

curve. For this graph, the same five dosimeters at all seven dose points and the five background 

spectra were included .  
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Figure 4.14: Calibration curve obtained using linear regression with Dref reference spectrum and background (BG) spectrum.  On 

the ordinate, the EPR intensity per dosimeter mass for each of the five dosimeters from each of seven dose points and of the five 
unexposed dosimeters is given. 

 

Figure 4.15: Expanded plot from 0 to 2 Gy, taken from Figure 4.8 (a) 
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almost the same. The accuracy of the SM Dref + BG method was between 0.02 and 0.13 Gy, 

whereas the accuracy for the CC Dref + BG method was below 0.08 Gy. 
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Figure 4.16: The uncertainties in dose determination using linear regression 50Gy and background (Dref +BG) by simple and 

calibration curve methods.  

4.5 CAVITY 2 (SHQE) 

The results using the SHQE  (cavity 2) are shown below by all three methods. In each method, the 

calibration curve was obtained by the linear regression method and then the precision and 

accuracy of both the simple method (SM) and the calibration curve method (CC) were calculated.  

4.5.1 Background Spectra 

The SHQE cavity exhibits a Q factor almost twice that of the ST1021/13 cavity. Fig. 4.17 below 

shows comparison the signal at 0.1 Gy with the SHQE cavity and ST1021/13. An unexposed 

dosimeter recorded using cavity 1(ST1021/13)  for the 0.1 Gy pellet; and the weighted sum of all 

background spectra of unexposed dosimeters same cavity are shown together with the 0.1 Gy 

dose spectrum of cavity 2(SHQE) in fig 4.17 
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Figure 4.17: comparison of 0.1 Gy signal (red) using cavity 2(SHQE) together with one unirradiated (blank) dosimeter (brown) and 
the weighted sum of all unirradiated dosimeters using cavity 1(ST1021/13)(blue ). 

 

Figure 4.18: Weighted background signal of unirradiated alanine dosimeters using the SHQE cavity, calculated as described in 
Section 4.2.2. 

4.5.2 Peak to Peak (PP) 

Fig 4.19 and 4.20 shows the calibration curve of data obtained for peak to peak measurement 

with different number of scans as shown in Table 3,2.  
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Figure 4.19: Calibration curve obtained from peak to peak EPR spectrum intensity per dosimeter mass using five dosimeters at 
each of the seven dose points. 

 

Figure 4.20: Expanded plot from 0 to 2 Gy, taken from Figure 4.12 (a) 

Fig 4.13 below shows the uncertainty analysis for the peak to peak methods when using SHQE 

cavity. The Figure shows that the precision of both methods were same but the accuracy ranged 

for the SM PP method between 0.95 and 0.35 Gy while the accuracy ranges from 0.03Gy to 

0.11Gy. The accuracy for the SM PP method increases from low to high doses, however always 

larger than 0.4 Gy. 
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Figure 4.21: The uncertainties in dose determination using peak to peak and simple and calibration curve methods.  

4.5.3 Computer Based Linear Regression (Dref) 

Fig 4.22 shows the linear relation for the linear regression (Dref) method, with R2 equal 0.9988 

and 4.23 shows the expanded plot up to 2 Gy. Dosimeter readings typically below 2 Gy are more 

dispersed. Here the background is included in the dose data material. 

 

Figure 4.22: Plot showing the relationship of dose and EPR intensity for the calibration curve using Dref linear regression data 

(SHQE cavity). 
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Figure 4.23: Expanded plot from 0 to 2 Gy, taken from Figure 4.14 (a) 

 

 

Figure 4.24: The uncertainties in dose determination using linear regression (Dref) and simple and calibration curve methods 

(SHQE cavity). 

Fig 4.24 shows the accuracy differences between the SM Dref and CC Dref methods. The SM Dref 

accuracy ranged from 0.3Gy to 0.6Gy while the accuracy using the CC 50Gy method ranged from  

0.05Gy to 0.13Gy.  The precision was similar for the two methods. 
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4.5.4 Computer Based Linear Regression with Background (Dref + BG) 

Fig 4.25 shows the linear regression using the Dref + BG method, the R2 value shows the nice 

linearity of graph with the value of 0.9987. Fig 4.26 shows the closer look of the data up to 2 Gy 

dose. 

 

Figure 4.25: Calibration curve obtained from linear regression using the Dref + BG method.  The data include results from five 

dosimeters at each of the seven dose points and five unexposed dosimeters. The SHQE cavity (cavity 2) was used. 

 

Figure 4.26: Expanded plot from 0 to 2 Gy, taken from Figure 4.16(a) 
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The uncertainty analysis shown in Fig. 4.27 is for the simple method and calibration curve method 

of cavity 2. The precision and accuracy by both methods are shown.  

 

Figure 4.27: The uncertainties in dose determination using linear regression (Dref + BG) and simple and calibration curve methods 

(SHQE cavity). 

The figure demonstrates again the same precision but different accuracy of both methods.  

4.6 Comparing the Experimental and the Best-fitting (theoretical) 

Spectra 

Selected (5Gy and 0.5Gy ) experimental and best fitted (theoretical) 50Gy (Dref) spectra and 50Gy 

(Dref)+ BG spectra of alanine the two different microwave cavities are shown below. The number 

of scan for ach 5Gy and 0.5Gy spectra was 9 and 16 respectively. The spectra  other then 5 Gy 

and 0.5 Gy were shown in Appendances. 
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4.6.1 Computer Based Linear Regression (Dref) for Cavity 1 (ST1021/13) 

Fig 4.28 and 4.29 shows the experimental spectrum at 5 Gy and 0.5 Gy from the first pellet out 

of five pellets in these dose point using cavity 1 with corresponding R2 value  showing the 

goodness of fitting.  

 

Figure 4.28: Experimental and fitted (theoretical) EPR spectra using one (of five)  dosimeter irradiated to 5Gy. The blue line is the 
measured spectrum and the red line is the best fitting reference spectrum. The R2 value was 0.975. 

 

Figure 4.29: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.5 Gy. The blue line is the measured spectrum 
and the red line is the best fitting reference spectrum. R2  =  0.30. 
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4.6.2 Computer Based Linear Regression with Background (Dref +BG) Cavity 1 

(ST1021/13) 

Fig 4.30 and 4.31 show the linear regression with the  reference dose and background spectrum 

and (Dref +BG) at the  5 Gy  and 0.5 Gy respectively, using cavity 1.  

 

Figure 4.30: Experimental and fitted EPR spectra using a dosimeter irradiated to 5Gy. The blue line is the measured spectrum and 

the red line is the best fitting reference spectrum (Dref + BG). R2 = 0.996 

 

Figure 4.31:Experimental and fitted EPR spectra using a dosimeter irradiated to 0.5Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref + BG). R2 = 0.834   

The R2 value at 0.5 Gy dose at reference dose linear regression (Dref) and reference dose linear 

regression with background (Dref + BG) are 0.30 and 0.84 respectively. 
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From Appendix (6-10)  and Fig 4.30 and Fig4.31 it is shown that goodness-of-fit decreases  from 

0.999 (10 Gy) to 0.744 (0.1 Gy)  using reference dose linear regression with background Dref+BG. 

By comparing this with the Dref procedure (shown in Fig 4.28 ,Fig 4.29 and Appendix(1-5))  with 

corresponding R2 values from 0.998 to 0.068 it is clear that the spectra obtained for pellets with 

low doses were not fitted so well using the Dref method as compare to Dref + BG procedure. 

4.6.3 Computer Based Linear Regression (Dref) using Cavity 2 (SHQE) 

Fig 4.32 and 4.33 shows the experimental spectrum at 5 Gy and 0.5 Gy from the first pellet out 

of five pellets in this dose point using cavity 2 with corresponding R2 value  showing the goodness 

of fitting. 

 

Figure 4.32: Experimental and fitted EPR spectra using a dosimeter irradiated to 5 Gy. The blue line is the measured spectrum and 

the red line is the best fitting reference spectrum (Dref). R2 =0.924 
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Figure 4.33: Experimental and fitted EPR spectra using a dosimeter irradiated to 5 Gy. The blue line is the measured spectrum and 

the red line is the best fitting reference spectrum (Dref).R2 =0.31 

4.6.4 Computer Based Linear Regression with Background (Dref+BG)  

using Cavity 2(SHQE) 

Figure 4.34 and 4.35 show the linear regression with the  reference dose and background 

spectrum and (Dref +BG)  at the  5 Gy  and 0.5 Gy respectively, using cavity 2.  

 

Figure 4.34: Experimental and fitted EPR spectra using a dosimeter irradiated to 5 Gy. The blue line is the measured spectrum and 

the red line is the best fitting reference spectrum (Dref +BG). R2  =0.922 
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Figure 4.35: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.5 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref +BG). R2= 0.611 

 

Using cavity 2 (SHQE) at 0.5 Gy dose, the R2 values of both procedures (Dref ) and (Dref +BG) are  

0.31 and 0.611 respectively. 

Again similar behavior were show here like cavity 1 (ST1031/13), at low doses simulated 

(theoretical) spectra obtained by linear regression using reference dose and background (Dref 

+BG) procedure(shown in Fig 4.34,4.35 and Appendix(15-19)) fitted well with experimental 

spectra than reference dose linear regression procedure without background (Dref) 

procedure(shown in Fig 4.32,4.33 and Appendix(11-14)). 
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4.7 Final Protocol Run 

For the final protocol run, 5 additional pellets were irradiated together with all other dosimeters 

(in the irradiation experiment performed on the same day) to an dose unknown to this master 

student. The task was to use the protocols established in this work to determine the given dose 

with associated accuracy and precision. 

The five dosimeters from the same batch as described in section 3.1 were irradiated under the 

same conditions. Identical signal analyses were done using all three procedures (PP, Dref and Dref 

+BG ). The dose was estimated by the two methods, SM and CC, for all three signal analysis 

procedures. The cavity used was the Cavity 2(SHQE). 

 The result of final protocol measurements and analyses were as follows. 

Table 4.1:The  dose estimate and uncertainty analysis for alanine dosimeters exposed to an unknown dose using the procedures 
discussed in Chapter 3. SHQE Cavity was used throughout. 

Method Dose 
estimation 

(Gy) 

 Accuracy  
(Gy) 

Precision  
(Gy) 

Total  
Error 
(Gy) 

  CC Dref     0.38   0.02 0.05 0.03 

  SM Dref     0.70 0.3 0.04 0.30 

CC Dref BG    0.30   0.04 0.06 0.05 

SM Dref BG    0.33   0.02 0.06 0.03 

   CC PP    0.25  0.10 0.09 0.11 

   SM PP 1.2  0.80 0.14 0.80 

Subsequent to the completion of this task, the irradiation information was made known to this 

master student: the five pellets were irradiated for 50 seconds. From the ion chamber 

measurements shown in Chapter 3, the dose rate was 0.42Gy/min and hence the given dose was 

0.35Gy.It appears from the Table 4.1 above that the results using the protocols CC Dref, CC Dref 

+BG and SM Dref+BG  provided best results.  

In general, the calibration curve method consistently gives better results but the simple method 

using reference dose linear regression procedure with background produced comparable results.    
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4.8 Discussion  

The main purpose of this project was to investigate various methods to analyse the low dose 

alanine/EPR dosimeter spectra. Due to the relatively poor sensitivity of alanine dosimeters below 

2-3Gy, alanine dosimetry is of limited usefulness in radiotherapy . One approach to improve the 

sensitivity of alanine is to work on the protocol for the measurement of EPR spectrum. Hayes and 

his co-workers (Hayes et al., 2000a) used a several days long complex procedure to measure low 

doses, whereas (Nagy et al., 2002) reduced it to one day for doses between 1-5Gy of overall 

uncertainty to 1.5 to 4%(1σ). The time efficient protocol for EPR/alanine dosimetry is 

developed. In the present section the precision and accuracy of the measurements, using two 

different EPR cavities (cavity 1 and cavity 2) was compared by using two methods (SM and CC) 

for dose estimation as described in the previous chapters. Further, the precision and accuracy of 

all three analysis procedures (PP, Dref, Dref+BG) were compared to each other by way of their 

different results in the simple and calibration curve methods.  The total uncertainty was also  

estimated by all procedures using both method by each cavity described one by one. The 

combine uncertainty in the dose from calibration curve(CC) method was also estimated. Finally, 

a protocol for dose estimation of an alanine pellet given an unknown dose and the corresponding 

uncertainty estimate is also discussed.  

4.8.1 Comparison of Precision 

4.8.1.1 Peak to Peak (pp) 

In Fig. 4.36 below, the precision in dosimeter reading using the peak to peak method using both 

cavities are shown. For both cavities the two different methods, the simple method (SM PP) and 

the linear regression of calibration curve (CC PP), were employed. It is shown that a given cavity 

has almost the same precision for the two approaches using the peak to peak method. The 

precision for cavity 1 was in the range 0.02 to 0.10 Gy while the corresponding values using cavity 

2 was 0.08 to 0.25 Gy. At all doses, data using cavity 1 yielded more precise dose results than the 

data using cavity 2. 
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Figure 4.36: Estimated precision of dose determination using two different cavities throughout the seven dosepoints used in the 
present work : (blue) simple method from peak to peak calibration curve using the ST1021/13 cavity. (Red) calibration curve 
method by linear regression from peak to peak calibration curve using the ST1021/13 cavity. (Grey) simple method from peak to 
peak calibration curve using SHQE cavity. (Yellow) calibration curve by linear regression from peak to peak calibration curve using 
the SHQE cavity. 

4.8.1.2 Computer based linear regression (Dref)    

 

Figure 4.37: Estimated precision of dose determination using two different cavities throughout the seven dosepoints used in the 
present work: (blue) precision of simple method from (Dref) computer based linear regression using the ST1021/13 cavity. (Red) 
precision of calibration curve by (Dref) computer based linear regression from computer based linear regression using the 
ST1021/13 cavity. (Grey) precision of simple method from (Dref)  computer based linear regression calibration curve using SHQE 
cavity. (Yellow) precision of calibration curve by linear regression from (Dref) computer based linear regression calibration curve 
using the SHQE cavity . 
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Figure 4.37 shows the results for determining doses by linear regression with a reference 

computer based linear regression (Dref) spectrum using both methods (SM and PP) and both 

cavities.  The results are somewhat similar to those using the peak to peak procedure. Each cavity 

exhibits almost the same precision using the SM and CC methods, and the  two cavities 

demonstrated smaller differences compared with the data in Fig. 4.36.  

4.8.1.3 Computer based linear regression (Dref + BG)  

In figure 4.38 is shown that the linear regression using the 50Gy reference spectrum with 

background is less precise than the simple method at 5Gy, otherwise they are comparable. The 

SHQE cavity with high Q factor is more sensitive which may explain that the differences were 

more prominent here. 

 

Figure 4.38:Estimated precision of dose determination using two different cavities throughout the seven dosepoints used in the 

present work: (Blue) precision of simple method from Dref + BG linear regression using the ST1021/13 cavity. (Red) precision of 

calibration curve method by Dref + BG linear regression using the ST1021/13 cavity. (Grey) precision of simple method from Dref 

+ BG linear regression using the SHQE cavity. (Yellow) precision of calibration curve method by Dref + BG linear regression using 

the SHQE cavity.  
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4.8.1.4 Precision all methods 

Overall, the calibration curve linear regression method CC is closely comparable with the simple 

method with respect to the precision, and linear regression using the (Dref) reference curve 

method is slightly more precise that the (Dref +BG) procedure. For the PP method, cavity 1 

provides more precise dose determination, whereas for the two reference spectrum methods 

the results are roughly comparable. For cavity 2 the precision increases for the computer-based 

linear regression methods . For cavity 1 the precision of all methods used were almost same. 

4.8.2 Accuracy Comparison of both Cavities 

4.8.2.1 Peak to Peak  

In the Fig 4.39 below,  the  Peak to Peak methods of  the determining the accuracy using both 

cavities are shown. For  both cavities the different procedures, the simple method (SM PP) and 

the linear regression of calibration curve (CC PP), were employed. For cavity 1 the uncertainty in 

dose estimation in term of accuracy using the simple method is between 0.10 to 0.24 GY while in 

case of using the calibration curve method the accuracy was in the range 0.02 to 0.09 Gy. For 

cavity 2 the uncertainty of simple method was 0.39 to 0.95 Gy which was quite high. The 

uncertainty of  the calibration curve  method was in the 0.01 to 0.11 Gy range. It is shown that 

the linear regression  calibration curve (CC PP)  method produced  more accurate results in both 

cavities over the simple method (SM). Furthermore, the dose estimation by the simple 

method(SM) using  cavity 1 (rectangular cavity ST1021/13) was the much more accurate than the 

cavity 2 (SHQE), which completely fails to produce reasonable results. 
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Figure 4.39: Estimated accuracy of dose determination using two different cavities throughout the seven dose points used in the 
present work: (blue) accuracy of simple method from peak to peak calibration curve using the ST1021/13 cavity (Red) accuracy 
of calibration curve method by linear regression from peak to peak calibration curve using ST1021/13 cavity (Brown) accuracy of 
simple method from peak to peak calibration curve using SHQE cavity (yellow)  accuracy of calibration curve method from peak 
to peak calibration curve using SHQE cavity . 

4.8.2.2 Computer Based Linear Regression (Dref)  

Fig 4.40 shows the results of determining accuracy in dose estimation by linear regression with   

(Dref) using both cavities and both methods. In both cavities calibration curve (CC) method 

yielded more accurate results then the simple methods , furthermore the calibration curve 

method using   cavity 1 (CC Dref) is more accurate  than the method using cavity 2  (CC Dref)SHQE 

except at 5 Gy. The simple method using cavity 1 (CC Dref)  is more accurate than using cavity 2 

(CC Dref)SHQE.  
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Figure 4.40: Estimated accuracy of dose determination using two different cavities throughout the seven dose points used in the 

present work: (Blue) accuracy of simple method from computer based reference dose (Dref) linear regression using the ST1021/13 

cavity. (Red) accuracy of calibration curve method from computer based reference dose  (Dref) linear regression using the 

ST1021/13 cavity. (Grey) accuracy of simple method from (Dref) linear regression using the SHQE cavity. (Yellow) accuracy of 

calibration curve method from computer based reference dose (Dref) linear regression using the SHQE cavity. 

4.8.2.3 Computer Based Linear Regression (Dref + BG)   

Figure 4.41 , showing the computer based reference dose + background linear regression (Dref + 

BG), exhibits the  somewhat same trend as computer based refence dose (Dref) linear regression 

regarding the accuracy of both methods, the calibration curve method is the best method for 

dose estimations in terms of accuracy. The calibration curve method using cavity 1  (CC Dref BG) 

yielded  more accurate result then same method of cavity 2 (CC DrefBG)SHQE except for the 5 Gy 

dose. Similarly, simple methods (SM) using both cavities failed to produced results comparable 

with the (CC) methods using both  cavities. Again the simple method of dose estimation using 

cavity 1  (SM Dref BG) is more accurate than the simple method using cavity 2(SM Dref BG). 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0 2 4 6 8 10 12

U
n

ce
rt

an
it

y 
(G

y)

Dose (Gy)

Accuracy (Dref) Accuracy SM Dref

Accuracy CC Dref

Accuracy (SM Dref )SHQE



4-68 
 

 

Figure 4.41: Estimated accuracy of dose determination using two different cavities throughout the seven dose points used in the 

present work (Blue) accuracy of simple method from computer based reference dose and background (Dref + BG) linear regression 

using the ST1021/13 cavity. (Red) accuracy of calibration curve method from computer based reference dose  (Dref BG) linear 

regression using the ST1021/13 cavity. (Grey) accuracy of simple method from (Dref + BG ) linear regression using the SHQE 

cavity. (Yellow) accuracy of calibration curve method from computer based reference dose (Dref + BG) linear regression using the 

SHQE cavity. 

4.8.2.4 Accuracy, all Methods 

Overall, the calibration curve linear regression method (CC) using cavity 1 (rectangular cavity) 

gives the most accurate results. The cavity 2 CC method is comparable to the cavity 1 but slightly 

less accurate in all three  procedures. The simple method in both cavities are less accurate then 

the calibration curve method.  

Overall , the calibration curve linear regression method (CC) is more accurate than the simple 

methods using both cavities in all three procedures( PP,  Dref, Dref + BG ) . In both computer based 

linear regression procedures i.e. (Dref and (Dref + BG)), calibration curve method using cavity 1( 

rectangular cavity) produced  more accurate results then using cavity 2, while in peak to peak 

calibration curve accuracy results by using both cavities are comparable. 
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4.8.3 Total Uncertainty using both Cavities (cavity 1 & cavity 2) 

Fig 4.42 and 4.43 shows the total uncertainty at mean value (total error) using the  two cavities. 

The calibration curve (CC) methods with both cavities exhibit better results and using  the 

calibration curve reference dose linear regression (CC Dref) with both cavities show the least total 

error in dose estimation. The peak to peak calibration curve  using linear regression calibration 

curve (CC PP) is comparable with reference dose linear regression method methods using same 

method (CC Dref) in the result of each cavity. 

Overall, for all three procedures by two methods,  using cavity 1 yielded better results over cavity 

2. The calibration curve method(CC) exhibits better results as compared with the simple method 

(SM) using all three procedures(PP, Dref and Dref + BG) and both cavities (cavity 1 and cavity 2).  

Table 4.2: Overview of Total error/uncertainty of all three procedures Peak to peak (PP), reference dose using linear regression 
(Dref), and reference dose and background using linear regression (Dref +BG) and by two methods :the simple method (SM) and 
calibration 

Cavity 1 Total Error Total Error Total Error Total Error Total Error Total Error 

Dose 
(Gy) 

SM PP 
(Gy) 

CC PP 
(Gy) 

SM Dref 
(Gy) 

CC Dref 
(Gy) 

SM  Dref BG 
(Gy) 

CC Dref BG 
(Gy) 

0,1 0,24 0,03 0,18 0,04 0,06 0,03 

0,2 0,28 0,07 0,29 0,08 0,04 0,08 

0,5 0,25 0,05 0,20 0,04 0,13 0,09 

1 0,11 0,10 0,20 0,05 0,08 0,06 

2 0,14 0,09 0,25 0,06 0,08 0,07 

5 0,15 0,05 0,16 0,12 0,10 0,13 

10 0,12 0,09 0,29 0,04 0,09 0,05 

Table 4.3: Overview of Total error/uncertainty of all three procedures Peak to peak (PP), reference dose using linear regression 
(Dref), and reference dose and background using linear regression (Dref +BG) and by two methods :the simple method (SM) and 
calibration curve method(CC). Cavity 2(SHQE) was used to find the uncertainties. 

Cavity 2 Total Error Total Error Total Error Total Error Total Error Total Error 

Dose 
(Gy) 

SM  PP 
(Gy) 

CC PP 
(Gy) 

SM Dref 
(Gy) 

CC Dref 
(Gy) 

SM Dref BG 
(Gy) 

CC Dref BG 
(Gy) 

0,1 0,96 0,06 0,37 0,06 0,10 0,09 

0,2 0,96 0,08 0,42 0,06 0,08 0,06 

0,5 0,88 0,05 0,50 0,11 0,19 0,14 

1 0,84 0,06 0,49 0,09 0,18 0,10 

2 0,83 0,12 0,50 0,05 0,22 0,07 

5 0,60 0,13 0,64 0,07 0,42 0,07 

10 0,39 0,12 0,62 0,18 0,51 0,22 
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Figure 4.42: Total uncertainty (error) in  dose estimation throughout the seven dose points using cavity 1(ST1021/13). The data 
were obtained using all three procedures (PP ,Dref and Dref +BG) with the two methods (SM)  and ( CC) as discussed previously. 
The numerical data are given in Table 4.2. The different graph colours are explained in the inset legend.   

 

Figure 4.43: Total  uncertainty (error) in  dose estimation  throughout the seven dose points  using cavity 2(SHQE). The data 
were obtained using all three procedures (PP ,Dref and Dref +BG) with the two methods (SM) and ( CC) as discussed previously. 
The numerical data are given in Table 4.3. The different graph colours are explained in the inset legend.   

 

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0 2 4 6 8 10 12

U
n

ce
rt

an
in

ty
 (

G
y)

Dose (Gy)

Cavity 1 (ST1021/13)
SM PP
CC PP
SM Dref
CC Dref
SM  Dref BG
CC Dref BG

0

0,2

0,4

0,6

0,8

1

1,2

0 2 4 6 8 10 12

U
n

ce
rt

ai
n

n
ty

 (
G

y)

Dose (Gy)

Cavity 2 (SHQE) (SM PP)SHQE
(CC PP)SHQE
(SM Dref)SHQE
(CC Dref)SHQE
(SM  Dref BG)SHQE
(CC Dref BG)SHQE



4-71 
 

All three procedures with calibration curve methods exhibits best results in term of total 

uncertainty using cavity 1. Total uncertainty of 0.03Gy was achieved at 0.1 Gy using calibration 

curve method. At low doses (radiotherapy level) about 2Gy and 1Gy total uncertainty of about 

3% and  5% was achieved by using both cavity. In calibration curve method results of both cavities 

are comparable but cavity 1 yielded slightly better results.  

4.8.4 Combined Standard Uncertainty from Calibration Curve 

Table 4.4 shows the combined standard  uncertainty (error) in Gray, with 95 % confidence interval 

using both the rectangular cavity 1 ( ST1021/13) and cavity 2(SHQE), calculated as described in 

chapter 3 eq. (3.11). The calibration curve (CC) method was used by all the  three procedures (PP, 

Dref and Dref + BG) to obtain the results from each cavity. All results of cavity 1 are comparable 

while for  cavity 2 the peak to peak (PP) procedure yielded high uncertainties.  

Table 4.4: The combined standard uncertainty (error)with 95% confidence interval in Gray with the three procedures peak to 
peak (PP), linear regression using reference dose (Dref) and linear regression using reference dose and background (Dref + BG). 
The linear regression calibration curve method (CC) was used with all three procedures and the results were obtained using both 
cavity 1 and cavity 2. 

DOSE Gy 0.1 (Gy) 0.2 (Gy) 0.5 (Gy) 1 (Gy) 2 (Gy) 5 (Gy) 10 (Gy) 

CC Dref 0,14 0,14 0.14 0.14 0.14 0.14 0.17 

Cavity 1  

CC Dref BG 0,14 0,14 0.13 0.13 0.13 0.13 0.16 

Cavity 1  

CC PP 0,13 0,13 0,13 0,13 0,13 0,13 0,15 

Cavity 1  

CC Dref  0,15 0,15 0,15 0,15 0,15 0,15 0,17 

Cavity 2  

CC Dref BG 0,16 0,16 0,15 0,15 0,15 0,15 0,18 

Cavity 2  

CC PP    0,22 0,22 0,22 0,21 0,21 0,22 0,25 

Cavity 2  
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Table 4.4 shows that the combined uncertainty of the peak to peak calibration curve method is 

comparable with both computer based reference dose linear regression methods when using 

calibration curve methods at all seven dose points . 

The combined uncertainties using the calibration curve (CC) can be reduced if the number of 

readouts (calibration points) or number of dosimeters per read out increases(m). It is shown from 

eq. (3.11) that the uncertainty is proportional to the square root of m and n, i.e. 1/√𝑛  and 1/√𝑚 

. In the case of the calibration curve used in these experiments the number of calibration points 

(n) was seven and five replicate dosimeters(m) were used at each point. From the equation it is 

deduced that if the number of dosimeters(m) increased from five to six with the same number 

of calibration points(n) it would greatly improve narrowing the confidence interval as compared 

to using many dose points.  

The lowest uncertainty was achieved when the estimated dose was in the region of the mean of 

the abscissas of calibration points as shown in Table 4.4 and increases on either side of this 

region. So it is possible to reduce the combined uncertainty at low doses if the calibration points 

shifts towards the lower doses, i.e. the narrower the calibration points n are the more accurate 

the dose can be estimated.  

(Sharpe, 1998) achieved a precision of 0.05 Gy (1 standard deviation) for doses in the range 1 – 

10 Gy by using a spectrum fitting method. 

At low doses the EPR signal measurement is not time efficient and it is very laborious to achieved 

desired uncertainty at radiotherapy dose level. (Hayes et al., 2000a) achieved a high accuracy of 

1 % in a multistep procedure which took several days. Nagy and his coworkers (Nagy et al., 2002) 

brings it down to 1 day   for doses of (1-5) Gy with uncertainties of 1.5 -4 %(1 standard deviation) 

using nine replicate measurements. The acquisition of reference dose and unknown dose(dose 

to measured ) were made at the same time. Nagy’s procedures appears to be time efficient as 

the entire calibration did not exceed one day (9 hours) and focused on the uncertainty on 0.5 to 

5 GY. A total of 20 dosimeters were involved and the time used per dosimeter was reported to 
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be 12 min. Due to steep decrease in uncertainties at 0.5-2 Gy it was suggested that 2-3 Gy dose 

is preferred for radiotherapy if possible. 

By comparing with this project the calibration points taking four dose points(0.5,1,2 and5) and 

five dosimeters per dose point it took 6.30 hours for the whole process with a combined 

uncertainty of 2.6 % at 5Gy (7 min per dosimeter at this dose). For the low doses the acquisition 

time is higher. 

In the final protocol run 0.38 Gy was estimated with the accuracy of 5 % and total uncertainty 

about 5.5 % using the calibration curve (CC) method while higher precision was achieved using 

the simple(SM) method. The whole procedure of signal measurements, dose estimation and 

uncertainty analysis took four hours.  

(Anton, 2005) achieved a precision of 0.5 % is the dose range 5-50 Gy using a method that 

determines the amplitude of the alanine signal with respect to the amplitude of a reference 

sample. The reference substance was scanned simultaneously and a new device was constructed 

for positioning of reference sample.  The work of Anton is based on the procedure of (Sharpe et 

al., 1996, Sharpe, 1998) in which amplitudes of alanine and the reference substance were 

determined using a linear least square method. 

 By using calibration curve methods precision of 0.7% was achieved in this work at the dose of 10 

Gy using cavity 1 whereas a precision 0.5% was achieved  using cavity 2 at 5 Gy. It is worthy to 

note the same precision(0.5%) was achieved by the simple method using cavity 2.  

(Anton, 2006) used a signal analysis method based on the assumption that only the amplitude of 

EPR signal depends on dose not the shape of signal, as first described by Sharpe. A holder 

containing smaller amount of the reference sample was prepared to quantify reproducibility in 

the range of 2 -10Gy. It was proved that under certain conditions a combined uncertainty of less 

than 0.5 % can be achieved in the dose range 5-25 Gy. 

(Helt-Hansen et al., 2009) describe a method based on spectrum fitting  and reported an 

individual uncertainty of 2 % at the dose above of 4 Gy and results are matching with previous 

studies(Sharpe et al., 1996, Anton, 2005). 
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Different number of scans at the different dose points were used in this work, as shown in table 

3.3. Each single scan had a sweep time of 84 sec. Total time for all the signal and analysis process 

took almost 20 hours including the scan times of the unirradiated blank samples and the 50Gy 

reference dose samples(total 44 dosimeters) . The use of 50Gy reference spectra with two scans 

per pellets were used to monitor the spectrometer stability and reproducibility in this work. 

Therefore it was no need for constructing a new device for simultaneously scanning the reference 

sample. The combined uncertainty of the doses  in the 5-10 Gy range in this work was 2.7% to 

1.5 % using the calibration curve method and the time used for signal analysis at 10 Gy dose was 

7 min per dosimeter . 

It is possible to improve accuracy, precision,  total uncertainties and combined uncertainties by 

prolonging the measurement time. 

The results obtained with linear regression using reference dose and background (Dref + BG) 

were not comparable with other methods in term of accuracy and total uncertainty. It might be 

due to the additional background from unirradiated pellets. However, in term of precision, this 

procedure gave good results.   
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5 CONCLUSIONS 

In this project, two computer based procedures linear regression for dose estimation were  

compared with the conventional peak to peak procedure (PP) in term of uncertainty analyses. 

Two cavities, the standard rectangular (ST1021/13) cavity and the SHQE cavity (called cavity 1 

and cavity 2) were used to acquire two data sets. Two methods were used to estimate the doses,  

the simple method (SM) and the calibration curve(CC) method. 

• Calibration curve(CC) method by all three procedures yielded best results than simple 

method in both cavities but the CC method using cavity 1 Produced slightly better 

results than cavity 2. 

• The results of both cavities shows that in term of total uncertainty reference dose linear 

regression by calibration curve method (CC Dref) achieved slightly better results overall 

dose points . Total uncertainty of about 0.04Gy was achieved at the dose of 0.1Gy by 

using the cavity 1 with the same method. And low doses of 1-2Gy the uncertainty of 

0.05 to 0.06Gy was achieved respectively and at 10Gy total uncertainty of 0.04Gy was 

achieved  by (CC Dref) using cavity 1.In final protocol with the same method 0.38Gy 

dose was estimated with the total uncertainty of 0.03Gy.    

• In term of combined uncertainty about 0.13Gy dose was achieved at the estimated dose 

0.1Gy to 05Gy. It  is deduced from the results that combined standard uncertainty  of 

desired radiotherapy level at these replicate measurement (m) and  number of dose 

points(n) was only achievable at doses above  2Gy. 

•  Combined  uncertainty of doses at radiotherapy level by can be achieved below 5 % 

with increasing m or n but at the cost of time. The results using  both cavities proved the 

reproducibility of the results by all procedures using calibration curve method. 

• Using cavity 1  high accuracy was achieved by calibration curve(CC) method while high 

precision was achieved by simple method (SM) using cavity 2. 

• Reference dose linear regression with background procedure using simple method for 

dose estimation SM Dref + BG yielded comparable results  with calibration curve 
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method (CC) as shown in final protocol as well as in total uncertainty using cavity 1. This 

SM Dref + BG also produced results with less uncertainties. 

 

 

However, there could be some alternative and additional options for future studies which should 

be investigated in order to add better understanding of the results of this work. 

First of all, it would be of great interest to repeat a similar project with different type of alanine 

dosimetry like thin films to estimate the dose and together with a full uncertainty analysis. 

Secondly, higher dose (e,g, 100 Gy) or lower dose (e.g. 30 Gy) reference doses should be used 

with the same procedure and same types of cavities to verify the results obtained in the present 

work. 

Third, other types of dosimeters like the highly sensitive dosimetry material lithium formate 

(Vestad et al., 2003, Adolfsson, 2014) can be use instead of alanine dosimeters. This could provide 

additional information of comparison and all three procedures. 

Finally, small sized dosimeters (alanine or other materials) can possibly give better accuracy when 

using the SHQE cavity as discussed by (Adolfsson et al., 2014). 
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7 APPENDIX 

Selected experimental and best fitted 50Gy (Dref) spectra and 50Gy (Dref)+BG spectra of alanine 

recorded using two different microwave cavities are shown in appendices below. The spectra are 

other than the 0.5Gy and 5Gy which has already included in main text. 

7.1 Computer Based  Linear Regression (Dref) for Cavity 1 

(ST1021/13) 

Each Figure show the linear regression with the 50Gy reference spectrum (Dref) to one of the 

experimental spectra at each dose point in the range 10– 0.1 Gy for cavity 1.  

Appendix 1 shows the experimental spectrum at 10Gy from the first pellet out of five pellets in 

this dose point (each 4 scans at 10Gy).  

 

Appendix 1: Experimental and fitted EPR spectra using a dosimeter irradiated to 10Gy. The blue line is the measured spectrum 
and the red line is the best fitting reference spectrum. The goodness of fit is displayed by the R2 value of 0.994. 

Appendix 2 shows the experimental spectrum at 2Gy from the first pellet out of five pellets in 

this dose point (each 16 scans at 02Gy).  
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Appendix 2: Experimental and fitted EPR spectra using a dosimeter irradiated to 2Gy. The blue line is the measured spectrum and 
the red line is the best fitting reference spectrum. R2 = 0.844. 

Appendix 3 shows the experimental spectrum at 01Gy from the first pellet out of five pellets in 

this dose point (each 16 scans at 01Gy).  

 

Appendix 3: Experimental and fitted EPR spectra using a dosimeter irradiated to 1Gy. The blue line is the measured spectrum and 
the red line is the best fitting reference spectrum. R2 =0.567 
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Appendix 4 shows the experimental spectrum at 0.2Gy from the first pellet out of five pellets in 

this dose point (each 32 scans at 0.2 Gy).  

 

Appendix 4: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.2 Gy. The blue line is the measured spectrum 
and the red line is the best fitting reference spectrum R2  = 0.269. 

 

Appendix 5: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.1Gy. The blue line is the measured spectrum 
and the red line is the best fitting reference spectrum. R2 = 0.068 
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7.2 Computer Based Linear Regression with Background 

(Dref +BG) Cavity 1 

Each Figure shows the linear regression with the 50Gy (Dref)+ BG spectra to one (of five) of the 

experimental spectra at each dose point in the range 10 – 0.1 Gy for cavity 1 (ST1021/13) with 

intercept added.  

The Appendices below shows the Dref +BG spectra fitted to the one of the five 10Gy irradiated 

alanine dosimeters (each spectrum 4 scans) using the ST1021/13 cavity with intercept added.  

Appendix 6 shows the Dref +BG spectra fitted to the first of the five 10Gy irradiated alanine 

dosimeters (each spectrum 4 scans) using the corresponding fitting from 10 Gy to 0.1 Gy. 

  

Appendix 6: Experimental and fitted EPR spectra using a dosimeter irradiated to 10Gy. The blue line is the measured spectra and 

the red line is the best fitting reference spectrum (Dref + BG).R2 = 0.999 
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Appendix 7: Experimental and fitted EPR spectra using a dosimeter irradiated to 2Gy. The blue line is the measured spectrum and 

the red line is the best fitting reference spectrum (Dref + BG). R2 = 0.949. 

 

Appendix 8: Experimental and fitted EPR spectra using a dosimeter irradiated to 1Gy. The blue line is the measured spectrum and 

the red line is the best fitting reference spectrum (Dref + BG). R2 = 0.876 
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Appendix 9: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.5Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref + BG). R2 = 0.745 

 

Appendix 10: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.5Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref + BG). R2 = 0.744 
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7.3 Computer Based Linear Regression (Dref) using Cavity 2 

(SHQE) 

Appendices below shows the comparison of experimental and best fitted alanine dosimeter EPR 

spectra for doses in the range 10 – 0.1 Gy using the cavity 2 (SHQE) cavity, otherwise using the 

same procedure as above. 

  

Appendix 11: Experimental and fitted EPR spectra using a dosimeter irradiated to 10 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref) R2  =0.921 

 

Appendix 12: Experimental and fitted EPR spectra using a dosimeter irradiated to 2 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref) R2=0.764. 
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Appendix 13: Experimental and fitted EPR spectra using a dosimeter irradiated to 1 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref) R2 = 0.668 

 

Appendix 14: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.1 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref) R2 = 0.298. 
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Spectra below show the experimental and best fit spectra of reference dose linear regression 

with background  Dref + BG procedure and recorded using the SHQE cavity. The goodness of 

spectrum reconstruction given by the R2 value, was of 10 Gy  spectrum shown in  Appendix 15 

was 0.975. 

-20000

-10000

0

10000

20000

30000

3400 3420 3440 3460 3480 3500 3520 3540 3560 3580 3600 3620EP
R

 In
te

n
si

ty

Field (G)

01 Gy Spectra
Experimental

Theoretical

-30000

-20000

-10000

0

10000

20000

30000

3400 3420 3440 3460 3480 3500 3520 3540 3560 3580 3600 3620

EP
R

 In
te

n
si

ty

Field (G)

0.1 Gy Spectra
Experimental

Theoretical



7-89 
 

  

Appendix 15: Experimental and fitted EPR spectra using a dosimeter irradiated to 10 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref +BG). R2 = 0.975 

Appendix 16 & 17 shows 02Gy and 01Gy respectively, spectra with corresponding R2 value 0.806 

and 0.833 respectively. 

 

Appendix 16: Experimental and fitted EPR spectra using a dosimeter irradiated to 2 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref +BG). R2 = 0.806 
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Appendix 17: Experimental and fitted EPR spectra using a dosimeter irradiated to 1 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref +BG). R2 = 0.833 

Appendix 18 & 19 shows the low dose spectrum of 0.2 Gy and 0.1 Gy with the corresponding R2 

value 0.733 and 0.666 respectively. 

 

Appendix 18: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.5 Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref +BG). R2 = 0.733 
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Appendix 19: Experimental and fitted EPR spectra using a dosimeter irradiated to 0.1Gy. The blue line is the measured spectrum 

and the red line is the best fitting reference spectrum (Dref +BG). R2 = 0.666. 
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