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Microdosimetric Modelling of Physical and Biological Detectors  
 
ABSTRACT 
 
A review of the microdosimetric approach and its application to the detection of ionising radiation in physical 
and biological systems is presented.  The model relates the energy deposited by ionising radiation within a 
specified volume (a sensitive target) and the observable effect.  Using new analytical and Monte Carlo 
approaches to calculate microdosimetric distributions for photons, electrons and heavy charged particles in 
tissue-equivalent volumes of different sizes, the response of microdosimetric tissue equivalent proportional 
counters to these radiation modalities in nanometer-size targets has been simulated.  Good agreement between 
the calculated microdosimetric distributions and the available experimental data justified the use of the 
calculated distributions for modelling the response of some solid-state detectors.  The anomalously low photon-
energy response of thermoluminescent LiF:Mg,Cu,P detectors at X-ray energies around 100 keV has been 
explained as a microdosimetric effect, resulting from the strong dependence of the LiF:Mg,Cu,P detection 
efficiency on the ionisation density of X-rays over that energy range.  The relative TL efficiency of LiF:Mg,Cu,P 
detectors calculated using the microdosimetric one-hit detector model developed for this purpose, agrees 
favourably with experimental data obtained for X-rays, γ-rays, β-rays and α-particles.  Good agreement between 
these measurements and results of model calculations obtained using a single set of parameters suggests that the 
target site is independent of the type of radiation, further suggesting association of this target with physical 
structures in the detector.  The one-hit detector model has also been successfully applied for predicting the 
response of thermoluminescence CaF2:Tm detectors and of alanine detectors, where the EPR signal depends on 
absorbed dose, for photon and proton irradiation.  Application of the microdosimetric model to calculate the 
relative TL efficiency of LiF:Mg,Ti thermoluminescent detectors explains the overresponse observed in the 
measured photon-energy response as a microdosimetric effect, connected with the supralinear response of this 
detector observed at higher doses of γ-rays.  The microdosimetric model of dose and energy response of 
LiF:Mg,Ti and LiF:Mg,Cu,P detectors was found to be extremely useful in practical applications of these 
detectors in the dosimetry of low-energy X-rays and protons.  The same model approach yields predictions of the 
response of biological targets after different radiation beams used in cancer radiotherapy and quantitative 
evaluations of  the radiation risk from alpha-particle radon progeny.  
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Mikrodozymetryczne modelowanie detektorów fizycznych i biologicznych 

 
STRESZCZENIE  
 
Omówiono model mikrodozymetryczny i jego zastosowanie do detekcji promieniowania 
jonizującego w układach fizycznych i biologicznych.  Model ustanawia związek miedzy 
charakterystyką dawkową i energetyczną detektorów fizycznych i biologicznych oraz 
mikrodepozycją energii w objętości detektora o średnicy od kilku do kilkuset nanometrów.  
W wyniku użycia zmodyfikowanych metod analitycznych i numerycznych (Monte Carlo) 
zastosowanych do obliczania rozkładów mikrodozymetrycznych dla fotonów, elektronów i 
ciężkich jonów, uzyskano dobrą zgodność symulacji z wynikami eksperymentów 
wykonanych z zastosowaniem niskociśnieniowych, tkankopodobnych liczników 
proporcjonalnych.  Tak zweryfikowane metody obliczania rozkładów mikrodozymetrycznych 
zostały zastosowane do modelowania odpowiedzi detektorów ciała stałego.  Zastosowanie 
modelu do analizy odpowiedzi detektorów termoluminescencyjnych LiF:Mg,Cu,P i 
LiF:Mg,Ti doprowadziło do przełomu w zrozumieniu charakterystyk energetycznych tych 
detektorów dla promieniowania X i wyjaśnieniu tzw. anomalnej charakterystyki 
energetycznej detektora LiF:Mg,Cu,P.  Względna wydajność detekcji detektorów 
LiF:Mg,Cu,P, obliczona z wykorzystaniem modelu detektora jedno-zderzeniowego dla 
promieniowania X, gamma, beta i alfa dobrze zgadza się z eksperymentalnie wyznaczonymi 
wydajnościami detekcji.  Ta dobra zgodność uzyskana przy pomocy jednego zestawu 
parametrów może sugerować, że wielkość tarczy jest niezależna od rodzaju promieniowania i 
jest raczej związana ze strukturą detektora.  Model detektora jedno-zderzeniowego został też 
pomyślnie zastosowany do symulacji odpowiedzi detektora alaninowego, w którym amplituda 
sygnału elektronowego rezonansu paramagnetycznego zależy od dawki oraz do symulacji 
detektora termoluminescencyjnego CaF2:Tm.  Model ten umożliwił też interpretację 
odpowiedzi detektorów LiF:Mg,Cu,P i LiF:Mg,Ti w dozymetrii niskoenergetycznego 
promieniowania X i wiązek protonów.  Obliczenia mikrodozymetryczne zostały też 
zastosowane do modelowania odpowiedzi układów biologicznych we wiązkach stosowanych 
w radioterapii protonowej nowotworów oraz do kwantyfikacji ryzyka związanego z 
ekspozycją na promieniotwórcze pochodne radonu.  
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1. INTRODUCTION 
 
Detection of ionising radiation is based on the ability of the detector to measure the number of 
ionisations in the detector volume or to assess quantitatively, at a macroscopic level, some 
other effects of radiation action, such as, e.g., the number of free radicals, number of darkened 
grains in a nuclear emulsion, proportion of inactivated cells, or the number of chromosomal 
aberrations elicited in a specified number of cells exposed in vitro to ionising radiation 
(Waligórski, 1988).  At the microscopic level, i.e. when detector volumes of the order of a 
molecule or the cell's nucleus are considered, the pattern of energy deposition of ionising 
radiation cannot be uniform because the energy of ionising radiation is transferred to the 
medium in the form of discrete, spatially correlated events, due mainly to ionisations or 
excitations.  Therefore, average macroscopic quantities, such as absorbed dose, D, or particle 
stopping power, dE/dx, may be of limited applicability in explaining the relationship between 
the measured signal and the average absorbed energy per unit mass of detector.  The response 
of a physical detector or a biological system to ionising radiation, defined as the value of its 
measured signal per unit of energy absorbed in a unit of mass of this detector, is related to the 
local, microscopic, distribution of ionisations and excitations along the path of the particle in 
the detector volume. 
 
 
1.1 OBJECTIVES 
The fluctuation of energy deposition at a microscopic scale and the consequence of this 
fluctuation at the macroscopic level of the response of physical and biological systems after 
their exposure to a given (macroscopic) value of absorbed dose are the main subjects of 
microdosimetric studies.  The development of microdosimetric models and methods was 
initially stimulated by the large differences in biological effectiveness observed in 
experiments with X-rays and high-LET radiation (Kellerer and Rossi, 1972).  The distribution 
of energy deposition events (microdosimetric distribution), applied in those models as input 
data, was determined from measurements with tissue-equivalent proportional counters (Rossi 
and Rosenzweig, 1955).  The sensitive volume of such a counter, with a diameter of a few 
centimetres, is filled with tissue-equivalent gas at low pressure, such that a charged particle 
crossing the volume experiences the same energy loss as if traversing a microscopic-size, unit-
density site.  The pulse height distribution induced by the subsequent tracks crossing the 
counter volume is a measure of energy deposited in the simulated microscopic target.  It 
became clear around 1970 (Goodhead and Thacker, 1977) that understanding the action of 
radiation in biological matter requires information on radiation interactions at the DNA scale 
i.e. for target dimensions between 1 nm and 100 nm.  However, the conventional TEPC 
technique was unsuitable for measurement of energy deposition in targets smaller than 
250 nm because at such a low gas pressure the size of gas amplification region around the 
anode wire becomes comparable with the counter volume.  This stimulated the development 
of computational and experimental methods aimed at studying energy deposition at the 
nanometer scale.  The calculations were mostly based on Monte Carlo track structure codes, 
which simulated and stored (event after event) all subsequent particle interactions (Paretzke, 
1988; Nikjoo et al. 1997).  The calculated tracks, superimposed with the topology of the target 
were used to obtain the distribution of energy deposition events in nanometer and micrometer 
size targets.  Among many experimental methods proposed to determine energy deposition in 
nanometer-size volumes (Pszona, 1976; Golnik, 1995) only in a few cases were 
microdosimetric distributions or their moments obtained directly (Kliauga, 1990; Grindborg et 
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al. 1995; Cesari et al., 2002).  Over such small-simulated volumes, an electron track typically 
produces no more than one or two ionisations, which leads to strong fluctuations of the 
measured pulse-height.  Therefore, computational verification of results obtained with those 
techniques is essential in order to verify the experimental results or the performance of the 
detector (counter) and its calibration.  Achieving consistency between measured and 
calculated data may also provide us with some confidence with which computed 
microdosimetric distributions may be extended to radiation modalities and target sizes not 
available from experiment. 
 
Microdosimetric models have been applied in radiobiology to describe the response of simple 
biological systems, such as cells, viruses or prions (Bellinger-Kawahara, 1988) after doses of 
ionising radiation.  A similar dose response has been observed for many physical detectors, 
such as the Fricke dosimeter, alanine or thermoluminescent (TL) lithium fluoride detectors.  
An ideal dosimeter should indicate the measured quantity independently of the type, energy, 
dose and dose-rate of radiation.  In fact, the relative efficiency of converting absorbed energy 
into the detector signal depends on ionisation density (track structure), in a manner similar to 
that of biological systems.  The need for modelling the response of solid-state detectors, 
particularly TLDs, grew with the increasing application of these detectors in occupational, 
environmental and medical dosimetry.  Several biophysical models of radiation action 
proposed to explain the dose and energy response in some simple biological systems, such as 
inactivation of enzymes, viruses or cells (Butts and Katz, 1967; Kraft and Scholz, 1994) were 
later applied to study the response of solid-state detectors (Waligorski and Katz, 1980; Li et 
al., 1984; Geiss et al., 1998).  Of particular interest was the supralinear response of LiF:Mg,Ti 
after high doses of gamma-rays and its reduced detection efficiency after heavy charged 
particle irradiation (Attix, 1975; Horowitz and Kalef-Ezra, 1983; Horowitz 1990; Mische and 
McKeever, 1990).  The most successful models predicting the dose and energy response were 
based on the concept of the radial distribution of dose (RDD) around ion tracks, described 
analytically, with a parametric representation of the detector and of the radiation field.  Close 
to the ion's path a high dose region is observed, the dose decreasing by several orders of 
magnitude over distances ranging from a few tens to a few hundred nanometers.  In the RDD 
approach the measured dose-response of thermoluminescent dosimeters (TLD’s) after doses 
of γ-rays has usually been applied to calibrate the heavy-ion response of TLDs.   
 
Surprisingly little modelling has been performed to predict the energy response of solid-state 
detectors after doses of low-LET radiation such as γ-rays, X-rays and electrons.  It was 
generally accepted (Attix, 1986) that the photon response of thermoluminescent detectors was 
determined by the atomic composition of the detector material expressed by the average 
(effective) atomic number, Zeff.  Development of new thermoluminescent materials, especially 
of the high sensitive lithium fluoride LiF:Mg,Cu,P, the X-ray response of which  (at X-ray 
energy below 100 keV) was about 25% lower than that of the standard LiF:Mg,Ti, lead to a 
revision of this theory.  Subsequently, Pradhan and Bhatt (1989) and Horowitz and Stern 
(1990) suggested that the observed response could be related to the low efficiency with which 
high-LET particles were detected in LiF:Mg,Cu,P.  The effect, first observed by Wang et al. 
(1986) and called the anomalous photon energy response of LiF:Mg,Cu,P, remained 
unexplained for over a decade.  Other discrepancies between the measured and predicted 
photon energy response of LiF:Mg,Ti detectors (TLD-100 or MTS-N, broadly used in 
dosimetry), were first described by Horowitz (1984) who provided a qualitative description of 
the observed 10% over-response of the detector to 15-50 keV photons as being a 
microdosimetric effect, related to the enhanced LET of secondary electrons produced by X-
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rays, compared with the response to 60Co γ-rays.  To understand these phenomena was 
important not only from the theoretical point of view but also for practical reasons, since 
several million of LiF:Mg,Ti detectors are currently used all for dosimetry all over the world.  
Models which use the concept of the radial dose distribution to describe the distribution of 
energy deposition by heavy charged particles, cannot be directly applied in studies of photon 
and beta-electron response due to the difficulty in incorporating the contribution from low 
energy electrons in the central part of the RDD.  Therefore, a model calculation expressing 
energy deposition by means of microdosimetric distributions for electrons (β-rays or photon-
induced secondary electrons) is a suitable tool for studying the dose response and relative 
effectiveness of thermoluminescence detectors.  
 
Microdosimetric studies have been applied in radiobiology, radiation protection and 
radiotherapy.  Traditionally, the microdosimetric model (Kellerer and Rossi, 1972) and the 
RDD, or track structure model (Katz and Sharma, 1973) were developed to compare the 
biological efficiency of different radiation qualities using biological end-points relevant for 
radiation protection (mutations, chromosome aberrations) or radiotherapy (cell survival).  
Another microdosimetric approach was proposed by Varma and Bond (1983), who used it to 
predict the frequency of pink mutations in Tradescantia.  It was assumed in their model that 
the observed effect can be calculated as an integral of two separate functions: a detector 
response function (called the Hit Size Effectiveness Function) and a microdosimetric 
distribution.  Despite many limitations, the method remains attractive for studying radiation 
quality in radiation protection and predicting the relative biological effectiveness, RBE, for 
high-LET radiotherapy beams.  
 
 
1.2 SCOPE 

The principal aim of this work is to review and discuss a number of microdosimetric models 
capable of predicting the response of physical detectors and biological systems after doses of 
ionising radiation of different quality.  This report presents the approach and describes steps 
that led to the development of these models, several of which have been contributed by the 
author of this work. 
 
Chapter 2 introduces the concepts and terms used in dosimetry and microdosimetry.  An 
overview of the methods used for calculation of microdosimetric distributions in micrometer- 
and nanometer-size targets is presented in Chapter 3.  This chapter also includes the 
comparison of the results of energy deposition calculations based on the analytical model of 
Olko and Booz (1990) with those obtained using other theoretical and experimental methods. 
 
In Chapter 4, the application of the microdosimetric model to calculate the response of the 
ultra-miniature Kliauga counter is discussed.  The results are then applied to study the 
properties of the measured ionisation distributions.  Also, the mean values of microdosimetric 
distributions for nanometer-size targets are compared with the response of variance-
covariance counter to 250 kVp X-rays and 60Co γ-rays. 
 
The main part of the report is dedicated to calculation of the response of solid-state detectors 
after doses of radiation of different quality and at different dose levels.  An important 
accomplishment of the microdosimetric one-hit model proposed and developed by the author 
was the explanation of the unusually low response of LiF;Mg,Cu,P thermoluminescent 
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detectors to low-energy photons.  The model was also successfully applied to predict the 
response of LiF:Mg,Cu,P, CaF2:Tm and of the alanine detector after doses of photons, 
electrons and ions. Explanation of the enhanced photon energy response of LiF:Mg,Ti 
detectors and the prediction of the response of solid TL pellets after low-energy X-rays and 
protons, have also been accomplished.  All of these applications of the model are discussed in 
Chapter 5 and compared, where applicable, with experimental results. 
 
Finally, Chapter 6 presents the result of applying the Biological Response Function approach 
to study the quality factor for α-particles emitted by radon progeny and for the prediction of 
biological effectiveness of radiotherapy beams.  
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2. ELEMENTS OF RADIATION DOSIMETRY AND 
MICRODOSIMETRY 

The radiation field can be characterised by its ability to interact with atoms and to transfer 
energy to the matter.  This chapter introduces the concepts pertinent to the description of the 
radiation field and the energy transfer from ionising radiation to the matter.  In Section 2.1 the 
basic dosimetric quantities and concepts applied to the modelling of detector response are 
presented.  The energy of ionising radiation is not distributed uniformly in the irradiated 
medium but it is rather concentrated along the tracks of charged particles.  In Section 2.2 the 
microdosimetric methods applied for characterisation of particle tracks are outlined and 
discussed.  
 
 
2.1 DOSIMETRIC QUANTITIES USED FOR DESCRIBING INTERACTION OF 

IONISING RADIATION WITH MATTER  

2.1.1  Cross Sections for Photon Interaction with Matter 

Most of the radiation sources used in radiotherapy and medical diagnostics or those 
considered in radiation protection emit photons in the energy range from a few keV (soft 
X-rays) to 50 MeV (medical betatrons).  Photons in this energy range may interact with the 
matter via five major mechanisms: 
 

- photoelectric effect 
- Compton effect, 
- pair production, 
- photonuclear effect, and  
- Rayleigh scattering  

 
Photoelectric effect is the dominant mode of interaction for low energy photons and a major 
mechanism of energy transfer to secondary electrons.  Here, the photon is totally absorbed in 
the interaction with the whole atom.  The kinetic energy of the electron after interaction, T, is 
equal to 
 

bEhT −= ν       2.1.1 
 
where Eb is the binding energy of an atomic-shell electron and hν is the photon’s initial 
energy.  Since the binding energy is usually small compared to hν, the energy of the secondary 
electron is almost equal to that of the primary photon.  For energies around 0.1 MeV and 
below, photoelectric mass attenuation coefficient, τ/ρ, is proportional to Z3 
 

3






≅

νρ
τ

h
Z

      2.1.2 
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Compton scattering dominates over the intermediate photon energy range, on the order of a 
few tenths of MeV to a few MeV.  The energy T of Compton electron after the interaction 
with photon with energy hν is equal to 
 

( )ϕν
νν

cos11 2
0

−





+

−=

cm
h

hhT       2.1.3 

 
where m0c2 is the rest mast of the electron and ϕ is the scattering angle of the incident photon.  
The maximum energy of Compton electrons Tmax resulting from head-on collisions with 
electron is  
 

2
0

2

max
2

)(2
cmh

hhT
+

−=
ν

νν      2.1.4 

 
For high-energy photons and the scattering angle ϕ = 180° (backscattering), the energy of the 
Compton electron is T = hν – 0.2555 MeV.  For the case of a photon scattered sideways 
(ϕ  = 90°) the Compton electron’s energy is T = hν  – 0.511 MeV. 
 
The cross section for Compton effect per electron, eσ, (subscript e for electron) calculated by 
Klein and Nishina (1929), is given by 
 









+
+−++
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++= 22
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where α = hν/m0c2.  The corresponding cross section per unit mass σ/ρ is called the Compton 
mass attenuation coefficient and is given by 
 

σ
ρ
σ

e
A

A
ZN=       2.1.6 

 
where NA is the Avogadro’s constant, Z the  atomic number and, A  the molecular weight. The 
energy of incident photon is divided in the interaction between the scattered photon and the 
recoil electron.  Therefore, the corresponding Compton mass attenuation coefficient can be 
split into the Compton scattering coefficient, σs, and the mass energy transfer coefficient, σtr. 
 

trs σσσ +=       2.1.7 
 
The ratio of energy transfer coefficient and the attenuation coefficient defines the average 
energy of secondary electron, T , produced in the Compton scattering 
 

σ
σ

ν trhT =       2.2.8 
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Electron-positron pair production dominates over the energy range higher than about 5 MeV.  
It takes place in the Coulomb force field and requires a photon threshold energy of 1.022 MeV 
for the nuclear field and the threshold energy of 2.044 MeV for the electron field.  For the 
creation of positron of energy Tp and an electron of energy Te = hν - 2m0c2 - Tp, the atomic 
differential cross section d(aκ) per positron energy interval dTp can be derived form the theory 
of Bethe (1935), and is proportional to Z2.  The mass attenuation coefficient for nuclear pair-
production κ/ρ is related to aκ  by the following relationship  
 

κ
ρ
κ

a
A

A
N

=       2.1.9 

 
Rayleigh coherent scattering is an elastic deflection of photon on the electron bound within 
an atom.  It does not lead to any significant change of the photon’s energy because the photon 
is effectively scattered by the whole atom and no energy is transferred to any charged particle.  
Therefore, Rayleigh scattering does not contribute to dose but must be considered in beam 
dosimetry, where photons are partly scattered outside the beam.  The relative contribution of 
particular interactions to energy deposition depends on the atomic composition of the medium 
(atomic number, Z) and photon energy.  The cross section (per unit mass) of Rayleigh 
scattering σR is proportional to the atomic number, Z, and inversely proportional to the photon 
energy 1/(hν)2. 
 
Photonuclear interactions take place between a photon of energy of at least a few MeV and 
the nucleus.  As a result of the photonuclear interaction a proton or a neutron is produced.  
The relative contribution to dose due to (γ, n) reaction is negligible for photon energies below 
10 MeV and for low-Z elements (tissue).  
 
The following macroscopic coefficients, in units cm2g-1 or m2kg-1, are used to describe photon 
interactions with matter: 
 
- the mass attenuation coefficient  (µ/ρ)(µ/ρ)(µ/ρ)(µ/ρ) for photon interaction including contributions from 
individual interaction processes 
 

ρ
σ

ρ
κ

ρ
σ

ρ
τ

ρ
µ R+++=     2.1.10 

 
where the Rayleigh scattering term σR/ρ is included only for the narrow beam geometry, 
where Rayleigh scattering is significant. 
 
- the mass energy-transfer coefficient  (µ(µ(µ(µtr/ρ)/ρ)/ρ)/ρ)  for photon interaction, which takes into 
account photoelectric effect, Compton scattering and pair production. 
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2
0211    2.1.11 

 
where Φ is an average fluorescence yield.  The mass energy-transfer coefficient expresses 
the overall energy transferred by photons of energy hν to secondary electrons.  The 
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photonuclear reactions are not taken here into account.   

- the mass energy–absorption coefficient (µ(µ(µ(µen/ρ)/ρ)/ρ)/ρ), which is less than (µtr/ρ) by the factor of  
(1-g).  g is defined as a fraction of energy of secondary electrons which, in the process of 
slowing down of electrons (positrons), is transferred to bremsstrahlung photons and escapes 
the volume of interest.  Therefore the energy deposited in the volume of interest is smaller 
than the energy transferred to the medium by secondary electrons and positrons by the factor 
of 1-g. 

 

)1( gtren −=
ρ

µ
ρ

µ
     2.1.12 

 
For low Z materials (like biological matter or LiF detectors) and photon energy below that of 
60Co, g approaches zero (Attix, 1986). 
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Figure 2.1.1 Mass energy absorption coefficient, (µ/ρ)en, and mass attenuation coefficient, (µ/ρ) for LiF (Seltzer, 
1993) 
 
The tabulated values of photon interaction coefficients can be found in the publications of 
Hubbel (1969, 1982), Storm and Israel (1970) and Seltzer (1993).  Also, the commercially 
available computer code PHOTOCOEF (PHOTKOEF) contains a compilation of the photon 
interaction cross-section data published by the National Bureau of Standards (Berger and 
Hubbell, 1987) and the Los Alamos Scientific Laboratory (Storm and Israel, 1970).  The 
PHOTKOEF interaction cross sections are available online at 
http://www.photcoef.com/2121.html.  The National Institute of Standards and Technology 
(NIST), USA maintains a web page at http://physics.nist.gov/PhysRefData/ where tables and 
graphs of the photon mass attenuation coefficients, µ/ρ, and the mass energy-absorption 
coefficients, µen/ρ, are provided for all elements (Z = 1 to 92) and for 48 compounds and 

http://www.photcoef.com/2121.html
http://www.photcoef.com/2121.html
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mixtures of interest for radiological applications.  The tables cover photon (X-ray, γ-ray, 
bremsstrahlung) energy range from 1 keV to 20 MeV.  The values of µ/ρ are taken from the 
current photon interaction database complied by the National Institute of Standards and 
Technology while the values of µen/ρ are taken from Seltzer (1993) and Hubbell (1982).  
 
 
2.1.2  Absorbed Dose and Kerma 

Kerma is a non-stochastic quantity, defined as the expectation value of the energy transferred 
(εtr) by uncharged particles (e.g. photons or neutrons) to charge particles per unit mass at the 
point of interest 
 

dm
d

K trε
=       2.1.13 

 
Radiative energy loss (bremstrahlung) of charged particles is included in kerma but the energy 
passed from one charged particle to another is excluded.  Kerma has been defined as, and is an 
acronym for, the sum of the kinetic energies of all those primary charged particles released by 
uncharged particles (here photons) per unit mass (Kinetic Energy Released per unit MAss) 
(ICRU 33, 1980).  The unit of kerma is grey (Gy), where 1 Gy = 1 J kg-1. 
 
In a photon field, the kerma at the point of interest is expressed as 
 

dEEK
ZE

E

E

tr

,0

max

)('∫
=







Ψ=

ρ
µ

     2.1.14 

 
where Ψ'(E) is the distribution of photon energy fluence and µtr/ρ is the mass energy-transfer 
coefficient (Attix, 1986).  Photon energy fluence is defined as the product of photon fluence 
and energy E. 
 
The energy deposit εi is an elementary quantity used in dosimetry (ICRU 36, 1984) to 
describe the energy deposited to the medium by the interaction with ionising radiation.  It is 
defined as the energy of the ionising particle interacting in the point i minus the sum of all the 
energies of particles leaving the interaction plus the changes of the rest mass energy of the 
atom and all particles involved in the interaction.  Energy imparted, ε, to matter in a volume 
is defined as a sum of all energy deposits, which took place in the volume. 
 
Absorbed dose is a non-stochastic quantity, defined as the expectation value of the energy 
imparted to matter, ε, per unit mass at the point of interest. 
 

dm
dD ε=       2.1.15 

 
Kerma is greater than the absorbed dose by a factor of 1/(1-g).  This relation is valid only for 
irradiation in the condition of charged particle equilibrium i.e. when the number and energies 
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of charged particles leaving the volume of interest is equal to the number and energies of 
particles entering this volume. 
 

D = (1-g ) K      2.1.16 
 

The factor g represents the average fraction of the kinetic energy of secondary charged 
particles (produced in all types of interactions) that is subsequently lost in radiative (photon-
emitting) energy-loss processes as the particles slow to rest in the medium.  
 
 
2.1.3  Stopping Power and Ranges 

Stopping power of a charged particle with energy E, in a medium with atomic number Z  
(dE/dx) is defined as the mean energy loss per unit path x.   The original Bethe formula (1933) 
for calculation of stopping power for soft collisions (i.e. those with impact parameter b much 
larger than atomic radius a) of heavy charged particles, was later improved by including a 
hard-collision term (a≅ b) and a shell correction, becoming: 
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where:   
 
C 

 
= 

2
0rA

ZN A 




π  

r0 = e2/m is classical electron radius 
β = v/c 
z = particle charge 
N = Avogadro number 
Z = atomic number of the medium 
A = atomic weight 
I = mean excitation potential 
δ = correction term for density effect in condensed media 

 
The above expression takes into account only energy loss in collisions (collision stopping 
power) but not due to bremsstrahlung taking place during the slowing down of the heavy 
charged particle.  The collision stopping power is sometimes used as a synonym of Linear 
Energy Transfer, LET, also denoted as L∞.  The infinity subscript denotes that the total energy 
of all δ-rays resulting from hard collisions was accounted for when calculating the stopping 
power.  The radiative energy losses are not included into LET because these photons do not 
contribute to the energy deposition in the vicinity of the HCP track. 
 
The restricted LET, L∆, includes contributions from only those δ-rays whose initial energies 
are lower than the cut-off energy ∆.  The cut-off energy is typically in the range of 100 eV.  L∆ 
is applied in some radiobiological models to calculate energy deposition in small targets, 
irradiated with energetic ions. 
 
The values of stopping power and restricted LET for particles and media of interest to 
radiation protection and medical physics can be obtained from many sources.  International 
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Commission on Radiation Units and Measurements (ICRU) in Report 49 (ICRU 49, 1993) 
published the stopping power for protons and alpha particles.  The values of stopping power 
are also available on the NIST Web page at http://physics.nist.gov/PhysRefData/.  Calculated 
and measured stopping power and ranges for heavy charged particles were published by 
Ziegler (1977) and Ziegler et al. (1985).  In addition, several computer codes, such as  
PSTAR, ASTAR, SRIM-2000, and SPAR were designed to calculate stopping power and 
ranges.  PSTAR and ASTAR, which calculate stopping power of protons and α-particles, can 
be used via NIST Web page or downloaded.  The SRIM-2000 is a group of codes, which 
calculate the stopping power and ranges for ions in the energy range from 10 eV/amu to 
2 GeV/amu in different media.  The program can be downloaded from http://www.srim.org.  
The SPAR (Armstrong and Chandler, 1973) computes the stopping powers and ranges for 
muons, pions, protons and heavy ions in any nongaseous medium for energies from zero to 
several hundred GeV.  It can be obtained via Nuclear Energy Agency databank 
(http://www.nea.fr). 
 
Range of the charge particle, R, is defined as the expectation value of the path length that it 
follows until it comes to rest (Attix, 1986).  The Continuous Slowing Down Approximation 
Range, RCSDA, is defined as  
 

dE
dx

dER
E

CSDA

1

0

0
−

∫ 





=

ρ     2.1.18 

 
 
2.2  MICRODOSIMETRIC DESCRIPTION OF PARTICLE TRACKS 

Charged particles interacting in the gas medium produce approximately 30 000 ionisations per 
each MeV of energy absorbed in the medium.  A particle track is characterised by the co-
ordinates of all ionisation and excitation events, the types of individual interactions and their 
energies.  Modelling involving such a large amount of data is not feasible; therefore data 
reduction techniques must be applied.  This section describes some approaches to 
characterising particle tracks.  In addition, the applicability of the approach developed to 
characterise the tracks generated in water to describe the effects in different materials will be 
discussed.  
 
2.2.1 Microdosimetric Characterisation of Particle Tracks 

The topology of charged particle tracks influences the response of physical detectors and 
biological systems to these particles.  The following quantities and methods are applied in 
microdosimetry to describe charged particle tracks (Goodhead, 1987):  
 

-Linear Energy Transfer, LET 
-Specific (lineal) energy, z, y 
-Radial dose distribution, D(r) 
-Spatial patterns of energy transfer (clusters) 
-Simulations of individual particle tracks using Monte Carlo methods  
 

http://physics.nist.gov/PhysRefData/
http://physics.nist.gov/PhysRefData/
http://www.srim.org/
http://www.srim.org/
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The choice of a particular method of describing the charged particle track depends on which 
properties of particle track determine the detector response.  Figure 2.2.1 shows the 4-MeV α-
particle track-segment (300 nm in length) in water, simulated using Monte Carlo code 
MOCA-14.  In this two-dimensional representation of a 3-D track, dots denote the positions of 
individual ionisations.  The particle LET is calculated by dividing the total energy loss due to 
collisions with electrons by the distance travelled by the particle.  The microdosimetric lineal 
energy, y, (for definition see Chapter 3.1) is a stochastic quantity, which can be determined 
numerically using the simulated tracks (Chapter 3.2) or measured using the tissue equivalent 
proportional counter, TEPC (Chapter 4). 
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Figure 2.2.1 Two-dimensional representation of 3-D track-segment of a 4-MeV α-particle in H20 (water vapour 
normalised to density of 1 g cm-3), simulated using Monte Carlo track structure code MOCA-14 
(Paretzke, 1988).  Dots denote the position of individual ionisations.  The value of LET is calculated as the mean 
energy loss of the 4 MeV 4He ions (31 keV) divided by the particle path length (0.3 µm).  The value of lineal 
energy is calculated as the ratio of the energy imparted (7.9 keV) and the mean chord length of the sphere (0.1 
µm).  The insert on the right shows the radial histogram of ionisations, corresponding to the radial dose 
distribution D(r) (adapted from Goodhead, 1987). 
 
Linear Energy Transfer 

LET (L∞) is a measure of an average ionisation density along the path of radiation. Definition 
of LET can be also extended to indirectly ionising particles such as photons or neutrons.  In 
this case the term LET concerns the spectrum of LET values of secondary particles involved 
in the interactions with the medium of interest.  Distribution of absorbed dose versus LET is 
also applied in radiation protection to define the radiation quality factor, Q.   
 



2. Elements of radiation dosimetry and microdosimetry  
 
 

 
 
 

13 

The major limitations of L∞ for microdosimetric characterisation of a radiation field are as 
follows: 
 
- L∞ does not account for distribution of energy loss and energy deposition.  This distribution 

becomes significant if the particle’s free path is comparable with the dimensions of a target.  
 
- Particles with the same LET but different charge and velocity produce different δ-ray 

spectrum.  Therefore, the detector response for several particles with the same L∞ can differ 
significantly (see e.g. Figs. 5.4.5 a,b) 

 
Lineal energy 
Lineal energy, y, is defined as the actual energy deposited in the volume and normalised to the 
mean chord length of this volume.  It is a stochastic quantity (see Chapter 3.1), usually 
expressed in units of keV µm-1.  The related quantity, specific energy, z, defined as energy 
deposited per mass of the volume, is expressed in Grays (Gy).  The mean values of y and z are 
microdosimetric analogues of LET and dose, D.  
 
The introduction of the lineal and specific energy coincided with the development of low-
pressure tissue equivalent proportional counters, TEPC (Rossi and Rosenzweig, 1955).  
Energy loss of a charge particle crossing the spherical counter volume of one-inch diameter, 
filled with tissue equivalent gas under low pressure, was assumed to be the same as the 
particle energy loss in a micrometer size volume of unit density.  The fluctuations of the 
measured amplitude of the TEPC signal produced by independent tracks crossing the counter 
volume were interpreted as distribution of energy deposition in the simulated microscopic 
target.  
 
The main limitations of the lineal energy approach are as follows: 
 
- TEPC can be used to determine y (or z) distribution in small simulated volumes based on 

the assumption that the energy deposited is proportional to the number of ionisations 
produced in the counter gas.  For simulated diameters below about 0.25 µm the 
amplification zone of the counter becomes so large that the generated signal is no longer 
proportional to the primary number of ionisations. 

- The distribution of y does not allow (in general) for extracting information about the 
radiation fluence and only in some cases (non-mixed field) allows for identification of 
incoming particles.   

 
 
Radial Dose Distribution, D(r) 

Radial dose distribution, D(r), around the ion path is defined as the average energy deposited 
in the cylinder with the radius between r and r+dr, normalised to its mass.  An example of the 
calculated D(r) for 1-MeV protons in water is presented in Figure 2.2.2.   
 
D(r) is of principal importance in track structure theory (Katz, 1978; Waligórski, 1988; 
Horowitz, 1984; Geiss et al., 1998; Paganetti et al., 1997) in predicting the response of 
physical detectors and biological systems.  In this theory, the prediction of detector response 
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to heavy ions is based on the measured dose-response of this detector to γ-rays, from low 
doses to saturation.  An important factor, which facilitated the application of D(r) is that it can 
be calculated using analytical formulas (Waligórski et al., 1986; Zhang et al., 1994) for a wide 
range of ions and energies.  
 
The main disadvantage of D(r) for modelling of response of physical detectors is that all the 
presently used formulations of the radial distribution of dose around heavy charged particles 
represent averages over δ-rays of all energy and cannot be derived for photons and electrons 
of different initial energy, i.e., modelling of detector response to these low-LET particles is 
not possible.  
 
Clusters are spatially correlated groups of ionisations, which are separated from each other by 
a distance called cluster size.  The cluster approach has been applied to study the relation of 
DNA strand breaks to energy deposited by charged particles (Michalik, 1991).  In DNA 
studies a typical cluster size ranges between 1 nm and 5 nm. 
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Figure 2.2.2 Comparison of radial dose distribution in water calculated using Monte Carlo track structure code 
(Olko, 1989) and analytical model of Waligórski et al. (1986).  
 
One can distinguish the relative position of the particle track with regard to the target of 
interest.  The following classification is typically applied (see Figure 2.2.3): 
 

- starters: the point of the track origin is placed within the target  
- stoppers: the point of the track end is placed within the target 
- crossers: the target is crossed by the particle track 
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- insiders: the whole track is placed within the target 
- touchers: the sensitive target is affected only by δ-rays from particles passing by 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.3  The classification of particle tracks with regard to their position to the target.  
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3.  CALCULATION OF MICRODOSIMETRIC DISTRIBUTIONS 

3.1  MICRODOSIMETRIC QUANTITIES AND THEIR DISTRIBUTIONS 

The basic microdosimetric quantities and their distributions are defined in ICRU Report 36 
(ICRU 36, 1984).  In this section definition of microdosimetric quantities, distributions and 
the relationship between them are outlined. 

3.1.1  Microdosimetric Quantities  

When an ionising particle interacts with the matter it transfers its energy to the medium in 
form of ionisations and excitations.  The elementary quantity used in microdosimetry to 
describe the energy transfer in a single interaction i is the energy deposit, εεεεi, which is defined 
as (ICRU 36, 1984): 

moutini QTT ∆+−=ε      3.1.1 

where Tin is the energy of incident ionising particle, Tout is the sum of the energies of all 
ionising particles leaving the interaction and Q∆m is the change of the rest mass of the atom 
and all particles involved in the interaction.  The energy deposit is a stochastic quantity, i.e., it 
is a subject of random fluctuations for a given incident particle and its energy.  It is further 
assumed that the energy deposit takes place at a point of interaction, i.e., all collective effects 
such as plasmons and phonons are neglected.  The point of interaction i is called the transfer 
point which is described by the Cartesian co-ordinates Xi and the corresponding value of the 
energy deposit, εi. 

The charged particle track in a given medium is characterised by a set of transfer points.  The 
track can be superimposed on a volume of interest V, also called a sensitive volume, target or 
a sensitive site.  The contribution from all energy deposits εi in the volume V is called the 
energy imparted, εεεε.   
 

∑=
i

iεε       3.1.2 

 
The energy imparted ε,   similarly to εi, is a stochastic quantity.  The process of energy 
deposition to the target by a single track is called a single-event and several independent 
particle tracks overlapping within the target are called a multi-event.  The energy deposit can 
be expressed in form of the number of ionisations, j, which took place in the volume.  If W is 
an average energy produced in the medium per one ionisation event, then  
 

Wj=ε       3.1.3 
 

The energy imparted to the target depends not only on the topology of the track but also on 
the size, shape and composition of the target.  Energy imparted ε  normalised  to the target 
mass, m, is called the specific energy, z.  
 

m
z ε=       3.1.4 
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The unit of specific energy is 1 Gy = 1 J kg-1.  The specific energy is one of the basic 
quantities used in microdosimetry to describe a local, microscopic energy deposition (dose). 

A track crosses the target volume along the randomly oriented chord.  The mean chord length, 
l , for the target volume is defined as the average length of all randomly oriented chords in 
that volume.  

The quotient of ε  and l  is called the lineal energy, y. 

l
y ε=        3.1.5 

For a convex body l  = 4 V/a where a is the surface area of the volume V.  The mean chord 
length for a spherical target of diameter d is equal to l = (2/3) d and for a cylinder of the 
height h, it is equal to l =d h/(d/2+h).  The mean chord lengths for a sphere and for quadratic 
cylinders are equal (h=d).   

The lineal energy and the specific energy are closely related and one can be obtained from the 
other.  For a material with density ρ = 1g cm-3, when z is expressed in Gy, d in micrometers 
and y in keV µm-1, then 
 

2
204.0
d

yz =       3.1.6 

 
 

3.1.2 Single-Event Microdosimetric Distributions and Their Moments  
 
When a small detector volume (in the range of nanometers or micrometers in size) is 
repeatedly exposed to radiation-induced tracks, different values of specific energy are 
registered.  For the large number of the consecutive events encountered in the volume, one 
obtains a probability distribution of the values of z.  The probability that a value of z is in the 
range between z and z+dz after exposure of the target to the macroscopic dose D is denoted 
f(z; D).  For low doses, where D is much smaller than the average z, usually only one track 
overlaps some of the target volume i.e. a single-event frequency distribution of specific 
energy f1(z) is considered.  The subscript 1 stays for a single event. 

The expectation value of f1(z) is called the frequency mean specific energy, Fz . 
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By convention, the f1(z) is normalised to one event, therefore the denominator in 
Equation 3.1.7 is equal to unity.  Overlapping events are frequently expressed in terms of dose 
distribution.  The single-event dose distribution of specific energy, d1(z) is the probability that 
a fraction of total dose to the targets will be transferred with the value of specific energy 
between z and z+dz.  The dose mean specific energy, Dz is defined as  
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The relationship between the dose and frequency distributions on specific energy is given by 
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A single event distribution is independent of the dose (i.e. on the average number of 
ionisations in the irradiated matter) but it depends on the topology of the radiation induced 
tracks and the shape, size and composition of the target volume.  d1(z) and f1(z) distributions 
do not include events in which particle passage without interaction took place.  
 
The distributions of the energy imparted, ε; the number of ionisations, j; and the lineal energy, 
y; as well as the moments of these distribution, are defined in analogous way.  The dose and 
frequency distributions of lineal energy for 1 MeV protons in 1 µm spherical water target of 
density 1 g cm-3, are presented in Figure 3.1.1.  The area under the frequency distribution 
curve represents the frequency of single events, within a given range of lineal energy.  The 
triangular shape of the distribution is determined by the chord length distribution of a sphere.  
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Figure 3.1.1  Frequency and dose distributions of lineal energy, f(y) and d(y), respectively, in a spherical water 
target for 1 MeV parallel proton beam (L∞=26.08 keVµm-1).  No straggling and δ-ray effects are taken into 
account. 

 
3.1.3  Dose Dependent Microdosimetric Distributions 
When a detector experiences energy deposition events from more than one independent track 
a multi-event microdosimetric distribution f(z; D) is considered.  This happens when a 
population of targets is irradiated with a dose D comparable to or higher than the mean 
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specific energy, Fz .  The individual events which contribute to f(z; D) are statistically 
independent.  The probability of exactly ν events in the target is described by the Poisson 
distribution (Kellerer, 1968) 
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νnnp −=       3.1.10 

 
where n = D/ Fz .  When fν(z) is the microdosimetric distribution for exactly ν events then 
f(z;D) can be expressed as  
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When a random variable z is the sum of two independent random variables, v and u, its 
distribution is the convolution of their distributions.  Therefore, it is possible to calculate f2(z) 
distribution by folding two single event distributions f1(z) 
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and for fν(z) a recurrence formula can be used 
 

)()()( 11 zfzfzf ⊗= −νν      3.1.13 
 

The first moment of the dose dependent distribution is the absorbed dose, D. 
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In microdosimetry the low dose is the dose at which sensitive site is affected just once.  
However, since the cells are hit independently, even at low doses target can be hit two or 
more times.  Therefore, the statistical criterion for low dose is that 90% of the affected targets 
are hit just once.  This happens when D ≤ 0.2 Fz .  For higher doses f(z; D) distributions have 
to be considered.  
 
 
3.2  MONTE CARLO CALCULATION OF MICRODOSIMETRIC DISTRIBUTIONS 

In the Monte Carlo method, random sampling is used to construct the solution of a physical or 
mathematical problem.  In a calculation of a particle track, the primary particle and its 
secondary particles are followed in their passage through matter by considering all 
interactions until the particle’s energy is totally dissipated.  Each consecutive interaction is 
generated by a random sampling procedure.  Energy deposits, εi, can be calculated by a 
random overlapping of a target volume (usually a sphere or a cylinder) over the topology of 
the track, i.e., the co-ordinates of ionisations and excitations produced by the primary particle 
and its secondaries.  Energy deposits generated in the consecutive model realisations 
(sampling) constitute the microdosimetric distribution.  The following section present the 
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methods used in Monte Carlo calculation of microdosimetric distribution of electrons, 
photons and heavy charged particles. 
 
3.2.1. Monte Carlo Track Structure Codes  
A charge particle track consists of a set of data on all consecutive non-elastic interactions of 
the primary particle and all secondary particles, including the co-ordinates, type of events 
(ionisation or excitation) and energy deposited at the point of interaction.  The tracks of this 
type for electrons and heavy charged particles (HCP) are calculated using the Monte Carlo 
track structure codes.  Two modes of track generation are used: 

- The slowing down mode, where the primary and all its secondaries are followed in their 
passage through matter by considering all interactions until the particle energy is totally 
dissipated.  This mode is typically applied for generation of electron tracks and for delta-
electrons produced by a HCP. 

- The track segment calculation, where the energy of particle remains constant after the 
interaction.  This mode is applied mainly for the HCP.  The secondary electrons generated 
by HCP are then tracked in the slowing down mode.  

The starting point for track simulation is the determination of the mean free path, λ, of the 
particle and its distribution.  The probability density for the distance to the next collision 
along the path being in the range between s and s+ds is: 

dsesp sλ

λ
−= 1)(      3.2.1 

The actual distance to the position of the next collision is calculated as s = -λ lnR, where R is 
a random number sampled from the uniform distribution from 0 to 1.  The mean free path λ is 
normalised to the total stopping power of particle in order to yield correct energy loss of 
particle. The major issue in the track structure calculation is the selection of the relevant 
processes and adequate cross section for the considered medium.  In many microdosimetric 
calculations, e.g., in the simulation of the response of a proportional counter, only the 
ionisation interactions are considered because only ionisations contribute to the response of 
this gas detector. 

Several of the presently available Monte Carlo track-structure codes are listed in Table 3.2.1 
together with the types of particles the code can be applied to, their energy ranges, media, and 
the references.  Most of these codes were developed using cross sections for ionisation and 
excitation for water vapour molecules.  The results are scaled to the density of 1 g cm-3 in 
order to simulate the particle transport in water or tissue equivalent material.  
 

 

3.2.2 Scoring Techniques for Microdosimetric Distribution Using Computer Generated 
Tracks 

The procedure of evaluating a microdosimetric distribution from a simulated track is called 
the scoring.  In the scoring procedure the topology of the target (sensitive site) is overimposed 
on the topology of the track and the number of ionisations (energy deposited) is scored.  Some 
of the scoring methods are listed below: 
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Table 3.2.1  Monte Carlo Codes for the Simulation of Charged Particle Tracks 

Code Medium Particle Energy range Reference 

MOCA-8 water vapour electrons <100 keV Paretzke, 1988 

OREC liquid water protons 0.08-10 MeV Hamm et al. 1984 

MOCA-14 water vapour ions 0.3-20 MeV/amu Wilson & Paretzke, 1981 

ETRACK water vapour electrons < 100 keV Ito, 1987 

ELECTRON water vapour electrons - Zaider et al. 1983 

PROTON water vapour protons 0.3-1.5 MeV Zaider et al. 1983 

ETS liquid water and 
water vapour 

electrons <10 keV Hill and Smith, 1994 

TRION  water vapour electrons    
ions 

< 1 MeV  

0.3-200 MeV/amu  

Lappa et al., 1993 

PITS water, water vapour, 
ice DNA, C 

ions 0.3-10 MeV/amu Wilson et al. 1994 

 

Sampling of tracks with constant probability throughout the medium 

Assume that the track consists of M transfer points Ti with i=1,..M.  The co-ordinates of N 
points are randomly generated in the medium, each point being the centre of a sampling 
sphere.  The energy deposits, εi , in the i-th sphere are calculated and the values of εi  are used 
to construct a histogram.  The resulting distribution is the single-event frequency distribution, 
f1(ε).  The method is ineffective for scoring at low simulated diameters and for the touchers1 
because many zero events are scored. 

Sampling over individual transfer points (Kellerer and Chmelevsky, 1975; Chmelevsky and 
Kellerer, 1977) 

The co-ordinates of the sampling sphere centres are selected with the probability proportional 
to εi over the distance from the point i not exceeding the sphere diameter.  Therefore, no zero 
events are possible because to the energy deposition in the sphere i contributes at least one 
transfer point with energy εi.  The resulting distribution is the single-event dose distribution of 
energy deposited, d1(ε).  If only ionisation events are considered, equal selection probability 
for each transfer point is assumed.  

Sampling over line segments (Kellerer and Chmelevsky, 1975) 
Frequency distributions, f(y), are obtained by sampling over line segments randomly chosen 
in the vicinity of track.  All ionisations in the track segment are considered consecutively.  For 
each ionisation, a point i is randomly chosen in the sphere of radius r around the ionisation 
and a line segment is chosen which traverses this point and is parallel to the track.  This 
method is not suitable for slow electron tracks, due to their curvature. 

                                                 

1 Touchers are the charged particles crossing the sensitive site in the distance greater than the target 
diameter. In that case target can be irradiated only by secondary particles (δ-electrons). 
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Fluctuation detector (FD) methods (Lappa et al., 1993) 
In the FD-methods, microdosimetric distributions are calculated simultaneously with the track 
simulation so the method is time-efficient.  Dimensions of the sensitive volume must be small 
with respect to typical distances over which the particle fluence changes significantly.  The 
first collision points are distributed uniformly inside a sensitive volume and in a region 
selected around the sensitive volume.  The direction of the initial particle before collision is 
sampled from an isotropic distribution and the particle’s energy is sampled from a distribution 
proportional to the total macroscopic cross section. 

3.2.3 Calculation of Microdosimetric Distribution for Electrons  
Electron tracks in water vapour were generated using the TRION code (Lappa et al., 1993).  
TRION simulates electron tracks with the initial energy of up to 1 MeV, which is sufficient to 
calculate tracks generated by 137Cs γ-rays, energetic X-rays and partly2 by 60Co γ-rays.  

Figure 3.2.1 shows the plots of randomly generated tracks, with initial energies of (a) 
Ei = 10 keV and (b) 1 keV.  

 

Figure 3.2.1  3–dimensional presentation of electron tracks in water vapour (scaled to density 1 gcm-3), 
calculated with TRION code (Lappa et al., 1993).  In each figure three electrons with initial energy 10 keV and 
1 keV are plotted.  

The tracks originate at the beginning of the co-ordinate system and are traced until completely 
slowed down. The dots in the figure represent the co-ordinates of ionisation events. 

To cover the electron energy spectrum, a set of electron tracks in water vapour, scaled to the 
unit density material, were calculated using the TRION code for 26 discrete initial electron 
energies, E(k), k=1,… ,26, ranging from 1 keV to 1000 keV.  Each electron track contains a 
                                                 

2 The maximal energies of Compton electrons generated by 1.17 MeV and 1.33 MeV photons from 
60Co source is 0.96 MeV and 1.12 MeV, according to Equation 2.1.4 
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set of x, y, z co-ordinates of all ionisations produced in the medium.  For each electron energy, 
the tracks with at least 200 000 ionisation were generated and applied in further modelling. 
The value of the average energy required to produce an ion pair, W, depends on type of 
particle, its energy and the medium of interest.  W-values used in MOCA-14 vary from 
32.8 eV per ion pair (i.p.) for 10 MeV protons to 34.1 eV/i.p. for 0.3 MeV protons.  For 
electrons generated by TRION code in energy range between 1 keV and 1000 keV the 
W-value varied between 28 eV per ion pair (i.p.) to 29 eV/i.p.  Therefore a slightly arbitrarily 
chosen “average” W-value equal to 30 eV was chosen for converting the number of 
ionisations, j, into the deposited energy, ε, for all electron and ion energies.  Next, these tracks 
were used to calculate d1(j, E) distributions by sampling over the individual transfer points 
using spherical targets with diameter ranging from 2 nm to 2000 nm.  Figure 3.2.2 shows dose 
distribution of ionisations for 1 keV, 10 keV and 100 keV electrons that are totally slowed 
down in water vapour, scaled to unit density.  The increase of the initial energy of the electron 
leads to the decrease in the mean number of ionisations in the target.  The increase of target 
size leads to the increase of the mean number of ionisations in the target (Figure 3.2.3).  
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Figure 3.2.2  Dose distribution of ionisations in 20 nm spherical targets for 1 keV, 10 keV and 100 keV 
electrons generated and totally slowed down in water vapour, scaled to unit density.  The increase of electron 
initial energy leads to the decrease of mean number of ionisations deposited in the target.  

It is frequently more convenient to normalise the energy deposits to the actual chord length of 
the target.  For electron tracks crossing the target (crossers) Fy  and Dy  values are increasing 
with decreasing electron energy.  When the electron track is entirely absorbed in the target, 
the further increase of the target size does not lead to the higher value of Fy .  This can be 
observed for tracks with energy of a few keV deposited in targets 2 nm – 0.2 µm (see 
Figure3.2.3).  The mean lineal energy is used in microdosimetry as an indicator of radiation 
quality.  Appendix A includes the list of the values of Fy  and Dy  for monoenergetic electrons 
with energies from 1 keV to 1000 keV in water vapour targets ranging in size from 2 nm to 
2000 nm. 
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Figure 3.2.3 Dose distribution of ionisation for electrons with initial energy of 10 keV in spherical water vapour 
targets of unit density.  The increase of target diameter leads to the increase of the mean number of ionisations 
deposited in the target.  
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Figure 3.2.4  Dose mean lineal energy for monoenergetic electrons in spherical water targets with diameter from 
2 nm to 2000 nm.  Lines are plotted to guide the eye.  For target diameter larger than 100 nm low energy electron 
tracks are totally absorbed within the target (insiders) and mean lineal energy decreases. 
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Figure 3.2.5  Frequency mean lineal energy for monoenergetic electrons in spherical water targets with diameter 
from 2 nm to 2000 nm.  Lines are plotted to guide the eye.  For target diameter equal or larger than 200 nm low 
energy electron tracks are totally absorbed within the target (insiders) and mean lineal energy decreases. 
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Figure 3.2.6  Ratio of dose and frequency mean lineal energy for monoenergetic electrons.  The yD/yF ratio can 
be applied as the indicator of radiation quality (Booz and Fiodorra, 1981).   
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3.2.4 Calculation of Microdosimetric Distribution for Photons  

The most straightforward method for calculation of microdosimetric distributions for photons 
is based on calculation of a set of electron tracks with the energies randomly sampled from a 
secondary electron spectrum, φ(E), produced by incident photons in the considered medium, 
and to score d(j) according to the method described in section 3.2.2.  By using this method, it 
was possible to model the response of the tissue equivalent proportional counters for photons 
and to identify the structure of the measured yd(y) spectra including the contribution from 
Compton electrons and electrons produced by photoelectric effect (Olko et al., 1989).   

A disadvantage of the above method was that for the each new photon spectrum it was 
necessary to repeat the time-consuming Monte Carlo calculation.  To avoid this, scoring of 
electron tracks to calculate d1(j, E) was first performed for 26 monoenergetic electrons, with 
energy E ranging from 1 keV to 1000 keV.  Next the d1(j, E) distributions were folded with 
the calculated secondary electron spectra φ(E).  If the irradiated volume is small compared to 
the mean free path of photon (which is usually the case for small detectors or biological cells), 
then only the first collision spectrum, φc(E) (Olko, 1996) contributes to the dose. 
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Figure 3.2.7  Energy spectrum of 137Cs γ-rays and A30, A120 X-rays  
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Figure 3.2.8  Initial energies of secondary electrons produced in water by 30 kVp (dotted line) and 120 kVp 
(solid line) X-rays and 137C γ-rays.  The spectra are multiplied by electron energy and normalised to unity. 

The first collision electron spectra in water, for incident photon spectra shown in Figure 3.2.7, 
were calculated using the Phoel-2 code (Turner et al., 1980) for 137Cs γ-rays as well as the 
hard-filtered 30 kVp (A30) and 120 kVp X-rays (A120).  The results, normalised to unit 
absorbed energy, are presented in Figure 3.2.8.  The 30 kVp X-rays produce primarily 
photoelectrons with the energies close to the energy of the incident photon.  For 120 kVp 
X-rays, the dominant mode of photon interaction is Compton scattering, with the average 
energy close to that obtained for 30 kVp X-rays.  Finally, the calculated φc(E) were folded 
with d1(j, E) for monoenergetic electrons according to Equation 3.2.2.  The calculated d(j) 
distribution for 137Cs, A30 and A120 and for target diameter d = 50 nm are plotted in 
Figure 3.2.9.  Since the average energy of the secondary electron spectra for A30 and A120 
are similar, the microdosimetric distributions almost overlap.  This is the reason why the 
response of thermoluminescent detectors in terms of their relative efficiency (see Chapter 5.3) 
or TEPC (Olko, 1989) to these radiation qualities is approximately equal.  
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Figure 3.2.9  Ionisation jd(j) distribution produced in 50 nm in diameter spherical water targets by 30 kVp 
(dotted line) and 120 kVp (dashed line) X-rays and 137Cs (bold line) gamma-rays.  The spectra are multiplied by 
electron energy and normalised to unity. 
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3.2.5 Calculation of Microdosimetric Distribution for Heavy Charged Particles 

For heavy charges particle interactions, the ion tracks were generated in the track-segment 
mode (without slowing down) using the MOCA-14 code (Paretzke, 1988).  In MOCA-14 all 
energy-deposition events (ionisations or excitations) caused directly by an ion lie directly on 
ion axis.  Secondary electrons produced by ions are traced using the MOCA-8 code in the 
slow-down mode.  The ionisation cross section applied in MOCA-14 is calculated using the 
analytical model of Miller et al. (1985) which was fitted to the experimental cross sections for 
0.5 MeV and 4.32 MeV protons.  The program can be used to simulate tracks for HCP heavier 
than proton by multiplying the total ion interaction cross section by the squared effective 
charge, (z*)2 calculated from the Barkas (1953) formula:  
 

)]1022/125exp(1[* 3/2
max

−−−= zkeVEzz    3.2.3 
 

The HCP stopping power, Si, can be calculated using the proton stopping power, Sp, as 
follows: 
 

pi SzS 2*)(=        3.2.4 
 

In Figure 3.2.10 the stopping powers of ions for Z=1 to Z=8 are presented, which were 
calculated from the stopping power of protons (Berger, 1993) using the Barkas formula.  For 
the low energy ions, the effective charge is reduced due to the picking up of electrons from 
the medium.  The generated ion tracks were used to score microdosimetric distributions 
sampling over the individual transfer points. 
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Figure 3.2.10  Stopping power of HCP from Z=1 to Z=8 calculated from the stopping power of protons using 
the Barkas (1953) formula.  



3. Calculation of microdosimetric distributions    

 29 

 

 

Figure 3.2.11  Comparison of probability density of distribution of ionisations calculated using Monte Carlo 
method (Olko and Booz, 1990) with the analytical model of Xapsos et al. (1996) (adopted from Shinn et al., 
2001) 

 

3.3 ANALYTICAL CALCULATION OF SINGLE-EVENT MICRODOSIMETRIC 
DISTRIBUTIONS FOR IONS 

3.3.1  Chord Length Distribution Approach 
The expressions for calculation of f(y) after the target irradiation with parallel, monoenergetic 
ion beam with LET, L = L∞,  passing through the spherical target with diameter d was 
developed by Kellerer (1968).  It is assumed that R >>d, where R is the particle range, and 
the energy deposited in a given traversal, l, is equal to l×L.  For a sphere of diameter d the 
distribution of chord length fµ(l), referred to as m-randomness (Kellerer, 1971), is equal to 
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When no straggling of energy deposition occurs, the mean frequency distribution of lineal 
energy is equal to the LET of the incident radiation and the mean of the frequency distribution 
of specific energy is equal to the absorbed dose, D. 
 
The single event dose distribution is expressed as  
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and the dose mean lineal energy, Dy , is given by 
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The dose and frequency distributions of lineal energy for 1 MeV protons in 1 µm water target, 
calculated using Equations 3.3.2 through 3.3.5, are presented in Figure 3.1.1. 
 
 
3.3.2  Consideration of Straggling and Delta-Ray Transport 

The microdosimetric spectra are influenced by many different random factors (Kellerer 1968). 
In addition to the distribution of chord length fµ,  the following factors should be taken into 
account: 

a) distribution of LET, L, relative to track length 

b) distribution of the number of primary collisions along the track, δ  

c) distribution of energy required to produce an ion-pair, W  

d) transport of delta-rays out and in to the target 

The analytical calculation of microdosimetric distributions for micrometer sites is based on 
the LET spectrum of the incident ions, their chord length distribution and the distribution of 
the energy deposited in the site per collision (Kellerer, 1968).  Some models assume that the 
response of physical or biological detector is related to the moments of microdosimetric 
distributions, e.g., the signal of the variance–covariance counter is proportional to the dose 
mean lineal energy, Dy , which is considered to be an indicator of radiation quality.  In such 
case, it is sufficient to calculate the mean values of microdosimetric distributions.  The dose 
mean specific energy, Dz , can be expressed in terms of the ratio of the second moment to the 
first moment of the three fundamental distributions of LET (L is the incident particle’s LET); 
chord length in the site, fµ; energy deposited by the particle in one collision, δ; Fano factor, F; 
and the average energy required to produce an ion pair, W.  
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To apply this method to the nanometer-size targets, the transport of secondary electrons in 
and out of the target must be taken into account.  Based on the approach described in the 
previous paragraph, Xapsos et al. (1994) proposed the two-component analytical model.  The 
model calculates Dz  ( Dy ) for ions by including the dose contributions from the ions passing 
the target volume (ion events, crossers) and from the ions affecting the volume by δ-electrons 
(touchers),  
 

eDionionDionD zfzfz ,, )1( −+=     3.3.7 
 

where ionDz ,  is the dose mean specific energy for ion events, eDz , is the dose mean specific 
energy for electron events and fion is the fraction of dose deposited to the site by ion events.   
The method developed by Xapsos can be used to calculate the Fano factor for ions, Fion, as 
well as the (L2/L), (fµ2/fµ) and (δ2/δ) ratios for the ion and electron events (Xapsos et al. 1994).   
 

3.3.3  Analytical Parameterisation of Monte Carlo Results  

Some analytical approaches were developed by parameterisation of f1(j) distributions obtained 
using ion tracks generated by Monte Carlo method.  

The Wilson model (Wilson et al., 1988) applies to the tracks generated using the MOCA-14 
code.  It calculates the frequency of ionisation, j, in spherical sites of 2 nm to 1 µm in water 
vapour (at ρ=1 g cm-3) due to 0.3 to 20 MeV protons passing at a given distance d from the 
centre of the sphere.  The distribution f(j; b) is a function of the relative eccentricity b of the 
ion path, i.e., the ratio of the ion-path distance to the centre of the site, b, and the site radius, 
d/2.  The analytical approximation of the f(j; b) can be obtained by fitting a lognormal 
distribution to the Monte Carlo results as follows: 
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The frequency distribution f(j; b) is characterised by its first and second central moment:  m  
and s.  The value of m and s can be calculated using analytical expression which is a function 
of three parameters: proton energy, E, site diameter, d, and eccentricity parameter, b.  
A detailed set of formulas, necessary to derive the analytical functions f(j; b)  is available in 
the paper by Wilson et al. (1988).  Numerical integration of the distributions over the 
eccentricity parameter b can then be used to obtain distributions for the broad beam 
irradiation.  The calculated expressions f(j; b), which depend on eccentricity parameters,  
represent the distributions of ionisations in experiments with pencil ion beams measured with 
wall-less proportional counters.  Such measurements were performed by Glass and Roesch 
(1972) and by Metting et al. (1988).  The Metting’s results concern the measurement of the 
single-event distributions in a 1.3 µm site as a function of radial distance from the trajectory 
of high-energy ions having an energy about 600 MeV/amu.  However, these results cannot be 
verified using the MOCA code because this code is not suitable for simulation of proton 
tracks with incident energy higher than 20 MeV/amu.  
 
The approach by Olko and Booz (1990) offers an analytical recipe to calculate the frequency 
distribution of ionisation in spherical sites of 1-nm to 1000-nm size (at ρ =1 gcm-3) in water 
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vapour due to 0.3 to 5 MeV/amu protons and alpha particles, which traverse randomly with 
respect to the position of a spherical site.  The model parameters were derived for ions with 
atomic number Z up to that of oxygen and the maximum energy 20 MeV/amu.  The sets of 
parameters to calculate f(j) for Z = 1 through 8, 1 nm < d < 1000 nm, 0.3 < E < 10 MeV/amu, 
are given in Appendix B.   

In the approach the frequency distribution of ionisation f(j) is approximated by a sum of 
functions developed for different classes of particles: 

i) crossers (ion events), i.e. ionisations produced by particles crossing the site; the function 
is approximated by a Fermi-like distribution and has two free parameters, B and C 

ii) touchers (delta-ray events), i.e., ionisations produced by delta-rays entering the site; the 
distribution has one free parameter: δj , the mean number of ionisations induced in the site 
by the delta-ray event. 

Both components are weighted with a fourth parameter: the fraction of events due to delta 
rays, µF, Thus for a given ion, i, the distribution of ionisation is given by the following 
expression: 

f(i)(j) = (1-µF) Aj
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For charged particles crossing the site (crossers), Fermi-like functions were used to 
approximate the ionisation distributions, B, C and δj , which are functions of ion charge, 
energy per atomic mass, and target diameter. Here, A denotes a normalisation factor, i.e.: 
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µF  is not a free parameter.  It can be derived from the fraction of dose due to delta-ray events, 
µD , which is constant for different ions of the same velocity (energy per atomic mass unit).  
The relation between µD  and µF   is as follows: 

µF   = µD  j
j
F
δ        3.3.10 

where the mean number of ionisations for the f(j) spectrum, Fj , can be obtained by weighting 
the mean number of ionisations for touchers and crossers: 

1
j

(1 ) 1
j

1
jF

D D= − +µ µ δi      3.3.11 

In the further parts of this work the track-segment microdosimetric distributions for ions (i.e. 
without slowing down) were calculated using equations 3.3.9 – 3.3.11 and B, C, δj and µD 
parameters given in Appendix B.  If some intermediate values of ion energy, E, and target 
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size, d, were needed, the value of parameters were interpolated using the 2-dimensional 
parabolic interpolation routine bcuint (Pres et al., 1992). 

For ions with initial energy E0 which are entirely stopped in the detector, the microdosimetric 
distributions were calculated as: 

dEEjd
E

jd
E

),(1)(
0

1
0

1

0

∫=      3.3.12 

 

3.3.4  Calculated Microdosimetric Distributions and Their Moments 

Microdosimetric distributions depend on the ion charge, ion velocity, target size and target 
composition.  All distributions in this work are calculated for water vapour scaled to the 
density of 1 g cm-3.  In Figure 3.3.1, frequency distributions of ionisation f1(j) calculated for 
parallel 1 MeV proton beam and target sizes from 5 nm to 1000 nm are shown.  For 
d = 1000 nm, the straggling of energy loss is negligible and the chord length distribution for a 
sphere (Equation 3.3.1) determines the shape of f1(j).  A small contribution of δ-rays from 
ions passing outside the target (touchers) is visible for low j values.  For low target diameters, 
the contribution from touchers is dominant and the chord length distribution is insignificant.  

The relative contribution to dose of delta-electron events, µD , depends only on the velocity of 
ions and does not increase with atomic number Z.  For high-Z ions, the relative contribution of 
delta electron events increases as compared to protons because Fj  is growing faster then 

δj (see Equation 3.3.11).  In small targets, high-Z tracks produce more frequent delta events 
(touchers) (see Figure 3.3.2) even if their total contribution to the dose remains constant.  This 
is illustrated in Figure 3.3.3 where the dose distributions of lineal energy d(y) for 
10 MeV/amu protons and carbon ions in 50 nm spherical targets are presented.  

For carbon ions irradiating the spherical water target (diameter d = 50 nm), the average lineal 
energy for ion events (at about 150 keV µm-1) and δ-ray events (at about 8 keV µm-1) differs 
at least by one order of magnitude and can be well separated.  For 10 MeV/amu ions and 
50 nm target, the delta-ray events are mostly contributing to the specific energy.  The density 
of ionisation produced by fast protons crossing small target is comparable to the density of 
ionisation of its delta-rays.  Therefore, the lineal energy distribution for protons overlaps with 
the lineal energy distribution for 12C δ-rays. 

In Figure 3.3.4 the dose-mean lineal energies for monoenergetic protons in water vapour, 
calculated using the Olko and Booz (1990) model for target diameters from 1 nm to 1000 nm 
are compared  with calculations of Leuthold and Burger (1985) and Xapsos et al. (1994).   
They agree within 10 - 15% for 0.5 MeV and 5 MeV protons and target diameters exceeding 
10 nm.  The Xapsos yields 30 - 40% higher results for 20 MeV protons.  This may indicate 
that the delta-ray contribution to Dy  in Xapsos calculation is significantly lower as compared 
to that obtained from Olko and Booz model. 
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Figure 3.3.1  f1(j) distribution of ionisation in water vapour spherical sites (scaled to density 1 g cm-3) irradiated 
with a parallel beam of 1 MeV protons, calculated using analytical approach of Olko and Booz (1990). 
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Figure 3.3.2  Calculated frequency distribution of ionisation in spherical water vapour targets 50 nm in diameter 
(density 1 g cm-3) irradiated with parallel beam of protons and Be ions.  For high Z irradiation the relative 
contribution of delta-ray events increases.   
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Figure 3.3.3  Calculated dose distribution of lineal energy for parallel beam protons and 12C carbon ions 
irradiating spherical water vapour target (ρ=1 g cm-3, diameter d=50 nm).  
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Fig. 3.3.4  Mean dose of lineal energy for 0.5 MeV, 5 MeV and 20 MeV proton beam calculated using analytical 
approach of Xapsos et al. (1994) (dotted line) , Olko and Booz (1990) (full line) and Leuthold and Burger (1985) 
(squares)  
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4.  MODELLING OF THE RESPONSE OF TISSUE EQUIVALENT 
PROPORTIONAL COUNTER FOR NANOMETRE-SIZE 

SIMULATED TARGETS 

4.1  MICRODOSIMETRIC TECHNIQUES 

4.1.1 Principles of Operation of Tissue-Equivalent Proportional Counters 

The solid wall, tissue-equivalent proportional counter (TEPC) consists of a tissue-equivalent 
conducting chamber and the central collecting anode wire that is electrically biased to the 
cathode.  The development of the TEPC has its origin in the work of Rossi and Rozenzweig 
(1955).  The theory of the TEPC operation was later extended in works of Dicello et al. 
(1980), Booz and Fiodorra (1981), Schmitz, Olko et al. (1990), Menzel et al.(1990), Waker 
(1981), Braby et al. (1995), and others, who suggested that the proportional counter can be 
operated at low pressure to study the distribution of radiation energy deposition in 
micrometer-size volume of tissue.  The idea was that the pressure of the gas filling the 
chamber is adjusted such that a charged particle crossing the counter volume having size of a 
few centimetres deposits the same amount of energy as this charged particle crossing a tissue 
volume of micrometer dimensions.  Assuming that the mass stopping power for the radiation 
under consideration is identical for both the tissue and the tissue-equivalent counter gas, the 
size of the simulated diameter, ∆Xg, can be calculated from the following relationship 
 

ρt∆Xt = ρg∆Xg      4.1.1 
 
where ρt and ρg denote the density of tissue and gas, respectively, and  ∆Xt is the chord length 
of the target (tissue volume). 
 
The following features of microdosimetric counters distinguish them from the conventional 
proportional counters (PC):  
 
- Tissue equivalence (TE): the chamber wall and the gas mixture filling the chamber are 

tissue-equivalent, i.e., their atomic composition reflects as closely as possible the atomic 
composition of soft tissue.  The typical material for the counter wall is the conducting 
A-150 plastic (Smathers and Goodman, 1977).  It is worth to note that no TE material 
used in dosimetry has precisely the composition of ICRU tissue (ICRU 36, 1984). 

- Low gas pressure: methane- or propane-type gas mixtures are used as muscle-equivalent 
gases.  In terms of energy deposition by a charged particle, 1 µm of muscle corresponds to 
1 cm of a methane-type gas at a pressure of p = 9.5 kPa or a propane-type gas at 5.6 kPA 
(t = 20oC).  

- Spherical sensitive volume with a helix around the anode wire: a helix is used to shape the 
cylindrical field around the anode wire, which otherwise would be distorted by the 
spherical cathode.  

 
The essential characteristic of the proportional counter is its ability to amplify the charge 
induced in the primary ionisation process by means of, so-called, gas-amplification.  The 
charged particle interaction within the counter volume produces electrons and ions, which 
drift in electric field applied between the anode wire and the cathode (Waker, 1995).  When 
the reduced electric field, E/p (electric field strength divided by the pressure of the gas), 
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becomes sufficiently high in the vicinity of the anode wire, ionisation by electron impact 
occurs.  A relatively small number of ions produced in primary ionisation process is 
multiplied through the secondary ionisations of the counter’s gas.  The resulting pulse 
amplitude (pulse height) is approximately proportional to the number of primary ionisations 
in the counter volume.  The process of gas amplification is described by the parameter called 
the first Townsend coefficient, α, which is defined as the mean number of ion pairs formed by 
an electron per unit length of its path along the field.  Another parameter which describes 
operating characteristics of a PC is the multiplication factor called the gas gain, G.  The value 
of this parameter for TEPC’s ranges typically between a few tens to a few thousands (Kliauga 
et al., 1995) and is related to α by  
 

dx
ar

creG
∫

=
α

      4.1.2 
 

where ra is the radius of the collecting wire (anode) and rc is the critical radius of the 
cylindrical field around the anode at which electron multiplication first becomes possible.  For 
a classical TEPC (i.e. TEPC simulating a volume of tissue 1 µm in diameter or larger), the 
value of rc does not exceed a few hundred micrometers (Kliauga et al., 1995). 
 

 
 
 
Figure 4.1.1 Rossi-type Spherical Tissue-Equivalent Proportional Counter (from ICRU 36, 1984)  
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A classical TEPC with a chamber of a few centimetres in diameter can be applied to simulate 
the target diameter ranging from 0.25 µm to 8 µm (in most cases 1 µm or 2 µm).  A typical 
spherical Rossi counter with the chamber of 2.54 cm in diameter and the helix around the 
anode wire is presented in Figure 4.1.1.  The counter is filled with methane-type gas mixture.  
One of the limitations of the classical Rossi counter is its inability to simulate target volumes 
smaller than about 0.25 µm in diameter.  By further lowering the gas pressure the 
amplification region around the anode wire extends and the gas amplification in the counter 
becomes dependent on the distance of a primary ionisation site from the anode wire. 
 
The results of modelling of the TEPC response for small, nanometer-size simulated diameters 
are presented in the following section.  The objective of such modelling is to predict the 
counter response, to explain the structure of the measured microdosimetric spectra and to help 
to develop the calibration procedure.  On the other hand, by comparing the calculated and the 
measured spectra, it is possible to verify the calculation for nanometer-size targets. 
 
 
4.1.2 Microdosimetric Techniques for Determination of Energy Deposition in 

Nanometer-Size Targets 

The need for the measurement of energy deposition in nanometer-size targets became 
apparent when the radiobiological models linked biological damage at the cellular level to the 
ionisation events in the sensitive structures of biological cells, such as the DNA double helix 
(helix diameter of approximately 2 nm), nucleosomes (10 nm) or chromosomes (1000 nm) 
(Goodhead, 1992; Booz and Feinendegen, 1988).  However, the conventional tissue 
equivalent proportional counters, also called the Rossi counters, could not simulate targets 
with diameters much smaller than 1 µm.  Therefore, several techniques were proposed to 
measure quantities related to energy deposition in nanometer-size targets.   
 
One of these techniques involved the use of a high-pressure recombination ionisation 
chamber. The principle of operation of such ionisation chambers is based on initial or 
columnar recombination, which takes place between negative and positive ions, within the 
same track of a charged particle (Sullivan and Zielczyński, 1976; Golnik and Zielczyński, 
1994).  For the tissue-equivalent high-pressure ionisation chamber exposed to a constant 
radiation field, the ratio of the current measured at different potentials provides a measure of 
the degree of initial recombination taking place.  The rate of the initial recombination can be 
used to determine microdosimetric parameters of the radiation field.  At the given collecting 
voltage, the ratio of the number of ions that have recombined, to the total number of generated 
ions, depends on local ion density.  This local ion density can be related to the restricted LET, 
L∆, with an energy cut-off ∆ ≈ 500 eV.  The length of the track over which the energy loss is 
averaged is equivalent to about 70 nm of 1 g cm-3 density tissue (Golnik, 1995).  The 
advantage of the method is that it can be applied in the high-intensity radiation field.  The 
radiation protection instruments based on this principle are commercially available.  
However, this method does not allow to obtain the distribution of events and to change the 
simulated target size.  
 
Several other nanodosimetric techniques were proposed in the 1990’s, however, they are still 
in the experimental phase.  Sauli (1995) suggested that a microstrip gas counter (MSGC) 
could be applied to measure microdosimetric parameters of radiation field.  The MSGCs are 
similar to multiwire proportional chamber except that the anode and cathode have been placed 
as thin, metallic strips on a supporting insulator using photolitographic techniques (Dubeau et 



4. Modelling of the response of TEPC for nanometre size simulated targets 

 40 

al., 1997).  Bednarek et al. (1997) studied the performance of a MSGC filled with three 
various tissue-equivalent gas mixtures (methane, propane and neon based) and demonstrated 
that a MSGC filled with tissue-equivalent gas mixture can operate as a microdosimeter even 
at the atmospheric pressure.  Breskin et al. (1995) applied a single electron counter (SEC) to 
measure, with high resolution, the primary ionisation yield in propane gas mixture (at a few 
hundred Pa) in volumes with an equivalent length of a few nanometers.  This device could be 
used to measure the ionisation and its fluctuations across the core of a charged-particle track 
in a tissue-equivalent organic gas.  Yet another one of the techniques, called jet counter (JC), 
was modified by Pszona (1997) for the purpose of nanodosimetric measurements. In this JC a 
short lasting (about 50 µs) jet of nitrogen gas is injected to the cylindrical interaction chamber 
(10 mm in diameter).  Energy deposition in the chamber volume by 100 eV electrons (from an 
electron gun) is estimated from the attenuation of the electron beam during the gas jet.  At this 
stage of the development JC is unsuitable for the routine nanodosimetric measurements 
because it cannot be easily applied for arbitrary radiation fields. 
 
The most comprehensive set of microdosimetric distributions and their moments in nanometer 
targets, for different radiation fields, were measured by Paul Kliauga, who developed an ultra 
miniature proportional counter (UMC), and by the group of Lennart Lindborg who applied the 
variance-covariance technique capable to measure dose-mean lineal energy.  In the following 
sections, the response of an UMC and the results of variance-covariance measurements are 
compared with microdosimetric distributions and their moments, calculated using the 
methods presented in Chapter 3. 
 
 
4.2 MODELLING OF MICRODOSIMETRIC DISTRIBUTIONS MEASURED WITH 

ULTRA-MINIATURE PROPORTIONAL COUNTER  

By decreasing the size of the sensitive volume, it was possible to manufacture a cylindrical 
walled counter whose active volume is as small as 0.5 mm in length and 0.5 mm in diameter 
(Kliauga, 1990).  The radius of the anode wire was 3.5 µm and the cathode radius 0.25 mm. 
UMC was filled with a mixture of propane (55%), CO2 (39.6%) and N2 (5.4%) at a pressure 
of 4.2, 8.4, 16.8 and 42 torr, corresponding to the simulated diameters of 5, 10, 20 and 50 nm, 
respectively.  The anode potential was set at 500 V.  Such counter, shown in Figure 4.2.1, has 
been found to have an adequate gain and time resolution to measure microdosimetric 
distributions in simulated targets as low as about 5 nm, due to the high strength of the electric 
field applied across the sensitive volume.  Due to its small sensitive volume size the counter 
can be used in intense radiation field (e.g. in radiotherapy beams) without experiencing the 
pile-up effect.  Following this work, a wall-less version of the UMC was constructed and 
successfully used for microdosimetric measurements in the ion beams (Kliauga, 1994). 
 

4.2.1  Modelling of Energy Deposition in Ultra-Miniature Proportional Counter Without 
Gas-Gain Effects 

Microdosimetric distributions for 137Cs γ-rays and 15 MeV neutrons for simulated sites with 
diameters of 5 nm, 10 nm, 20 nm and 50 nm were measured by Kliauga (1993) using the 
walled UMC counter.  These yd(y) distributions, especially those for neutrons, cannot be 
easily compared with the distributions measured with the conventional TEPC.  This is 
because they show a higher relative variance and lack of some characteristic features observed 
in the TEPC spectra, such as the recoil proton edge after the 15 MeV neutron irradiation at 
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about 10 keV µm-1 or the alpha particles edge from (n, α) reactions at about 360 keV µm-1.  
The main reason for this high relative variance is that since in such small-simulated diameters 
usually only a few ionisations are produced, the number of primary ionisations fluctuates 
significantly due to the delta-ray effects and straggling of energy loss.  In addition, these few 
primary electrons initiate electron avalanches, which reach the anode wire with a broadly 
distributed number of secondary electrons.  

 
 
Figure 4.2.1 Cross Section View of Ultraminiature Counter (UMC) (from Kliauga, 1990) 
 
In Figures 4.2.2a through 4.2.2d, the measured dose lineal energy distributions yd(y) for 137Cs 
γ-rays are plotted against the distributions calculated using the method developed by Olko 
(1990) (see Section 3.3) for the Monte Carlo-simulated tracks generated using the TRION 
code.  The calculated frequency distribution of ionisations, f(j), were converted to the lineal 
energy spectra by using W value equal to 30 eV/i.p.  The measured and calculated yd(y) 
distributions are shifted on the lineal energy scale by approximately a factor of 2, which is 
explained later in this section.  
 
The calculation of neutron-induced yd(y) distributions does not include the scattering of 
neutrons in the surrounding material, nor the associated gamma ray production.  The effect of 
these phenomena is negligible in such a miniature counter.  The analytical code NESLES 
(Edwards and Denis, 1975) was applied to generate the slowing down spectra of secondary 
heavy charged particles (ions), Φi(E), which were convoluted with the corresponding dose 
distribution of ionisations for a given ion energy E, di(j, E).  The calculations were performed 
over the actual energies of all secondary ions (i = 1,…, 14) resulting from neutron interactions 
with the major constituents of tissue-like materials, which significantly contribute to dose.  
The contributions from all types of particles were then added as follows: 
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where Φi is the slowing-down fluence of the i-th ion, normalised to the dose delivered to the 
tissue by this ion.  Figure 4.2.3 shows the comparison of the measured neutron distributions 
for 15 MeV neutrons with the corresponding results of Monte Carlo calculation (Olko et al., 
1992; Morstin and Olko, 1994).  The results are displayed in the form of step functions, which 
reflects the discrete nature of ionisation events.  The width of the bins corresponds to one 
ionisation on the y scale, e.g., the first bin spans over the y values corresponding to 0.5 to 1.5 
ionisations. 
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Figure 4.2.2  Comparison of yd(y) distributions for 137Cs γ-rays measured by Kliauga (1990) using the ultra 
miniature counter (UMC), shifted by a factor of 2 according to (Olko et al., 1992) calculations (UMC new 
calibration) and calculated by  Monte Carlo method (Olko et al., 1992).  The dose distribution of ionisation jd(j) 
was converted into yd(y) spectra  by using W-value equal to 30 eV/i.p. 
 
The spectra presented in Figures 4.2.2 and 4.2.3 indicate substantial differences between the 
measured and calculated distributions of yd(y), particularly for neutrons.  The calculated 
distributions for neutrons are steep and reflect the discrete distribution process of energy 
deposition by recoil protons and α-particles from (n,α) reactions.  In the real UMC only a few 
ionisations are produced in the sensitive volume.  If a 5 MeV proton crosses a 10 nm site 
along its diameter, it imparts about 80 eV of energy, which corresponds to 2-3 ionisations.  
The measured spectra shown in Figures 4.2.2 and 4.2.3 were registered with the circular–
cylinder (cylinder’s diameter equal to its height).  The mean chord length in such a cylinder is 
equal to that of a sphere with the same diameter.  Although the maximum chord length of a 
circular cylinder exceeds the diameter of a sphere by a factor of 1.41, no spectral edges, useful 

a) b) 

c) d) 
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for calibration purposes were observed.  The original calibration of the UMC counter 
proposed by Kliauga (1993) was based on the assumption that the position of the maximum 
corresponds to the single ion pair produced in the counter volume.  For d = 5 nm and an 
arbitrary value of W = 30 eV, the single ionisation corresponds to lineal energy y = W/(2d/3) 
= 45 eV/5 nm = 9 keV µm-1.  It was assumed that the distribution of the number of electrons 
arriving at the anode wire after gas amplification was described by the exponential function, 
e-ay, (a is a fit parameter) which after converting to the dose distribution in lineal energy, d(y), 
has the maximum in lineal energy at 1/a.  However, when the distribution is displayed in the 
yd(y) space, the single ionisation maximum shifts to 2/a, i.e., it occurs for twice as high lineal 
energies. 
 
This new calibration improves the consistency of the measured and calculated yd(y) spectra 
for 137Cs (see the dotted lines in Fig. 4.2.2).  However, the calculation does not explain the 
much higher variance of d(y) distribution observed for densely ionising charged particles 
induced by the neutron irradiation.  
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Figure 4.2.3 Comparison of yd(y) distributions for 15 MeV neutrons measured by Kliauga (1990) using ultra 
miniature counter with calculated yd(y) distributions (dashed histograms).  The calculations were based on 
secondary charged particles spectra generated by NESLES code (Dennis and Edwards, 1975) and analytical 
model for microdosimetric distributions (adapted from Olko et al., 1992; Morstin and Olko, 1994). 

a) 

c) 

b) 

d) 
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4.2.2  Gas-Gain Phenomena and Pulse Height Spectra in UMC Counters 

Microdosimetric distributions obtained with the UMC for simulated diameters of 5 - 20 nm 
show a higher relative variance and lack some of the characteristic features observed in the 
TEPC spectra, such as the recoil proton edge after neutron irradiation.  The reasons for this 
are twofold.  First, since in such small simulated diameters usually only a few ionisation are 
produced (even after proton irradiation), the number of primary ionisations strongly fluctuates 
due to delta-ray effects and straggling of energy loss in a small volume.  The other reason is 
that these few primary electrons initiate electron avalanches, which reach the anode wire with 
a broadly distributed number of secondary electrons.  
 
In the previous section, the modelling of yd(y) spectra measured with the walled UMC was 
limited to the calculation of the number of primary ionisations in the sensitive volume, which 
were subsequently converted into lineal energy, y, using a W-value equal 30 eV.  In the 
following section, multiplication phenomena in UMC will be included in this model by an 
additional Monte Carlo-simulation of the multiplication process. 
 
 
4.2.2.1  Calculation of a Single-Electron Avalanche in the Ultra-Miniature Proportional 

Counter 

Calculations of the electron transport in the walled UMC counter were performed at the 
University of Toulouse by Segure (Segure, Olko et al., 1995).  A Monte Carlo code was 
developed to calculate distributions of the number of electrons P(n) collected at the anode for 
a single primary electron emitted at a given position in the counter.  In this code, radiation-
induced primary electrons and all secondaries are traced until they reach the anode.  
Calculations were performed for a 0.5 mm-long cylindrical counter, with the anode radius of 
3.5 µm and the cathode radius of 0.25 mm.  It was assumed that the UMC was filled with a 
mixture of propane (55%), CO2 (39.6%) and N2 (5.4%) at a pressure of 4.2, 8.4 and 16.8 torr, 
corresponding to the simulated diameters of 5, 10 and 20 nm, respectively (Olko et al., 1995).  
The anode potential was set at 500 V.  The angle of the velocity vector of the initial electron 
was chosen randomly.  Calculations were performed for each simulated diameter at eight 
initial electron energies (0.1, 1, 2, 3, 5, 7, 9, and 11 eV) and at seven distances of primary 
ionisation from the anode wire (10, 25, 50, 100, 150, 200 and 245 µm).  Typically, 10000 
primary ionisations were traced per each calculation point.  
 
When the TEPC is used to measure ionisation spectra, the main assumption is that the counter 
operates in proportional mode, i.e. that the height of the registered pulse is proportional to the 
number of primary ionisations in its sensitive volume.  Figure 4.2.4 shows the Monte Carlo-
calculated avalanche size distributions P(n, r) for one primary ionisation produced in the 
UMC for simulated diameter 5 nm and 10 nm at different distances, r, from anode wire where 
n is the number of electrons in avalanche.  It can be clearly seen that for the small simulated 
diameters the counter is no longer a proportional device and the observed pulse-height 
depends on the location and energy of the primary electron.   This is because the size of the 
multiplication region is on the same order as the volume of the cavity. 
 
As can be seen in Figure 4.2.4, the size of electron avalanche strongly depends on the point of 
origin of the primary electron.  The electron avalanche is at least an order of magnitude 
greater if the primary electron’s point of origin is close to the cathode, compared with its 
location in the vicinity of the anode wire.  This effect does not depend significantly on the 
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energy of the initial electron and this parameter will not be further considered.  Radiation-
induced primary ionisations are, in principle, uniformly distributed in the counter volume.  
Thus, the average single-electron gas gain, P(n), can be obtained by weighting the 
distributions over the radius of the counter, where ra and rc are the cathode and anode radii, 
respectively: 
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Figure 4.2.4 Monte Carlo-calculated avalanche size distributions P(n, r) for one primary ionisation produced in 
the UMC (d = 5 nm and d = 10 nm) at different distances from the anode wire (adapted from Olko et al, 1995).  
 



4. Modelling of the response of TEPC for nanometre size simulated targets 

 46 

∫

∫
=

c

a

c

a

r

r

r

r

drrnP

drrrnP
nP

);(

);(
)(

2

    4.2.2 

 

The bold line in Fig.4.2.4 represents P(n) for a 5 nm UMC. 
 
 
4.2.2.2 Convolution of Single-Electron Avalanches 

If the avalanche size distribution for a single initial electron, P(n), is available, the distribution 
of the number of electrons reaching the anode after two primary ionisation P*2(n) can be 
obtained by convolution of P(n):   
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and the distribution P*j(n) for exactly j primary ionisations can be obtained via j-1 successive 
convolutions of the P(n) spectra: 
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The P(n) distribution calculated using Equation 4.2.2 was convoluted using Equation 4.2.3 in 
order to obtain the distributions for the successive numbers of primary ionisations, j.  In 
Figure 4.2.5 the results of the first 20 convolutions of P(n), depicted in the form of n2P*j(n) 
distribution for d = 5  and d = 10 nm, are shown.  
 
The distributions of P*j(n) for small j considerably overlap.  The question arises whether with 
this type of gas gain in the UMC it is possible to identify any characteristic features of the 
measured spectrum, e.g., single ionisation events, edges, etc.  This question is closely related 
to the problem of UMC calibration.  It was suggested by Kliauga (1990) that the broad peaks 
observed in the walled UMC yd(y) spectra for 137Cs gamma rays and 15 MeV neutrons are 
related to single-ionisation events in the counter volume, and that the position of the 
maximum in the yd(y) spectra corresponds to the position of the maximum of the jd(j) spectra, 
rescaled into lineal energy (Kliauga, 1992).  
 
The calibration factor, K, for a proportional counter is the parameter that converts the 
observed pulse height, n, to the lineal energy scale, y = n/K.  The single-electron avalanche in 
a classical TEPC operating in proportional gas-gain mode can usually be approximated by the 
equation  
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Figure 4.2.5 Avalanche size distribution for j primary ionisations produced in UMC sensitive volume for 
simulated diameters a) 5 nm and b) 10 nm.  The distribution for j=1 was calculated using Equation 4.2.2 while 
for j = 2 and higher it was convoluted using Equation 4.2.3 (adapted from Olko et al., 1995). 
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 where the value of b is typically in the range from 0 to 0.5  (Kliauga, 1990).  Equation 4.2.3 
can be evaluated analytically for the simple forms of P(y) or approximated using numerical 
techniques for the function P(y) of any arbitrary shape.  For this purpose, a numerical 
convolution procedure was developed, based on the algorithm given by Kellerer (1968).  
Using this procedure, the distribution P(y) for d = 5 nm was fitted by a function of the type  
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where a = 0.123, b = 0.607, c = 0.517 and K = 7.5.  For d = 10 nm the best fit was obtained 
for a = 0.0315, b = 2.52, c = 0.287 and K = 14.8. 
 
Finally, the expression for the predicted response of the UMC was obtained by weighting the 
dose-normalised gas gain distribution y2P*j by the calculated dose distribution of ionisation 
d1(j) as described in Chapter 3:  
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The calculated yd(y) distribution for 137Cs γ-rays for the UMC simulating a site with diameter 
d = 5 nm is shown in Figure 4.2.6 a.  The position of the maximum and the right energy edge 
of the calculated yd(y) distribution agrees reasonably well with the measurements.   
 
The measured microdosimetric distributions for low nanometer-size targets can be better 
simulated using the calculation technique that combines the tracks structure calculation of the 
energy deposition with the Segur model of gas gain in the UMC.  Including the gas gain 
phenomena into the model of the UMC response affects mostly the low lineal energy part of 
yd(y) distributions   i.e. energy deposition events with only a few ionisations.  In this case the 
gas gain leads to broadening of measured yd(y) distributions to such an extend that it is hardly 
possible to identify single ionisation energy deposits.  The calculation of energy deposition 
events with a large number of primary ionisations, which include gas gain effects, yields no 
significant distortions of the signal.  
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Figure 4.2.6 Comparison of calculated (bold line) and measured with UMC counter (dotted line) yd(y) for 137Cs 
γ-rays (a) and 15 MeV neutrons (b).  The step function reflects the calculation without taking into account the 
gas multiplication phenomena in the UMC counter.   
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4.3 VARIANCE-COVARIANCE TECHNIQUE 
 
The relative variance of the specific energy, V(z), is defined as  
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where z  is the mean specific energy for the multi-event spectrum.  
 
It can be shown (Kellerer, 1968) that the V(z) is directly proportional to the dose mean 
specific energy of the single event spectrum: 
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The method of determination the dose mean specific energy, Dz of radiation field by 
measuring of the variance of the deposited energy in a detector repeatedly exposed to a 
constant field for a fixed time interval is called the variance technique.  The relative variance 
V(z) is obtained by recording fluctuating values of lineal energy.  It is required that the 
radiation field remains constant during the course of measurements.  This limitation of 
variance method was overcame by the variance-covariance method described by Kellerer and 
Rossi (1984) and introduced by Lindborg et al. (1989).  In the variance- covariance method 
an additional detector is used to monitor the intensity of radiation field.  The advantage of the 
variance method is that the variance can also be measured also for multiple events in high 
intensity fields, e.g., in therapy beams.   
 
The variance measurements are also possible for lower simulated diameters thus enabling 
measurements for nanometer size targets.  Such data are of interest for radiobiological and 
biophysical models of radiation action, where microdosimetric distributions in nanometer size 
targets are used to characterise energy deposition by ionising radiation.  
 
The measurements of dose mean lineal energy, Dy , for low-LET radiation were performed by 
Grindborg et al. (1995) using a pair of spherical ionisation chambers.  The two detectors were 
positioned in a cylindrical plastic vacuum shield.  This shield was filled with air at different 
pressures simulating object diameters between 6 nm and 2 µm.  A collimated X ray beam 
(100 kVp, filter 3.14 mm Al equivalent to HVL 0.141 mm Cu) and a collimated 60Co γ-ray 
beam have been applied.  Based on the results of measurements, yD  was calculated as: 
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where Q is the mean collected charge, Vr and Cr  is the relative variance and the relative 
covariance in the collected charge, respectively, W/e is the mean energy to produce an ion pair 
in air (33.97 J.C-1), k is a conversion factor from J to keV and l is the mean chord length. 
 
The photon energy spectrum of the X-ray beam was known and was used as input for the 
Monte-Carlo calculations.  For the purpose of calculations, an ideal 60Co photon spectrum 
was assumed (1.17 and 1.33 MeV photons), without taking into account the photon transport 
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(Grindborg and Olko, 1997).  The measured and calculated yD  values, plotted as a function of 
the object size, are given in Figure 4.3.1 for the X-ray and the 60Co γ-ray beams.  
 

10 100 1000
1

10

100
 

 

 measured 60Co
 calculated 60Co
 measured 100 kVp X-rays
 calculated 100 kVp X-rays

Li
ne

al
 E

ne
rg

y,
 y

D
 [k

eV
 µ

m
-1
]

Simulated diamter, d [nm]

 
Figure. 4.3.1.  A comparison of measured and calculated yD  values for different simulated object diameters in a 
therapeutic 60Co γ-ray beam and an X-ray beam (100 kVp and HVL 0.141 mm Cu).  The uncertainty in the 
measurements was less than 15% for simulated diameter larger than 18 nm (adapted from Gridborg and Olko, 
1997). 
 
For the 60Co γ-ray beam, the ratio of the measured and calculated value of yD  is equal to 1.2 
for object sizes between 9 nm and 2 µm.  For the object size of 6 nm the ratio is equal to 2.  
The corresponding ratio for the X-ray beam is less than 1.15 for object sizes above 20 nm.  
For the smaller object sizes, the ratio increases rapidly and is about 2 for the 6 nm object size.  
The calculations of Dy  for the 60Co γ-ray beam were made for 1.17 and 1.33 MeV photons, 
without taking into account the beam scattering.  This may explain in part the difference 
between the measured and the calculated values of Dy  because the scattered radiation 
produces a higher value of Dy  than the primary photons.  For fully scattered 60Co γ-rays in an 
infinite water phantom the calculated Dy -values are in close agreement with the measured 
one. 
 
The consistency between the results of calculation based on Monte Carlo track structure 
simulation in water and the measurements performed with the variance-covariance method for 
the target diameters larger than 20 nm gives a confidence for the application of calculation 
method for other low-LET radiation modalities. 
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5. MODELLING THE RADIATION RESPONSE OF SELECTED SOLID-
STATE DETECTORS 

Solid-state detectors of ionising radiation, such as thermoluminescent (TL) detectors or 
alanine are nowadays commonly applied in the dosimetry of ionising radiation.  It is not 
possible to directly relate the amount of light released from a TL detector to radiation 
exposure.  Consequently TL detectors, unlike calorimeters or ionisation chambers, cannot be 
used to perform absolute dosimetry.  The signal of TL detectors can be related to absorbed 
dose, based on calibration in a well-defined radiation field, thus they are relative dosimeters.  
In the development of a dosimeter, it is important to ensure that the detector signal is 
proportional to a quantity relevant in radiation protection such as air kerma or absorbed dose.  
It is rarely the case that detectors are exposed under conditions identical to those applied in 
the calibration procedure.  Therefore, TL detectors should be able to measure a given quantity 
independently of the type, energy, dose and dose-rate of the radiation.  Alternatively, the 
response of a TL detector after a range of doses, dose-rates and radiation quality should be 
known, or adequately modelled, in order for suitable corrections to be introduced, dependent 
on the given application of this dosimeter. 
 
The main objective of these studies was to explain the phenomenon of the anomalously low 
photon energy response of high-sensitivity lithium fluoride LiF:Mg,Cu,P detectors to X-rays 
in energy range between about 50 keV and 150 keV, as compared to the response predicted 
on the basis of cross sections for photon interaction with LiF (see Figure 5.1.11).  This effect 
was unexpected because the atomic composition of both detector types, which determines the 
type of X-ray interactions with the detector, is almost identical.  After a discussion of 
thermoluminescence and thermoluminescent dosimetry (Section 5.1) and of models of dose-
response for TL detectors (Section 5.2), the dose and energy response of LiF:Mg,Cu,P, 
CaF2:Tm and alanine after doses of photons and ions was analysed using the microdosimetric 
one-hit detector model (Section 5.3).  Microdosimetric modelling was also applied to 
LiF:Mg,Ti detectors in order to explain some anomalies in their photon energy response 
(Section 5.4).  The results of modelling, based on phenomenological premises, allowed some 
insight to be gained into the mechanism of thermoluminescence in LiF. 
 
Another objective of this work was to develop a quantitative model of the response of various 
types of LiF detectors to shallowly penetrating radiation such as low energy protons, alpha 
particles, low energy β-rays and soft X-rays.  Such a model was required to determine the 
absorbed dose from measurements performed using LiF detectors (Section 5.5).  The model 
had to address many aspects, such as the non-uniform dose distribution within the detector 
(dose-depth distribution), the variation of detector response with changes in the ionisation 
density (LET effects) and the transport of TL light inside and outside the detector. 
 
 
5.1 PRINCIPLES OF THERMOLUMINESCENCE AND THERMOLUMINESCENT 

DOSIMETRY 

Luminescence is the emission of light from a substance, in addition to black body radiation, 
during or after absorption of external energy to the system or due to processes taking place in 
the substance, e.g. bioluminescence or chemoluminescence.  The process which leads to light 
emission in a time shorter than τ = 10–8 s after energy transfer is called fluorescence.  If the 
lifetime of the exited states is of the order of a few seconds or longer, the phenomenon is 
called phosphorescence.  Luminescence can be explained as the transfer of energy from 
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radiation to the electrons of the solid, accompanied by elevation of electrons from the valence 
band into the conduction band.  When a metastable state is present in the substance, the 
electron can be trapped there while the hole left behind in the valence band migrates to a hole 
trap.  Additional energy transfer, such as heating, can release the electron from the trap and 
return it to the conduction band.  Then, electron-hole recombination is possible, which is 
accompanied by energy release, e.g., in form of visible light.  The delay τ between the 
excitation and the emission corresponds to the time spent by the electron in the metastable 
energy level. 
 
Certain impurities incorporated into the crystalline phosphor may change the energy bands 
and introduce additional energy levels.  If the traps are deep enough, the thermal energy at 
room temperature will not be sufficient to release the trapped electrons.  However, additional 
heating may trigger light emission.  Such light emission occurring during the heating of a 
sample, which had previously been irradiated by ionising radiation or ultraviolet (UV) light, is 
called thermoluminescence (TL).  Thermoluminescence is another form of the luminescence 
phenomenon, where the excitation of the substance (energy transfer to the substance) is 
followed by emission of energy in the form of light.  Other luminescence processes include 
photoluminescence (excitation by light), radioluminescence (excitation by ionising radiation) 
or electroluminescence (excitation by electrical energy).  In fact, the term 
“thermoluminescence” is not consistent with the terminology used for the other luminescence 
phenomena noted above, because heat acts as a trigger used to release the accumulated energy 
(thus producing a signal) rather than being the exciting factor. Within this work, 
“thermoluminescence” shall mean "thermally stimulated radioluminescence". 
 
 
5.1.1 Thermoluminescence – The Phenomenon and Relevant Models 

Thermoluminescence is a two-stage process.  In the first stage, the system is perturbed from 
equilibrium, e.g., by exposure to ionising radiation, and the energy of radiation is partly 
stored.  In this stage the charge carriers (electrons and holes) are trapped in metastable levels 
present in the system.  In the second stage the thermal stimulation (heating) releases the 
charge carriers, leads to emission of light and moves the system back to equilibrium. 
Thermoluminescence in solids is a result of the presence of defects and impurities, which are 
introduced into the crystal, intentionally or unintentionally, during the crystal growth.  These 
defects and impurities create additional energy levels – trapping centres and luminescence 
centres.  A simplified energy band model of TL process is presented in Figure 5.1.1 (after Vij, 
1993). 
 
When ionising radiation interacts with the crystal, energy E greater than Ec-Ev is needed to 
move the charge carriers from the valence (V) to conduction (C) band.  This process requires 
about 10-15 eV, transferred to the crystal by secondary electrons or by charged particles.  The 
following processes can take place in the crystal upon such an energy transfer: 
 

- Some of the electrons return to the valence band without light emission. 

- The return to the valence band of some electrons is accompanied by prompt emission 
of light (phosphorescence).  

- Some electrons and holes are trapped in the electron (E) and hole (H) trapping states. 
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- Electron and holes recombine on a luminescent centre C.  A fraction of electrons 
captured on a luminescent centre can be raised to the conducting band by an additional 
act of energy deposition.  

6
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Figure 5.1.1 Energy band model representing TL processes and charge transport (adopted from Vij, 1993).  
When the material is irradiated with energy Eirra > Ec - Ev, electrons are raised to the conduction band (1). Some 
electrons are trapped in the electron trapping states T with the corresponding holes at hole traps H (transitions 2 
and 7).  Electrons and holes can recombine via luminescent centre C (transitions 4 and 6).  If the trap T is deep 
enough, the carriers will be retained in there for an extended period of time.  After heating the system, electrons 
are released from traps to the conduction bands, recombine with holes at C and emit TL light with energy Eemi = 
Ec - C. 
 
When an electron-hole pair is produced, the pair is not localised at any particular part of the 
lattice.  Charges can migrate over distances up to even around 1000 lattice cells (Towsand and 
Rowlands, 1999) until they become localised, e.g., via processes of non-radiative charge 
trapping. 
 
Recombination can also take place if the holes are trapped at recombination centres.  When 
the trapped holes recombine with the trapped electrons, this transition can be radiative and 
lead to emission of TL light.  If the traps are not very deep, trapping and detrapping can occur 
already at room temperatures.  If the phonon coupling between the electron and the lattice 
results in the absorption of an amount of energy E by the electron, the probability that this 
amount of energy is sufficient to release the trapped electron is given by: 
 

kT
Esp −= exp       5.1.1 

 
where s is the frequency factor and T is the crystal  temperature.  If kT is greater than E then 
the probability of detrapping increases. 
 
In the simple Randall-Wilkins model (Randal and Wilkins, 1945) it is assumed that two 
energy levels are available between the valence and conducting bands: the level T associated 
with the trapping centres and the level L associated with the luminescence centres.  It is 
assumed that after the end of excitation n0 electrons are accumulated at the trapping centres (T 
level) and the same concentration of holes at the luminescent centres.  The rate of release of 
the trapped electrons is proportional to the Boltzman function.  It is assumed that once an 
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electron is elevated to the conducting band, it recombines immediately with a hole in the 
luminescent centre and a photon is emitted.  The rate of photon emission I(t) in the Randal-
Wilkins model is proportional to the actual concentration of the trapped electrons n 
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where Et is the activation energy of the trap and k is the Boltzman constant.  The solution of 
this equation is  
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Using the linear heating function,  T = T0 + βt, where β is a heating rate, we obtain:  
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where θ is a dummy variable representing the temperature.  Finally, the expression for the 
intensity I(t) is: 
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This model assumes only one trapping level and one kind of luminescent centres. The 
measured relationship between the intensity of the TL light and the temperature, either 
integrated or differential, is a major observable in the TL measurements.  Figure 5.1.2 shows 
the theoretical TL glow curve for the linear heating calculated using the Randall and Wilkins 
model (1945). 
 

5.1.2  Lithium Fluoride and Calcium Fluoride-Based Thermoluminescent Detectors  

Lithium fluoride, LiF, an alkali halide, forms crystals consisting of two interpenetrating cation 
and anion sublattices, where each Li+ ion located in the center of a cube is surrounded by six 
nearest F- ions.  Similarly, each F- ion is surrounded by six Li+ ions.  The lattice constant (the 
distance between the nearest Li ions) is 0.4 nm at T = 20°C.  LiF is a very stable compound, 
with low solubility in water (0.27 g l-1 at 15°C), and resistant against many chemicals and 
humidity.  The density of LiF crystals is 2.64 g cm-3 but sintered, cold pressed pellets show 
lower density (2.45-2.55 g cm-3), depending on the grain size of the powder and the pressure 
applied.  The melting point of pure LiF is relatively low (875°C) which makes it fairly easy to 
introduce intentional impurities.  LiF microcrystalline powder can be sintered at a temperature 
much below the melting point, at about 700°-750°C.  At such sintering temperatures no 
apparent changes in the crystal properties of individual grains are observed.   
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Figure 5.1.2  Theoretical TL glow curve calculated from the Randall and Wilkins model (1945) for linear 
heating.  
 
LiF demonstrates many advantages as a dosimetric material.  The high binding energy of 
valence electrons and a large, 14.3 eV forbidden band make LiF crystal transparent to visible 
and UV light.  Therefore, TL light produced in LiF is not self-absorbed and can leave the 
crystal volume.  The average effective atomic number of LiF (Zeff = 8.3) is close to that of soft 
tissue (Zeff  = 7.4).  Therefore, cross sections for photon interaction with LiF and tissue are 
similar.  
 
Calcium fluoride, CaF2, has a crystalline cubic structure with F- ions in the corners and Ca2+ 
ions in the centre of alternating cubes.  The lattice constant, defined as the length of the cubic 
unit cell (twice the separation of F- ions) is 0.546 nm (at T = 20°C).  CaF2 crystals are 
extremely hard and stable.  The solubility in water is even lower than that of LiF (0.16 g l-1).  
CaF2 is relatively resistant to high humidity, which is important for environmental 
applications.  The crystals are transparent to light due to a wide band gap, greater than 10 eV.  
CaF2 occurs in nature as fluorite or fluorspar.  
 

5.1.2.1 Thermoluminescent Properties of LiF:Mg,Ti 

Lithium fluoride activated with Mg and Ti (LiF:Mg,Ti) was the first thermoluminescent 
material commercially available for dosimetric applications.  In the early 1950’s Daniels et al. 
(1953) discovered that LiF crystals commercially produced for optical purposes by Harsahw 
Chemical have thermoluminescent properties.  The material has been patented in 1963 and 
remains the most popular TL detector (TLD) for personal and environmental dosimetry.  
LiF:Mg,Ti is offered in many physical forms, such as powder, hot pressed chips extruded 
through a rectangular die at 700°C and pressure 3.5 × 108 Pa, cold pressed and sintered pellets 
(made from the powder), extruded rods or detectors mixed with Teflon.  LiF:Mg,Ti can be 
produced using lithium having the natural isotopic ratio (7.5% Li-7  and 92.5% Li-6), lithium 
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enriched in Li-6 (95.6% Li-6 and 4.4% Li-7) or lithium enriched in Li-7 (99.9% Li-7 and 
0.01% Li-6).  The material is produced by Harshaw-Bicron (Saint-Gobain) as TLD-100, 
TLD-700 and TLD-600, respectively and by the Institute of Nuclear Physics, Poland as 
MTS-N, MTS-7 and MTS-6, respectively.  TLDs are also manufactured by the Russian 
Academy o Science as DGT-4 and the Solid State Dosimetry Laboratory in Beijing, China as 
GR-100.  The concentration of added activators varies among the manufactures.  For 
example, the concentration of magnesium fluoride and titanium fluoride in TLD-100 is 400 
ppm and 55 ppm, respectively, while the concentration of these compounds in the MTS-N 
detectors is 200 ppm and 30 ppm, respectively (Niewiadomski, 1993).   

 
The role of activators in LiF:Mg,Ti is only partly understood.  When Mg2+ ions substitute Li+ 
in the lattice the charge remains neutral because of an additional Li+ vacancy (Livac).  This 
vacancy together with the Mg ion forms a pair (dipole) denoted Mg-Livac.  The studies of 
optical absorption bands, which appear after irradiation of LiF:Mg,Ti suggest that the 
Mg-Livac trimmer1 is the trapping centre responsible for the main dosimetric peak.  Peak 2 is 
identified as associated with the Mg-Tivac dipole.  TiOHn complexes, which are spatially 
related to each of these defects, are thought to act as the luminescent centres.  It has been 
suggested that the formation of TiOHn is responsible for the 200 nm optical absorption band 
which has been shown to yield emission at 412 nm (blue light) from LiF:Mg,Ti.  Another type 
of centres, involving the OH- ions, is MgOHm cluster, which are believed to be responsible for 
the reduction of the TL emission (competing centres). 
 
LiF:Mg,Ti shows a relatively complicated glow-curve with the main dosimetric peak at about 
210°C.  More than 10 peaks and sub-peaks can be identified in its glow curve (Horowitz, 
1984).  Figure 5.1.3 shows a typical glow curve of the MTS-N detector following exposure to 
a low dose of γ-rays.  
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Figure 5.1.3  TL glow curve of MTS-N detector, irradiated with 10 mGy of 137Cs γ-rays and read on RA-94 TL 
reader with the heating rate β = 5oC/s (adopted from Bilski, 2002). Only peaks 1-5 are shown.  Peaks were fitted 
using the GCLOW fitting procedure (Gomez Ros et al., 1999). 

                                                 
1 Trimmer is a complex of three molecules 
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It is important to note that the structure of the LiF:Mg,Ti glow curve strongly depends on the 
dose level, heating rate β and the radiation  LET.  At higher doses and higher LET the high 
temperature, peaks (peaks No. 6 and higher) become more pronounced.  The dosimetric peak 
(peaks No. 4+5) is the highest when the Ti concentration is between 5 ppm and 20 ppm and 
Mg concentration between 50 ppm and a few hundred ppm.  
 
In dosimetry, the integrated TL signal from peaks 3+4+5 or the amplitude of peak 5 are 
usually related to the absorbed dose.  In some cases glow-curve is resolved into individual 
peaks and their parameters are separately analysed.  In high LET dosimetry, the amplitude (or 
integral) of high temperature peaks is also used (Schoener et al., 1999).  
 
 
5.1.2.2  Thermoluminescent Properties of LiF:Mg,Cu,P 

In the late 1970’s a new thermoluminescent material based on lithium fluoride was developed 
which, at that time, demonstrated remarkable properties (Nakajima et al. 1978).  LiF:Mg,Cu,P 
combined tissue equivalence of lithium fluoride with the 25 times higher sensitivity relative to 
TLD-100 and several times lower background.  These enabled measurements of 100 times 
lower doses than LiF:Mg,Ti.  The thermoluminophor has been obtained by Nakajima in form 
of a powder and was later studied, also in form of a powder, by Horowitz and Horowitz 
(1990).  The first LiF:Mg,Cu,P sintered pellets have been developed by Wang et al. (1986) 
and are now available, depending on the isotopic content, as GR-200, GR-206 and GR-207.  
In 1986 Niewiadomski (1986) developed the technology for sintering pellets, which were 
given the brand names of MCP-N, MCP-6 and MCP-7.  The technology and the activator 
content of the MCP-N detectors have been subsequently optimised by Bilski et al. (1996).  In 
1990 yet another method of sintering the LiF:Mg,Cu,P pellets was developed by A. Karpov at 
Lomonosow University, Moscow.  This technology was later transferred to Harshaw where it 
is applied to produce TLD-100H, TLD-600H, TLD-700H.  The ultra-sensitive phosphor was 
also used to develop detectors for dosimetry of short-range radiation (Bilski et al., 1996b) by 
attaching a thin layer of powder to the Kapton foil or to the non-active LiF based MCP-N 
detectors. 
 
LiF:Mg,Cu,P glow curves are simpler than those observed for LiF:Mg,Ti (see Figure 5.1.4).  
The main dosimetric peak is constituted of a single peak 4 (at about 210°C) whereas in 
LiF:Mg,Ti the dosimetric peak is composed of peaks 4 and 5.  A high temperature structure 
appears for temperatures higher than 230°C.  In 1990 Horowitz and Stern reported the 
increase of high temperature peaks in LiF:Mg,Cu,P powder developed at Ben Gurion 
University after neutron and α-particle irradiation, similar to that of TLD-100 (see 
Figure 5.1.5).  This characteristic has not been observed in MCP-N whose glow curve 
following irradiation with low doses of γ-rays, α-particles or high doses of γ-rays remains 
practically unchanged.  This may indicate that the main TL mechanism in MCP-N detectors 
will remain unchanged also for the high doses and high LET radiation.  
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Figure 5.1.4  TL glow curve of MCP-N detector, irradiated with 10 mGy of 137Cs γ-rays and read on RA-94 TL 
reader with the heating rate β = 5oC/s (adopted from Bilski, 2002). Only peaks 1-4 are shown.  Peaks were fitted 
using the GCLOW fitting procedure (Gomez Ros et al., 1999) 
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Figure 5.1.5  TL glow curves after γ-ray and α-particle irradiation (adopted from Horowitz and Stern, 1990).  
 



5. Modelling the radiation response of selected solid-state detectors  

 60 

0 50 100 150 200 250 300 350

MCP-N detectors

 

 

 0.001 Gy
 1000 Gy

R
ea

lti
ve

 T
L 

si
gn

al

Temperature, T [C]

 
Figure 5.1.6  Normalised glow curves of MCP-N detectors after irradiation with 0.001 mGy (solid line) and 
1000 Gy (dotted line) of 137Cs γ-rays.  The shape of the main dosimetric peak remains practically unchanged.  
Adapted from (Olko, 1996). 
 
LiF:Mg,Cu,P was the first TL material with three different activators applied for routine 
measurements.  The remarkable sensitivity and the tissue equivalence of this phosphor were 
to a degree offset by the sensitivity loss following annealing (or even overheating) at 
temperatures higher than 240°C and after multiple uses.  In addition, the high temperature 
peak, which appears at temperatures higher than the dosimetric peak 4, cannot be easily 
removed by readout at 240°C.  Therefore, the objective of the optimisation of the activator 
concentration was not only to maximize the sensitivity but also to reduce the high temperature 
peak and improve the thermal stability.  The most systematic evaluation of the properties of 
LiF:Mg,Cu,P sintered pellets with respect to the concentration of activators Mg (0-1.0 mol 
%), Cu (0-0.5 mol %) and P(0-5 mol %) was performed by Bilski et al. (1996).  More than 80 
different combinations of activators were investigated.  The maximum sensitivity has been 
obtained for Mg concentration between 0.1% and 0.2%, depending on the Cu content.  A 
significant reduction of the high-temperature peaks with the increasing Cu concentration was 
also found, which contradicts the conclusions of Horowitz and Horowitz (1990) and agrees 
with those of Wang et al. (1986).  The proposed optimum concentration was 0.1 mol % of 
Mg, 0.01 mol % of Cu and 1.25 mol % of P.  The results obtained by the other groups for the 
powder yielded slightly higher concentrations of Mg (0.2%) and lower concentrations of Cu 
(0.002 –0.004%).  
 
 
5.1.2.3  Thermoluminescent Properties of CaF2:Tm 

CaF2:Tm, developed by Lucas and Kaspar (1977), is available from Harshaw-Bicron under a 
brand name of TLD-300.  In spite of its high effective atomic number (Zeff = 16.3), CaF2:Tm 
is considered to be an attractive material for TL dosimetry, especially in mixed neutron-
gamma fields or high-LET fields.  The TL emission spectrum shows main bands at 360 nm, 
465 nm, 650 nm and a very intensive infrared emission at 795 nm (McKeever et al., 1995).  
The glow curve has two well-separated peaks (peak 3 or P3 at about 150°C and peak 5 or P5, 
at 240° C), which indicate different sensitivity of the phosphor to low- and high-LET 
radiation.  The P3 peak is consistent with the one-hit detector characteristics i.e. lower TL 
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efficiency for high-LET radiation and a sublinear 60Co gamma-ray dose-response.  The P5 
peak shows supralinear response for high doses of low-LET radiation, which cannot be 
analysed with the one-hit model.  Figure 5.1.7 shows glow-curves for TLD-300 after 
irradiation with 241Am α-particles and 137Cs γ-rays.  The ratio of P5 to P3 for 241Am 
α-particles is equal to 3.0 and is equal to 0.8 for γ-rays.  
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Figure 5.1.7  TL glow curves of TLD-300 (CaF2:Tm) detectors after irradiation with 5 mGy of 137Cs γ−rays and 
a low fluence of α-particles (arbitrary units)  
 

5.1.3. Dosimetric Properties of Selected Thermoluminescent Detectors 

The proportionality between the absorbed energy of radiation and the thermoluminescence 
signal forms the basis of the application of TLDs in dosimetry of ionising radiation.  In the 
simplest case, the absorbed dose, D, is determined by multiplying the measured TL signal, I, 
by the calibration factor, Nk, obtained after irradiation of detector with a know dose.  
 

D = Nk  I      5.1.6 
 

As the measured TL signal the integrated light output over the whole (or a part) of a glow 
curve or the glow curve amplitude is taken.  The signal is proportional to the dose only for 
very specific conditions, i.e., when the measurement and the calibration are performed in 
relatively similar circumstances in terms of radiation field, dose level, time delay between the 
irradiation and readout, and other parameters.  For the real dosimetric applications, the 
response of a TL detector is corrected by taking into account the non-linear response at high 
doses (dose response), energy (LET) response, transport of ionising radiation within the 
detector, transport of TL light into and out of the TL detector and other processes.  
 

D = Nk I  fr fl  fD fE ffad     5.1.7 
where:  
 

fr – correction for radiation transport in the detector 
fE – energy correction 
fD – dose response correction 
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fl – correction for TL light attenuation in the detector 
ffad – correction for fading  

 

5.1.3.1  Dose Response 

Although it would be desirable for a TL detector to have a linear response with regard to the 
absorbed dose for a wide range of doses, the measured response of real detectors is usually 
linear in only a limited dose range (typically below 1 Gy).  The response also depends on 
many factors, such as the type of detector, activator content, dose level, radiation LET, 
annealing and others.  The departure of the detector’s response from linearity at the dose 
levels different from the calibration level is usually described by the linearity index, f(D), 
which is defined as 
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where D is the actual dose and D0 is the calibration dose level, i.e., the dose at which Nk is 
determined and for which f(D) is equal to 1.  The dose range of interest to dosimetry extends 
over about 12 orders of magnitude, from about 1 µGy to about 1 MGy.  LiF:Mg,Ti detectors 
show linear response to doses of γ-rays up to approximately 1 Gy.  Figure 5.1.8 (a) and (b) 
shows the dose response and the normalised dose response (linearity index) for MTS-N and 
MCP-N detectors plotted against the TL dose.  For both types of detectors, the integrated 
main dosimetric peak was measured.   
 
The supralinearity and sublinearity are not a unique function of dose but rather depend on the 
radiation LET.  The value of linearity index, f(D), decreases for LiF:Mg,Ti from about 3.5 for 
60Co to 2.3 for 50 kVp X-rays and 1.6 for 20 kVp X-rays (Horowitz, 1990).  The dose 
response of LiF:Mg,Ti is known to be linear until approximately 1 Gy, supralinear between 1 
Gy and a few hundred Gy, and reaching saturation at the higher dose values.  For higher doses 
of γ-rays the standard LiF:Mg,Ti material, such as MTS-N, shows supralinear response 
reaching f(D) ≈ 1.8 at D = 400 Gy.  For the high sensitivity LiF:Mg,Cu,P detectors, such as 
MCP-N, the response above 1 Gy is sublinear, i.e., the linearity index is less than 1 (f(D) = 0.8 
for 137Cs γ-rays).  The linearity index is not a unique function of absorbed dose but also 
depends on the radiation quality.  For example, f(D) for TLD-100 was found to be 3.5 for 
60Co γ-rays, but only 1.8 for 20 kVp X-rays.  In principle, the linearity of a TL detector is not 
absolutely necessary for dosimetric purposes since the dose calibration can be performed in 
the required range of interest, as it is done for LiF:Mg,Ti detectors used in medical physics 
(Iżewska et al., 2002).  However, this procedure can be applied only for well-defined 
conditions, where the radiation field is well known and reproducible.  For determination of 
high radiation doses, in the dose range between 20 Gy and 100 kGy, the increase of EPR 
signal of alanine can be applied (see Figure 5.1.9) 
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Figure 5.1.8 (a) Dose response for MTS-N and MCP-N detectors plotted against TL dose.  The measured TL 
signal, I, corresponds to the integrated main dosimetric peak.  
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Figure 5.1.8 (b) Normalised dose response in terms of f(D) (linearity index) for MTS-N and MCP-N detectors 
plotted against TL dose after 137Cs γ-rays irradiation.  The measured TL signal corresponds to the integrated 
main dosimetric peak.  
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Figure 5.1.9  Calculated dose-response to 137Cs γ-rays in terms of linearity index, f(D), for MCP-N, peak 3 of 
CaF2:Tm (TLD-300) and alanine detector. 
 
 
5.1.3.2  Photon Energy Response 

The output of TL detectors depends on the energy of the absorbed radiation.  The energy 
response of a detector is measured in terms of the quantity SE(D) which is defined for a given 
dose D as a function of the energy of the absorbed radiation.  SE(D) is calculated as the ratio 
of  TL signal, IE, measured for the given type of radiation and energy, to the TL signal 
obtained after irradiation of the detector with the same dose in tissue (or kerma in air) of 
reference radiation, Iref: 
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SE(D) can be greater or less than unity because (i) radiation interacts differently with detector 
atoms than with tissue and (ii) the efficiency of  absorbed energy conversion into the TL 
signal depends on ionisation density of the primary and secondary particles.  The relative 
energy response for photons, denoted S’(E)  (Horowitz, 1984) or (RER)E (McKeever and 
Chen, 1997) for a detector receiving a dose from photons of energy E, normalized to the 
response to 137Cs γ-rays, is defined as:  
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where η(E) is the relative detector’s response to photons of energy E, normalised to the 
response to 137Cs γ-rays for the same absorbed dose, and µ’(E) is the ratio of mass energy 
absorption coefficients for the detector material and the air for the given energy of radiation 
and the reference radiation (137Cs γ-rays).  The response is normalised to kerma in air because 
the calibration of the detector response to photons is usually determined using air-filled 
ionisation chambers. 
 
It is frequently assumed in dosimetry that the relative photon energy response, S’(E), of 
thermoluminescent LiF:Mg,Ti detectors, such as TLD-100 or MTS-N, generally follows the 
ratio µ’(E) of the mass energy absorption coefficients for LiF and air.  It has been shown over 
20 years ago by Budd et al. (1979) that for X-rays below 300 keV the measured S’(E) for 
LiF:Mg,Ti detectors differs by about 10% from the calculated µ’(E).  Subsequently, Horowitz 
(1984) compiled experimental data and concluded that in the energy range from 
approximately 40 keV to 150 keV the value of η(E) is about 1.1, below 40 keV it decreases to 
1 and between 4 keV and 10 keV η(E) tends to be about 0.9.  In Figure 5.1.10, the measured 
photon energy response for MTS-N detectors is plotted against µ’(E). 
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Figure 5.1.10 Photon energy response of MTS-N (LiF:Mg,Ti) detectors.  The measured response is about 10% 
higher than predicated from the calculations based on mass energy absorption coefficients. 
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The measured photon energy response, S(E), of LiF:Mg,Cu,P differs even more significantly 
from that predicted on the basis of mass energy absorption coefficients.  For 100 keV X-rays 
the measured response is about 20% lower than that calculated from the mass absorption 
coefficient ratio as illustrated in Figure 5.1.11.  This effect was confirmed at several 
irradiation facilities, such as KfK Karlsruhe, Polish Main Office of Measurements (GUM) and 
CIEMAT, Spain, and the results obtained differed by no more than 6-7%.   
 
TL detectors used for dosimetry should be tissue equivalent, i.e., their atomic composition 
should ensure similar type of radiation interaction as that with human tissue.  The atomic 
composition of a material with respect to interaction with photons is frequently expressed in 
terms of effective atomic number Zeff , which is given by 
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where ai is the fraction of electrons present in the mixture that belong to atoms of element 
whose atomic number is Zi.  A substance is considered tissue-equivalent with regard to 
interactions with photons when its Zeff is close to that of soft tissue, which in turn is equal to 
7.4.  In Table 5.1.1 the values of Zeff calculated using Equation 5.1.11 are given for the most 
common solid-state detectors. 
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Figure 5.1.11 Photon energy response of MCP-N (LiF:Mg,Cu,P) detectors.  The measured response is 
significantly lower as compared to the relative response calculated on the basis of mass energy absorption 
coefficients.  
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Table 5.1.1  Effective atomic number, with regard to photons, for different solid-state detectors of ionising 
radiation  
 

Detector Zeff 
LiF 8.3 

CaF2 16.3 
Li2B4O7 7.35 
Al2O3 11.3 
CaSO4 15.7 
alanine 6.8 

 
There are no good tissue equivalent TL detectors for neutrons because TL detectors contain 
almost no hydrogen, oxygen, nitrogen or carbon, which are the main constituents of soft 
human tissue.  Therefore, TL detectors used in neutron dosimetry contain mainly 6Li (LiF) or 
B (LiB) with high cross section for interaction with thermal neutrons.  
 

5.2  MODELS OF DOSE AND ENERGY RESPONSE OF TL DETECTORS 

The phenomenon of linear-supralinear dose response observed in LiF:Mg,Ti stimulated a 
broad discussion on the mechanisms of thermoluminescence in lithium fluoride.  Discovery of 
high-sensitive LiF:Mg,Cu,P phosphor by Nakajima (1978) initiated an intense research to 
understand mechanisms of thermoluminescence in heavily-doped LiF and to explain its high 
sensitivity to γ-rays, sublinear response at high doses, low efficiency for α-particles and low 
photon energy response to photons below 100 keV (Horowitz,1990).  Among the many 
models proposed, those based on analysis of charged particle track structure attempt to relate 
the observed response to the type and energy of radiation as well as the dose.  The following 
sections review the major models for dose and energy response of LiF:Mg,Ti and 
LiF:Mg,Cu,P lithium fluoride TL detectors. 
 
Thermoluminescence consists of two sequences of processes that can be separated by the long 
period of time: the absorption of the energy released by ionising radiation and the subsequent 
emission of TL light upon heating.  Two broad types of theories were proposed to explain 
supralinear dose response of LiF:Mg,Ti detectors.  The first one attempted to explain the 
supralinear response as an effect generated already at the absorption stage as a consequence of 
a supralinear growth of the concentration of the trapped charge.  The other category of models 
explained the linear-supralinear dose response as an effect of competition between charge 
recombination with or without emission of TL light.  Both types of theories assume the 
presence of competing centres, at which charge trapping or recombination occurs.  
 
The competition can take place both during the absorption stage and the heating stage.  It can 
be assumed that there is a given concentration of traps and competing centres (competitors) in 
the detector, but the concentration of competitors is substantially lower than the concentration 
of traps.  During the irradiation, at low doses both traps and competitors are filled 
proportionally to the absorbed energy.  At higher doses, when the competing centres reach 
saturation, the rate of filling of the available traps increases because they no longer compete 
with the other centres.  This results in an increase of trapping per unit absorbed dose, i.e., 
supralinearity.  The competition during heating may occur when an electron, thermally 
released from a trap, either recombines with a positive hole to produce a TL photon or 
undergoes either non-radiative trapping (at a different electron trap) or non-radiative 
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recombination.  Again, at low doses both luminescent and competitor centres are being filled 
linearly with dose.  When the competitors saturate and become ineffective the rate of TL 
emission increases per unit dose.  McKeever and Chen (1997) pointed out that the models 
assuming competition at both absorption and heating stages can better explain the observed 
dependence of the detector response on dose. 
 
The main argument against the supralinearity at the absorption stage was presented by 
Horowitz (1990) who analysed the results of optical absorption measurements in LiF 
irradiated with high doses of γ-rays.  The optical absorption band at 310 nm is strongly 
correlated with the concentration of the Mg trimers2, which are considered to be the trapping 
centres in LiF:Mg,Ti.  The measured dose response relationship (Oster et al., 1999) for the 
optical absorption bands saturates without prior supralinearity.  The other argument against 
the absorption stage models is the observed dependence of linearity of response on the heating 
rate of detectors.  The higher the heating rate the higher supralinearity is observed which 
cannot be explained when the TL intensity is simply related to the concentration of traps.  The 
final argument (McKeever, 1990) against the supralinearity at the absorption stage is the 
increase of supralinearity of LiF:Mg when Mg concentration increases.  This increase is 
accompanied by a greater tendency for a sublinear dose response for optical absorption.  The 
above arguments tend to suggest that the supralinear nature of LiF:Mg,Ti response originates 
in the heating stage of the TL process. 
 
The above concepts can be modelled numerically based on the kinetics of the occupancy of 
trapping centres.  This is done by solving the system of differential equations describing the 
rate of change of the trapping centres occupancy.  In such calculations it is assumed that the 
trapping centres, luminescent centres, competitors and the charge produced by ionising 
radiation are uniformly distributed throughout the sample.  Mische and McKeever (1990) 
examined the phenomenon of supralinearity in LiF:Mg samples as the process resulting 
entirely from the spatial distribution of trapping and luminescent centres by considering the 
probability, P, of charge exchange (interaction) between the centres.  The challenge was to 
explain how the linear-sublinear dose-response of traps, measured using optical absorption 
methods, could lead to a linear-supraliner-sublinear TL response.  It was assumed that the TL 
detector contains one type of electron trapping centres producing TL light, one type of hole 
trapping centres (recombination centre) and one type of competing trapping centres, does no 
leading to TL emission.  It was further assumed that the electron traps, which produce TL 
emission, and the recombination centres are spatially coupled within a distance of 10 nm.  
The resulting equation describing the mechanism of TL emission in LiF:Mg was able to 
predict the linear-supralinear response for high competitor concentrations and to linear-
sublinear response for low competitor concentrations.  
 
The main disadvantage of the models based on the band theory is that they are unable to 
predict the detector response for different types and energy of radiation.  In the band model, 
only the energy levels of charge carriers are defined.  The spatial distribution of charge 
carriers, traps, defects, and luminescent centres cannot be included in the model.  A 
microscopic pattern of charge particle interaction depends on their energy and the detector 
composition.  Therefore the model describing the dependence of TL on radiation type, and 
energy must take into account ionisation density (LET) within the detector. 
 

                                                 
2  Trimmer is a complex of three molecules  
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5.2.1  Track Structure Theory of LiF:Mg,Ti 

The supralinearity in LiF:Mg,Ti is caused by the competition between the TL trapping sites 
and non-luminescent competitor traps and is the function of dose.  In the models described 
previously the primary distribution of charge produced by ionising radiation was assumed to 
be isotropic.  However, the spatial distribution of the primary ionisation events, called the 
track structure or the tracks from this point on, has a significant influence on the dose-
response of the detector.  
 
The majority of the track structure models were developed for heavy charged particle (HCP) 
irradiation because those radiations produce a highly non-isotropic pattern of energy 
deposition with significant fraction of energy deposited just in the first few nanometers from 
the axis of almost linear tracks.  TL detector irradiated with HCPs shows a very high 
concentration of charge within the track and a relatively low concentration of competing 
centres.  On the other hand, the regions between the tracks show high concentrations of 
competitors and no trapped charge.  
 
The TL response to low LET radiation (X-rays, γ-rays or β-rays) was analysed using kinetic 
models by Horowitz and co-workers (Horowitz, 1984).  The models assumed uniform energy 
distribution produced by low LET radiation within the detector.  The representation of heavy 
charge particle tracks within the model was simplified.  In the simplest approach, alpha 
particle tracks were represented by elongated cylinders with uniform or radial dose 
distribution.  Such models were then used to analyse supralinearity induced by alpha particles.  
Horowitz and co-workers studied geometrical probability that alpha particle tracks overlap 
after irradiation with doses in the range where supralinearity of LiF;Mg,Ti is typically 
observed, i.e., between 10 and 5000 Gy, which corresponds to alpha particle fluence, n,  of 
108 to 1012 particles cm-2.  For the dose of 5000 Gy and 3-MeV alpha particles the probability 
of tracks overlapping was calculated at 2%.  For such conditions, no supralinearity is 
observed in LiF:Mg,Ti.  The onset of dose response saturation, corresponding to the 
overlapping tracks, was used to fit an effective radius of an alpha-particle track.  The dose-
response linearity index, f(D), can be calculated by considering that D = nL, where L is the 
linear energy transfer for the particle. 
 
The linearity index as a function of fluence, f(n), calculated under the assumption that HCP 
track can be described as a cylindrical volume Vα =π r2 R and that the overlapping track 
regions are completely saturated is given by 
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where R is the track length. 
 
Equation 5.2.1 expresses the geometrical probability that a randomly sampled point in the 
irradiated space will be included in at least one track.  In Figure 5.2.1 the dose-response of 
LiF:Mg,Ti to 5-MeV α-particles for peak 5 is shown which yielded an effective track radius 
of 15 nm.  This fit corresponds well to the radial dimensions of the 5-MeV α-particle track.  
The result shows that the electrons thermally liberated in the heating stage recombine to form 
photons at the luminescence centres close to the initial trapping centres.  
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Figure 5.2.1  TL fluence (dose) response of LiF:Mg,Ti to 5 MeV α-particles.  The model calculated values for 
effective radius, r = 15 nm is in a good agreement with the experimental data (adapted from Horowitz,1984). 
 
In 1983, Horowitz and Kalef-Ezra applied the track structure theory (TST) to study the dose 
and energy response of thermoluminescent detectors, mainly LiF:Mg,Ti.  They suggested 
scaling the response of a detector to a HCP, with its highly non-uniform radial dose 
distribution around the tracks, by the measured dose response of a detector to low-LET test 
radiation, fδ(D), whose secondary electron spectrum matched the δ-electron spectrum of the 
HCP.   The TL mechanisms were not considered but the response measured for one radiation 
modality was recalculated for the other radiation type and energy.  The reason for using the 
spectrum of δ-electrons generated by the HCP for calibration of the response was the 
experimental finding that f(D) for LiF:Mg,Ti depended on the photon energy spectrum.  The 
maximum value of f(D), equal to 3.5, was found for 60Co γ-rays; f(D) was equal to 2.5 for 50 
kVp X-rays and about 1.8 for 20 kVp X-rays.  The ultrasoft 4.5 keV X-rays (Ti Kα line 
following 3H electron irradiation) were applied as the test radiation to simulate the secondary 
electron spectrum of 4 MeV α-particles.  The relative TL efficiency, ηHCP, γ, was then 
calculated as  
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where Wγ , WHCP is the average energy required to produce an ion pair in LiF by γ-rays and 
HCPs, respectively; ηδγ is the relative TL efficiency of δ-ray electrons with regard to γ-rays; 
fδ(D) is the dose response for δ-electrons determined with the test radiation; and n(r, l, E) is 
the “low energy” electron density which can be derived from the radial dose distribution.  The 
calculated value of ηHCP for 3.8 and 4 MeV α-particles in TLD-100 agreed within 4-25% with 
the measurements. 
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Waligórski and Katz (1980) applied the δ-ray track structure theory (TST) to study the 
dose-response and TL efficiency of LiF:Mg,Ti (TLD-700) after irradiation with energetic 
heavy ions, relative to doses of reference radiation, usually 60Co γ-ray.  In the framework of 
the TST, the signal observed in a detector exposed to dose D corresponds to the number of 
inactivated sensitive sites of the population of available sites.  The normalised dose response, 
R(D), for the one-hit detector3 is represented in the model by a simple exponential 
expression: 
 

)1()( 0/ DDeDR −−=     5.2.3 
 
where D0 is a characteristic dose at which about 63% of sensitive sites is inactivated. 
 
To model the supralinear dose response and determine the dose response function multi-hit 
and multi-target models can be applied.  Waligórski and Katz (1980) suggested that one-hit 
and two-hit traps are present in LiF:Mg,Ti and predicted on the basis of TST that, as a result, 
relative efficiency, η, of the 2-hit component that is greater than 1 should be observed for 
certain energetic charged particles.  Activation of the 2-hit trap requires the passage of 2 
electrons through the characteristic volume and may strongly depend on the energy spectrum 
of the incident electrons.  The Katz model (Katz, 1967) distinguishes between the direct 
action of ions (ion-kill), where the damage from consecutive ion irradiations is treated 
independently, and the gamma-kill mode, which involves irradiation time and is irradiation 
history dependent.  The major assumption of the model is that a sensitive site responds to the 
dose delivered by HCP δ-rays as if this site were irradiated with the same dose of reference 
gamma rays.  The model, however, does not take into account the variation between the δ-ray 
spectra produced by different HCP.  The response of the detector is described by four 
parameters: the characteristic dose, D0, which describes the radiosensitivity of the detector; 
the size of the sensitive site, a0, (typically in the order of 10 nm); the hittedness of the system 
m and the detector radiosensitivity parameter κ.  The response of peak 5 of TLD-700 was 
modelled as a combination of the response of one-hit detector (m = 1, D0 = 632 Gy, a0 = 
10 nm, κ = 32) and two-hit detector (m = 2, D0 = 122 Gy, a0 = 10 nm, κ = 6) mixed at a ratio 
of 36/64.  The radial dose distribution around the HCP track was calculated using the 
improved formula of Waligórski et al. (1987).  The calculation of the relative efficiency of 
peak 5 height was performed for H, He, C, O and Ne ion beams in the LET range between 
1 keV µm-1 and 103 keV µm-1.  The calculation showed a gradual decrease of the relative TL 
efficiency, η, with LET, with exception of protons showing a maximum η greater than 1 at 
about 20 keV µm-1.  The calculation also showed that LET is not a unique parameter to 
scale η.    
 
A similar model for calculation of TLD-700 response for heavy ions was developed by Geiss 
et al. (1998).  They folded the radial dose distribution D(r) around the particle track with the 
detector response to X-rays, TLX, in order to calculate the dose response of a detector for a 
particle of given energy and atomic number.  The radial dose distribution was parameterised 
using the results of Monte Carlo track structure calculations.  The approach developed by 
Geiss, in theory, no free parameters, however, the measured dose response for TLD-700 was 
fitted with a 4-parameter function.  
 

                                                 
3 In one hit model it is assumed that a single energy deposition within the sensitive volume is sufficient to 
induced an effect 
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5.2.2 Track Interaction Model of LiF:Mg,Ti 

Kinetic models, based on the valence-conduction band concepts, deal with the average 
concentrations of trapped carriers and the average concentrations of carriers released into 
conduction band (Horowitz, 1990).  However, the assumption of isotropic production of free 
charge carriers is not accurate not only for heavy charge particles but also for X-rays and γ-
rays.  The track interaction model (TIM), proposed by Claffy, Klick and Attix (1968), 
addresses this problem with regard to γ-ray response of LiF:Mg,Ti.  TIM is a competition-
during-heating model with the defect distribution modified in accordance with the ionisation 
density of the incident radiation.  It was assumed that electrons and holes produced by a 
charged particle are trapped near the track.  Some of these trapped charges constitute 
luminescent centres.  When the phosphor is heated, one type of charge carriers is released, 
migrates to the still trapped opposite charged carriers and recombines with them with TL 
emission.   
 
For low doses, electron tracks are sufficiently far from each other such that the liberated 
charge can recombine only within the same track.  At higher doses, when an average distance 
between tracks becomes small, the released charge carriers can migrate to the luminescence 
centres of another track.  High-LET tracks become more localized and interaction between 
tracks occurs at higher doses.  Therefore, supralinearity appears for higher dose for high-LET 
radiations.  High-LET tracks were studied by Attix (1974) who considered LiF exposed 
to thermal neutrons.  The neutron interaction with 6Li produced 2.06 MeV α-particles and 
2.72 MeV tritons whose energy was deposited in LiF. Assuming that all ionisations were 
uniformly distributed along the track, Attix calculated that the average separation of single 
ionisation events was about 0.14 nm, i.e., less than 0.2 nm separation of Li+ and F- ions in the 
LiF lattice.  While the MgLi vacancies are spaced approximately at 6.8 nm intervals, only 
0.14/6.8= 2% of these ion pairs can be attached to the traps (called the F-centres).  
The remaining 98% of charge does not become trapped and recombines without light 
emission.  If F-centre production efficiency were not depressed by recombination, 
the distance between the F-centres calculated for 511 keV electrons would be 230 nm and 
about 0.9 nm for α-particle track.  These estimations of the average F-centre separation are 
based on the results of optical absorption measurements in TLD-100 (Claffy et al. 1968), 
which yielded F centre concentration 1010 cm-3 Gy-1. 
 
The model of spatially correlated trapping and luminescent centres for the case of α-particle 
irradiation was examined by Mische and McKeever (1989).  There are two possible outcomes 
for an electron released during heating.  It can find a luminescent centre and produce a TL 
photon within a track (intra track) with probability Pintra.  Alternatively, it can escape from the 
track, migrate through the inter-track region, and finally recombine with a trapped hole within 
the neighbouring track with a probability Pinter.  The probability that an electron survives the 
migration through the inter track region and reaches one of the other tracks was studied by 
Horowitz (1990).  The increase of linearity index as a function of particle fluence due to track 
interaction is calculated as: 
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where Pi(n, R) is the probability distribution function representing the probability that a HCP 
track has its i-th nearest neighbour at a distance R.  The probability that the released electron 
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migrates from one track to another (Pinter) was in 5.2.4 calculated as the product of a 
geometric configuration factor g(r, R) between the two neighbouring tracks and an 
exponential term exp(-r/µ0), which expresses the probability that electron is not be captured 
by a competing centre, where r is the distance between tracks, R is the track radius and µ0 is 
the mean free path of the electron outside the track.  Horowitz tested this model for 4-MeV α-
particle irradiation with fluence between 107 to about 1011 particles cm-2.  The best fit for the 
peak 5 was for r = 20 nm and µ0 = 20 nm.  For the high temperature peaks 8 and 9, the best fit 
was obtained for µ0  between 100 nm and 330 nm.   The function f(n) can be expressed in 
terms of dose, D, because D = nL, where L is the linear energy transfer and n is the particle 
fluence. 
 
The experimental confirmation of the influence of the distance between tracks on 
supralinearity in LiF:Mg,Ti has been demonstrated in an experiment were f(n) for a parallel 
beam of α-particles has been compared with f(n) obtained for “near-parallel” geometry.  The 
“near-parallel” geometry refers to an arrangement where the α-particles enter the detector at 
random angles slightly different from normal incidence (Horowitz).  For such geometry the 
onset of supralinerity was reduced to lower fluence levels by a factor of 5 because the average 
distance a charge carrier had to travel to reach the other track was greatly reduced.  
 
The track interaction models have no parameters that express supralinearity as a function of 
photon energy.  In the unified interaction model, UNIM, (Horowitz and Mahajna, 1999) an 
additional parameter, ks, was introduced, which depends on the microscopic pattern of 
ionisation density of a single track created by the γ-ray.  The parameter ks represents the 
fraction of trapped electrons, which contribute to the linear part o the dose response, while 1-
ks is the fraction which contributes to supralinearity.  The dose-response linearity index, f(D), 
can now be expressed as: 
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where subscripts h, l stand for the high and low doses, ne is the number density of the trapped 
electrons and nh is the number density of the trapped holes.  However, the model gives no 
formula on how ks depends on photon energy because it is obtained by fitting the linearity 
index to the scarce experimental data on the dependence of f(D) on photon energy. 
 
 
5.2.3 Track Structure Theory of LiF:Mg,Cu,P 

The dose response of LiF:Mg,Cu,P saturates at high doses without supralinearity, i.e., the 
linearity index f(D) does not exceed one for high doses (see Figure 5.1.8).  f(D) was found to 
decrease exponentially while the value of D0 (see Equation 5.2.3) was in the range from 110 
to 250 Gy.  The measured relative TL efficiency for α-particles, was found to be between 
0.02 and 0.065 (Pradhan and Bhatt, 1989; Horowitz and Stern, 1990) as compared to about 
0.2 for LiF:Mg,Ti (Horowitz and Kalef-Ezra, 1983). 
 
This relationship between the fast saturation of dose response and low efficiency for HCP was 
explained on the basis of the track structure theory (TST).  In the vicinity of HCP track, where 
the dose is in the order of thousands of Gy, TL signal saturates and the energy of particle is 
less efficiently converted into TL light.  The model calculations of the relative TL 
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efficiency,ηαγ , for 4 MeV α-particles, as opposed to that for 60Co γ-rays (Horowitz and Stern, 
1990) yielded the value of ηαγ  = 0.04 as compared to the measured value of 0.065 ± 0.01.  
This value was corroborated by Bilski, Olko et al. (1994) for 4-MeV α-particles stopping in 
MCP-N who obtained ηαγ  = 0.05 ± 0.004, which well agrees with the previous results. 
 
The TST was also applied to analyse experimental data for MCP-N (LiF:Mg,Cu,P) detectors 
with different Cu concentrations, ranging from 0 to 0.05 mol % (Waligórski, Olko et al. 
1993).  It was found that D0 increases with increasing Cu concentration from about 70 ± 3 Gy 
for 0.0 mol % of Cu to 243 ± 9 Gy for the standard MCP-N detectors with 0.05 mol % of Cu.   
Two model parameters, D0 = 200 Gy and a0 = 20 nm (a0 is a parameter related to a target 
size), were applied in the further modelling of MCP-N.  Using these parameters the average 
relative effectiveness for protons and α-particles was calculated and compared with the data 
available from Huebner et al. (1992).  The results compared favourable for proton with 
energies between 3 and 10 MeV.  For 4-MeV α-particles  ηαγ  = 0.07, which is consistent with 
the results obtained by Horowitz and Stern (1990).  
 
No attempt to predict the response of LiF:Mg,Cu,P for low-LET radiation was undertaken on 
the grounds of the TST. 
 
 
5.3 THE MICRODOSIMETRIC ONE-HIT DETECTOR MODEL  

The microdosimetric one hit detector model originates from the multi-hit and multi-target 
theories, which has been successfully applied in explaining inactivation of microorganisms 
such as viruses and bacteria (Lee, 1956).  It is a phenomenological model, which relates dose 
response and energy response of a detector to local energy deposition within a target volume 
of this detector. 
 
In the multi-hit model it is assumed that the detector contains one type of hypothetical targets 
(Lee, 1956).  In the terminology used in target theory a hit is a single energy deposition event 
in the target volume.  The target can tolerate m-1 hits but if m or more hits occur, the target is 
affected, e.g., the cell is killed or the target emits TL light.  Hits in the target are assumed to 
occur independently of each other so the process can be described by the Poisson statistics.  In 
the multi-hit theory, the probability of survival (no effect), S, as a function of dose, D, i.e., the 
probability that m hits do not lead to an effect in the target, is given by the following equation 
(Kellerer, 1988) 
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For m = 1, i.e., for one-hit detectors, the survival curve is purely exponential and S(D )=  
exp(-αD), where α is a free parameter of the model, later called the saturation parameter.  
α can be determined as the tangent of the curve in semilogaritmic scale.  For m > 1 this 
equation yields survival curves with a “shoulder” in the low dose region.  This type of 
response can be observed in some biological systems irradiated with low-LET radiation.  
 
 



5. Modelling the radiation response of selected solid-state detectors  

 75 

5.3.1  Description of the Model 

The microdosimetric one-hit detector model, in the formalism proposed by Zaider (1990) for 
biological systems, was applied by Olko (1996, 1998, 1999, 2002) to study the response of 
thermoluminescent detectors and alanine.  The model is based on the following assumptions: 
 

- A solid state detector contains a large number of independent structures called targets. 

- Only one type of targets is available in the detector. 

- Each target is functionally independent and can generate the response (signal) after 
receiving a single energy deposition event (a hit).  The size of the target is a free model 
parameter.  A single energy deposition event (one hit) is sufficient to produce an effect. 

- Hits contribute independently to produce the combined effect. 

  
No further information on the spatial distribution of energy deposition inside the target is 
required, i.e., the probability of a hit depends only on the absolute value of energy deposited 
in the target volume, z, and not on the distribution of energy inside the target.  The physical 
processes leading to the detector signal take place in the targets but the mechanisms of these 
processes are not specified any further.  When energy of ionising radiation is deposited inside 
the target volume there is a certain probability to produce some changes at molecular level 
(e.g. producing of an electron-hole pair).  The outcome of these changes is the 
macroscopically observed effect, such as the emission of TL light or changing of the EPR 
signal.  Once the hit takes place, the other single event within the volume will not produce 
any additional effect.  In other words, the target, which experienced a hit, is not sensitive to 
any additional energy deposition events and does not contribute any more to the 
macroscopically observed signal, such as TL light emission or EPR signal.  
 
The probability of no effect in the detector, i.e., the probability of survival after the energy 
deposition event, as a function of dose can be expressed in terms of microdosimetric 
quantities, analogous to Equation 5.3.1, as  
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where f(z; D) is the dose-dependent microdosimetric distribution with more than one energy 
deposition event allowed in the target (see section 3.1.3).  Using Equations 3.1.10 through 
3.1.12 it is possible to express Equation 5.3.2 in terms of single event distribution (Zaider, 
1990) as 
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The normalised detector response, R(D), after detector irradiation with i-th radiation modality 
and dose, D, is an inverse probability that the target volume will not be hit (will survive),i.e., 
1 - S(D),  
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Setting the characteristic dose Di

0 equal to  
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the detector response can be finally written as: 
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Equation 5.3.4, representing exponentially saturating dose response curve, is the basic 
expression of the microdosimetric one-hit detector model.  The denominator in Equation 5.3.5 
describes the average probability that the effect (e.g., TL emission) takes place in the volume 
of interest, providing that single energy deposition events of the i-th radiation modality are 
given by the distribution f1i(z).  The expression r(z)=1-exp(-αz) is called the response function 
(see also Chapter 6) for a one-hit detector  and represents the probability of an effect 
occurring after energy deposition, z.  If the dimensions of the sensitive volume are not known 
a priori, which is the case for solid state detectors, the target diameter, d, should be 
considered as the second free parameter of the model.  The target diameter does not appear 
directly in Equation 5.3.4 but f1i(z) strongly depends on the target size, as shown in Chapter 3. 
 
While zF  is the average dose deposited in the target volume by single events, the expression 
D/ zF  represents the average number of events which have occurred in the volume after 
irradiation of the detector with dose D.  Thus, the expression in the square brackets in 
Equation 5.3.4 gives the mean number of effective hits after detector irradiation with dose D 
and the integral yields the probability of target inactivation (effective hit) per energy 
deposition event. 
 
For low doses, i.e., when D << zF , the detector response can be expressed, from Equation 
5.3.4, as 
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Relative efficiency, ηi, per unit of absorbed dose, as compared to the response of the detector 
to doses of standard radiation, e.g., 137Cs γ-rays, is equal to 
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Using Equations 5.3.7 and 5.3.8, the relative TL efficiency, ηi, can be expressed as 
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Setting the denominator equal to one and expanding r(z) in a series, the TL efficiency ηi  is 
expressed by: 
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Taking into account Equations 3.1.7 and 3.1.8, this leads to: 
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For sparsely ionising radiation, where α z << 1, TL efficiency is almost linearly dependent on 

Dz . 
 
5.3.2 Calculation of the Microdosimetric Distribution 
Microdosimetric one-hit detector model calculations require the knowledge of single-event 
distribution, f1i(z), in the spherical target volume of interest for all the considered radiation 
modalities i.  The microdosimetric distribution can in part be obtained experimentally from 
measurements using low-pressure tissue equivalent proportional counters TEPC (Kliauga and 
Dvorak, 1978).  However, since in the present model calculations the target diameter, d, is not 
known a priori and has to be treated as a free parameter, it was necessary to use the technique 
described in Chapter 3.2.4 to obtain f1i(z) for a broad range of target diameters, from 5 to 
500 nm, for photons, beta-electrons, tritons, protons, alpha-particles and heavy ions of 
different energies.  
 
To calculate f1(z) for X-rays and γ-rays one needs to know the secondary electron spectra in 
the detector material.  For hard-filtered 15-300 kVp X-rays beams as well as 137Cs and 60Co γ-
rays, the initial energy distribution of Compton electrons and photoelectrons produced in LiF, 
CaF2 and in alanine detectors (mixture of 90% of alanine and 10% of paraffin) were 
calculated using the Monte Carlo code PHOEL-2 (Turner et al., 1980).  PHOEL-2 was 
originally developed to calculate the initial energies of photoelectrons and Compton electrons 
in water.  The relative contribution of photoelectrons in the total spectrum depends on the 
ratio of photoelectric cross section to the sum of photoelectric and Compton cross sections.  
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This ratio was calculated based on the photon cross sections obtained from PHOTOCOEF, 
which is mostly based on the cross sections developed and tabulated by Storm and Israel 
(1970).  In the calculations, emission of Auger electrons from the K-shell vacancy in fluorine 
(for LiF and CaF2) was also taken into account.  In Figure 5.3.1 the secondary electron spectra 
are presented calculated for alanine, LiF and CaF2 irradiated with 40 kVp (A40) and 250 kVp 
(A250) X-rays.  The spectra are normalised to the unit absorbed energy, i.e., equal areas under 
the curves correspond to equal doses.  For low energy X-rays, relative contribution of 
electrons produced via the photoelectric effect increases with increasing atomic number Z of 
elements constituting the detector. 
 
Next, a set of monoenergetic electron tracks in water vapour, scaled to unit density material, 
were calculated for 26 initial electron discrete energies, E(k), k = 1,..,26, ranging from 1 keV 
to 1000 keV using Monte Carlo track structure code TRION (Lappa et al., 1993).  Each 
electron track contains a set of x, y, z co-ordinates of all ionisation produced in the medium.  
The W-value equal to 30 eV was arbitrarily chosen for converting the number of ionisations, 
j, into the deposited energy, ε, for all electron energies.  Typically, enough tracks were 
generated for each electron energy, such that the total number of ionisations was about 
200,000.  These tracks were applied in further modelling.  In the following step, these tracks 
were used to calculate d1(z, E(k)), i.e., single event dose distribution of specific energy, z, for 
initial electron energy E(k).  The calculation was done by Monte Carlo superposition of 
ionisation co-ordinates with spherical volumes of diameters ranging from 5 to 500 nm and by 
scoring the number of ionisations (energy deposited) within the target volumes.  Finally, 
microdosimetric distributions for photons were obtained by weighting d1(z, E) over the 
secondary electron spectra according to Equation 3.2.2.  The same procedure of calculating 
microdosimetric distributions was used for beta electrons for which the initial electron spectra 
φ(E) for 14C, 204Tl and 147Pm were known from measurements by Healmstadter and Boehm 
(1995).  Microdosimetric distributions for protons, α-particles and heavy ions were calculated 
with an analytical model (Olko and Booz, 1990), which gives an analytical recipe for 
calculation of single event frequency distribution of ionisations (see Equations 3.3.9 through 
3.3.12). The model parameters are tabulated in Appendix B for protons, alpha particles, 
lithium, carbon and oxygen ions.   
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Figure  5.3.1 Secondary electron spectra produced in alanine, LiF and CaF2:Tm by hard–filtered 40 kVp X-rays 
and 250 kVp X-rays calculated with PHOEL–2  (Turner et al., 1980). 
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The value of mean specific energy, zF
, for water targets calculated in the diameter range 

between 5 and 200 nm are shown in Figure 5.3.2.  The relationship between zF
and the target 

diameter, d, can be used directly to determine the target diameter assuming that all energy 
deposition events are 100% efficient in producing an effect, i.e., the integral in Equation 5.3.5 
is always equal to one, and then D0 = zF

.  If for the same value of D0 the integral in Equation 
5.3.5 is less than one this results in a lower value of zF

 and, in consequence, in a larger target 
diameter d.  
 
One of the major issues regarding the modelling of response of solid state detectors is the 
relevance of the track structure calculation in water to calculation of energy deposition in 
solid state detectors and the conversion of target diameter in water into target diameter in the 
detector.  In this work, the track structure calculation were performed for water and then 
converted to targets in solid state detectors by scaling the target diameter by the detector 
density ρ as follows: 
 

detdet22
dd OHOH ρρ =      5.3.12 
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Figure 5.3.2  Mean specific energy, zF , in spherical water targets for different target diameters after 137Cs γ-ray 
irradiation (adapted from Olko, 2002).  The secondary electron tracks in water were calculated using the TRION 
Monte Carlo track structure code (Lappa et al., 1993).  
 
 
5.3.3 One Hit-Model of Thermoluminescent MCP Detectors 

5.3.3.1 Experimental Data for MCP-N Detectors 

It is difficult to analyse experimental results obtained by different authors using different 
batches of TL detectors produced by different manufactures and read out using different 
heating rates (Waligorski, Olko et al., 1993).  Therefore, for a successful quantitative 
analysis, the experimental data should be collected from measurements using TL material 
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from the same batch, read out and analysed under the same conditions.  A great advantage of 
the following analysis was that all data considered was collected from measurements of MCP-
N thermoluminescent detectors developed at the Institute of Nuclear Physics, Kraków, 
Poland, with standard activator concentrations added to the melt (0.05 mol % Cu, 0.2 mol % 
Mg, 1.25 mol % P).  
 
Experimental data on the LiF:Mg,Cu,P thermoluminescent detectors, used for verification of 
the one-hit model consists of a set of dose-response curves, f(D), for 137Cs γ-rays; photon 
energy response functions, S(E); and relative detection efficiency, η.  When the irradiated 
MCP-N detectors are subject to linear heating from the room temperature to about 240°C, the 
resulting glow curve (the plot of TL light emission versus temperature), shows several peaks 
and the maximum around 220°C.  It appears that in MCP-N detectors, irradiation with doses 
up to 1000 Gy of 60Co γ-rays or with high-LET α-particles does not significantly influence the 
glow peak structure, including the high temperature peak region (see Equation 5.1.6).  
Therefore, the dosimetric parameters (f(D), S(E), η) were evaluated from the ratio of TL 
pulses integrated over the whole dosimetric peak, including its high-temperature part from 
120°C to 240°C, with no glow-peak deconvolution. 
 
Photon energy response of MCP-N detectors has been obtained from X-ray irradiations 
performed at Polish Main Office of Measurements in 1989, at KfK Karlsruhe, Germany 
(1992),  CIEMAT, Spain (1995) and at KAERI, Korea (2001) (see Figures 5.1.10 and 5.1.11).  
TLD irradiation with synchrotron X-rays in the energy range from 7 keV to 20 keV have been 
performed by Ipe and co-workers at Stanford (Olko et al. 1999).  The dose–response on 137Cs 
γ-rays has been irradiated and measured at INP Kraków and the relative efficiency on alpha 
particles with different energies at KFK Karlsruhe.  The experimental results regarding the 
relative TLD efficiency for MCP-N detectors from the papers of Bilski, Olko et al. (1994) are 
compiled in Appendix C. 
 
 
5.3.3.2  Results 

In the microdosimetric one-hit detector model both the saturation parameter, α, and the target 
diameter, d, are the free model parameters.  Although the target diameter does not directly 
appear in the model equations, the microdosimetric distribution depends on the target 
diameter.  The saturation parameter was fitted by minimising the relative least square of the 
calculated, ηcal,  and measured, ηexp, relative efficiencies. 
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The minimum value of M with regard to parameter α was determined for such the target 
diameter for which the calculated saturation dose D0cal was closest to D0exp obtained from 
fitting Equation 5.3.6 to the measured dose-response for 137Cs or 60Co γ-rays.  In Figure 5.3.3 
the dependence of M on the saturation parameter, α, for different values of target diameter, d, 
is shown for MCP-N detectors.  
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Figure 5.3.3  The dependence of parameter M on the saturation parameter α for different target diameters (in 
water) obtained by fitting the data for the relative efficiency of MCP-N detectors with the microdosimetric one-
hit detector model. (adapted from Olko, 2002) 
 
Twenty-four radiation qualities (N = 24) (γ-rays, X-rays, trions and alpha-particles with 
different energies) have been taken into account in the calculations.  The minimum value of M 
was obtained for α = 0.0091 Gy-1 and dH20 = 60 nm, which corresponds to the dLiF = 24 nm for 
ρLiF = 2.5 g cm-3.  The value of D0cal = 233 Gy is close to the saturation dose D0 = 243 Gy 
obtained from the fit reported by Waligórski, Olko et al. (1993).  The best fits for dH2O = 50 
nm and dH2O = 70 nm result in D0cal equal to 340 Gy and 175 Gy, respectively. 
 
One of the most significant successes of the microdosimetric one-hit model is the explanation 
of the anomalous photon energy response of the high sensitivity LiF:Mg,Cu,P detectors.  For 
the conventional LiF:Mg,Ti detectors, like TLD-100 or MTS-N, η is approximately equal to 
one for photon energy range from 30 keV to 2 MeV relative to the response to 662 keV γ-
rays.  The measured photon efficiencies of LiF:Mg,Cu,P are quite different from those of 
LiF:Mg,Ti, showing a local minimum for photon energy about 80 keV.  The anomalous 
photon energy response has been explained as an ionisation density effect (Olko et al., 1993).  
In Figure 5.3.4 the calculated values of frequency-mean lineal energy, Fy , for photon spectra 
(Olko et al., 1993) are presented as a function of the mean photon energy.  The Fy  calculated 
for dLiF  = 24 nm shows a local maximum equal to 3.34 keV µm-1 (in water) for a photon 
energy of 80 keV.  In the range from 50 keV to 120 keV, for low-Z elements such as Li and F, 
the photoelectric effect is gradually replaced by Compton scattering as a dominant mode of 
photon energy transfer to the material of the detector.  
 
The dose-mean electron energy imparted in LiF by 30 kVp and 120 kVp X-rays are 
approximately equal (see Figure 3.2.8).  This is also the reason for the measured TL 
efficiencies for those X-ray energies being approximately equal.  The position of the local 
minimum in the TL efficiency plot coincides well with the position of the local maximum of 

Fy  for photons.  In Figure 5.3.5, the calculated photon energy response of MCP-N detectors is 
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compared with the results of experiments performed with hard-filtered X-rays (from 12 to 250 
kVp), normalised to the response for 137Cs γ-rays.  Model response (solid line) is taken as the 
product of calculated ηcal(E) and the ratio of  mass energy absorption coefficients µ’(E), 
calculated for the LiF:Mg,Cu,P with PHOTOCOEF code (weight fractions of Li, F, Mg, Cu, P 
were equal to 0.26486, 0.72515, 0.00185, 0.00121 and 0.00693 respectively).  In this figure, 
no correction for TL light self-absorption in the detector and attenuation of low energy X-rays 
in the detector have been taken into account.  Therefore, for low energy photons, the 
measurements underestimate model calculations by 15 – 20%. 
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Figure 5.3.4 Relative TL efficiency,η, (triangles) of MCP-N detectors for monoenergetic X-rays calculated 
according to the microdosimetric one-hit detector model for target diameter d = 24 nm (ρ = 2.5 g/cm3) and the 
saturation parameter α = 0.0091 Gy-1.  Circles correspond to the mean lineal energy for monoenergetic X-rays, 
calculated using Monte Carlo simulated tracks in water (adapted from Olko, 2002). 
 
In Figure 5.3.6, the calculated and experimental values of ηi for 24 radiation qualities are 
plotted against the calculated mean-dose lineal energy, Fy , for the corresponding radiation 
qualities.  For all investigated radiations, the calculated and measured TL efficiencies agree 
well, particularly for α-particles.  The largest discrepancies observed are for 17-keV X-rays, 
where the measured and calculated values are ηexp = 0.60 and ηcal = 0.72, respectively.  
However, for this case the result of measurements may be biased due to overestimation of the 
low-energy X-ray self-absorption in the detector itself.  For 2.73-MeV 3T, the experimental 
data were obtained indirectly by taking into account the 6Li(n,3T)4He reaction and the 
measured value of η for 4.78 MeV alpha-particles (Bilski, Olko et al., 1994), which leads to 
uncertainties of about 15%.  The value of D0, calculated for 137Cs γ-rays, is equal to 233 Gy 
which agrees well with D0 = 243 Gy obtained by Waligórski, Olko et al. (1993).  
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Figure 5.3.5  Measured (squares) and calculated (solid line) photon energy response of MCP-N detectors.  In the 
calculations the response of one-hit detectors was determined as the product of the calculated relative TLD 
efficiency, ηcal, and the ratio of mass energy absorption coefficients of LiF:Mg,Cu,P and air, µ’(E).  

 
Figure 5.3.6 Experimental (triangles) and calculated (circles) TL efficiencies, η, of MCP-N (LiF:Mg,Cu,P) 
detectors for γ-rays, hard filtered X-rays, synchrotron X-rays,  β-electrons, tritons and alpha particles (adapted 
from Olko, 2002) 
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5.3.3.3  Physical Interpretation of Model Parameters in LiF:Mg,Cu,P 

The physical meaning of the one-hit TL detector model parameters is not straightforward.  In 
microdosimetric models applied in radiation biology one tries to correlate the size of the 
target, derived from the model calculations with the size of some cell structures, such as the 
cell nucleus (8 µm), chromosome (1 µm), or nucleosome (25 nm), or with the diameter of 
DNA strand (2 nm).  As far as the solid-state detectors are concerned, such a direct 
identification of radiation sensitive structures within the detector is not readily available.  The 
most complete experimental data on the one-hit detectors were collected for LiF:Mg,Cu,P 
(MCP-N) thermoluminescent detectors.  Good agreement between the calculated and the 
measured TL efficiencies obtained in the present work for a single set of parameters for all 
radiation modalities could suggest that the model parameters, in particular the size of the 
sensitive site, are independent of radiation type and are associated with the detector structure.  
Horowitz (1999) discussed several possibilities of interpreting the target size in LiF:Mg,Cu,P, 
suggesting that the target size corresponds to the average distance between Mg-trimers in 
LiF:Mg,Cu,P.  Assuming 0.2 % mol concentration of Mg, this distance is about 3 nm, a value 
considerably smaller than that of 24 nm derived from the one-hit model studies.  He also 
suggested that the most physically reasonable interpretation of the target size in LiF:Mg,Cu,P 
is the average charge carrier migration distance over which recombination takes place. 
 
It is interesting to analyse the relative TL efficiency for 5.3 MeV alpha particles in 
LiF:Mg,Cu,P with Mg concentration varying from 0.05 to 0.2%.  For concentrations below 
0.05% Mg, an additional peak appears in the glow curve LiF:Mg,Cu,P, similar to peak 4 in 
TLD-100, and LiF:Mg,Cu,P appears to converge into LiF:Mg,Ti.  Over the Mg 
concentrations ranging from 0.1 to 0.2 %, the overall TL sensitivity for 137 Cs γ-rays increases 
almost in proportion with the Mg concentration (Olko and Bilski, 1997).  Let’s assume that 
the target diameter, d, is independent of the Mg concentration in LiF:Mg,Cu,P and that the 
saturation parameter α is proportional to the concentration of Mg ions which are supposed to 
constitute the trapping centres: 
 

α = (CMg/0.2%) α0.2%     5.3.14 
 
where α0.2% = 0.0091 Gy-1 is the saturation parameter derived for the standard Mg 
concentration of 0.2%.  In Figure 5.3.7 the relative TL efficiency for 5.3 MeV stopping alpha-
particles calculated using Equation 5.3.9 (solid line) and α expressed by Equation 5.3.14 
agree to within 15% with the experimental data of Bilski and Olko (1997).  Another cross 
check of relation between MCP-N response and Mg concentration is that of the value of α 
versus the Mg concentration, as observed in the dose response curve.  The calculated value of 
the saturation dose D0 for 137Cs γ-rays and CMg = 0.1% is equal to 363 Gy, as compared to 299 
± 30 Gy measured by Bilski et al. (1997), which is in the acceptable agreement.  The 
observed differences can partly be attributed to batch-to-batch differences.  The first 
published dose response curve for MCP-N  (Waligorski et al., 1993) with D0 equal to 243 Gy 
was based on the MCP-N batch produced in 1991.  In the experiments by Bilski et al. (1998) 
with different Mg concentrations, the value of D0 for CMg=0.2% was found to be D0 = 178 Gy 
and for CMg=0.1%, D0 = 299 Gy. 
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Figure 5.3.7 Relative TL efficiency, η, of LiF:Mg,Cu,P detectors for 5.3 MeV stopping alpha-particles versus 
Mg concentration.  Solid line represents the one-hit model calculation.  Dotted line is a fit with a function 
ηi= a(CMg)-1/3,  where a = 0.038 (adopted from Olko and Bilski, 1997). 
 
The above analysis tends to support the thesis that α is related to the concentration of Mg and, 
consequently, to the concentration of the trapping centres.  The proportionality proposed in 
Equation 5.3.14 is valid only for a relatively narrow Mg concentration range, from about 
0.05% to 0.2% because outside this range the glow-curves of MCP-N detectors change 
considerably.  For CMg = 0.02% an additional peak appears the MCP-N glow curve at about 
190°C (peak 4) and the LiF:Mg,Cu,P glow curve converts into that observed for LiF:Mg,Ti.  
For the Mg concentrations above 0.2%, the main dosimetric peak decreases and a high 
temperature structure of the glow-curve appears.  
 
The question arises if the target diameter is related to the absorption stage or to the heating 
stage of the TL process.  It is impossible to resolve this issue using the one-hit detector model.  
The results suggest that it is the initial track structure that produces the corresponding spatial 
distribution of the affected traps in the TL detector.  Whatever processes take place in the TL 
detector between the initial passage of the particle through the detector volume and the final 
emission of TL in its readout stage, it is the initial spatial distribution of energy deposition 
events that is stored in the detector.  It is this distribution that serves as a pattern for the 
primary and secondary TL phenomena occurring during the heating stage. 
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5.3.4  One Hit Model of CaF2:Tm 
 
The experimental results analysed in this section were compiled from several publications 
concerning CaF2:Tm (TLD-300) published in the last 20 years, initiated by the paper of Lucas 
and Kaspar (1977).  Some of the TLD-300 characteristics, such as the TL efficiency for 
241Am α-particles and the photon energy response after X-ray irradiation, were determined at 
the Institute of Nuclear Physics in Krakow (Olko, 2002).  The detector response was 
considered in terms of the amplitude of peak 3.  CaF2:Tm photon energy response data were 
also obtained from the papers of Lakshmann et al. (1981), Shachar and Horowitz (1988), and 
Pradhan et al. (1985).  In addition, the experimental data regarding the proton energy 
response and the dose response were compiled from experiments of Furreta and Lee (1985), 
Pradhan and Rassow (1987) and Rassow et al. (1988).  The response of TLD-300 to 85-MeV 
protons moderated in the water phantom was taken from Loncol et al. (1996).  The relative 
TL efficiency for He+2 ions has been measured by Hoffman and Prediger (1984) using a 
therapeutic heavy ion beam at the Berkeley LBL 184” synchrocyclotron.  The measurements 
of the TL efficiency for protons were done using the 175 MeV pre-therapeutic beam degraded 
in a water phantom at the COSY synchrotron in Juelich, Germany (Hoffman and Prediger, 
1984).  Dose response for 60Co γ-rays was taken from the papers by Lucas and Kaspar (1977), 
Rassow et al. and Pradhan and Rassow (1987).  The values of the TL efficiency for the peak 3 
of TLD-300 evaluated based on these publications are summarised in Appendix D.  
 
The weakness of such compilation of the results is that they apply to various batches of 
detectors and various preparation/readout techniques, which were used by different authors.  
In addition, in the case of X-rays, He+2 and proton irradiation, the energy spectra were usually 
not known precisely, which makes the modelling procedures uncertain.  For the Heavy 
Charged Particle (HCP) irradiation, the response was scaled against the mean dose lineal 
energy, Dy , determined experimentally.  
 
The dose response curve for peak 3 can be normalised to the response at low doses and 
presented in the form of the supralinearity index, f(D), 
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In Table 5.3.1 the values of characteristic dose, D0, are presented obtained by fitting Equation 
5.3.15 to the dose response curves obtained by different authors following 60Co γ-ray 
irradiation. 
 
Table 5.3.1  Values of D0 for the 60Co γ-rays dose response for peak 3 of TLD-300.  
 

Author Dose range (Gy) D0 (Gy) 
Lucas and Kaspar 1977 10-104 634±136
Pradhan and Rassow, 1987  1-105 1679±229
Rassow et al. (1988) <100 107±15

 
Using a minimising routine based on the least-squares method, the values of model 
parameters d and α were obtained which produced the best fit of Equation 5.3.15 to the set of 
TL efficiency data given in Appendix D.  The best fit was obtained for D0 = 634 Gy, 
d = 50 nm (in water) and α = 3.47 × 10-3 Gy.  



5. Modelling the radiation response of selected solid-state detectors  

 87 

 
The experimental data on photon energy response of TLD-300 are more scattered because 
they reflect the results of several different experiments with different experimental techniques 
used to evaluate the response (peak 3 height or peak 3 integral).  In addition, the analysis of η 
for photons is less precise because the relatively weak variation of the relative effectiveness 
overlaps the strong response after low-energy photons interacting with calcium atoms of high 
atomic number (Z=40).  In Figure 5.3.8 the position of the local minimum of η for 100 keV 
photons measured by Shachar and Horowitz (1988) approximately agrees with the theoretical 
prediction (Olko, 1998).  The values of η derived from the response of TLD-300 irradiated 
with hard –filtered X-rays (Olko, 2002) follows the calculated η down to the photon energy of 
100 keV and is lower than the calculated value for the lower photon energies (30 keV and 50 
keV).  A fast decrease of η(Ε) for low photon energy suggests a lower value of D0 than the 
634 Gy obtained from the fit to Lucas and Kaspar (1977) data.  
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Figure 5.3.8 Relative TL efficiency for hard-filtered X-rays for peak 3 in TLD-300 (CaF2:Tm).  The results of 
model calculations (Olko, 1998) (solid line) are compared with the experimental results (Olko, 2002) (squares) 
and the results derived from the papers by Shahar and Horowitz  (1988) (circles) and Lakshmanan et al (1981) 
(crosses). 
 
The measured and the calculated responses of TLD-300 for protons and He ions are shown in 
Figure 5.3.9.  The measured efficiency is plotted against the dose mean lineal energy 
determined from measurements with a TEPC microdosimetric counter simulating a target 
with a diameter of 2 µm.  The model-calculated values of η were plotted against Dy  
calculated as 9/8 of the proton stopping power in water (see Equation 3.3.5).  The calculations 
were not performed for higher energies (lower Dy ) due to the limited validity of the analytical 
recipe for calculating the microdosimetric distribution over that range. 
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The variation of the peak 3 response in TLD-300 glow curves for doses of different radiation 
modalities can be described by the microdosimetric one-hit detector model.  It is assumed in 
the model that the overdosing of some small hypothetical volumes causes saturation of the 
detector response.  For densely ionising radiation and small sensitive targets, the local target 
doses increase with no increase of TL effect, which effectively leads to the reduction of TL 
emission per unit absorbed dose.  With only two parameters of the model (dH2O = 50 nm in 
water and α = 3.47 10-3 Gy-1) it is possible to predict the peak 3 response at different dose 
levels and for different radiation types.   
 
The physical interpretation of this phenomenological model is not straightforward.  The 
mechanisms of TL production in rare earth doped CaF2 are still not fully understood.  
Laksmannan et al. (1981) proposed that the peak 3 at 150 °C is caused by the release of holes 
and the TL emission steaming from the Tm+3 ions.  However, no mathematical framework 
was proposed to account for ionisation density.  Pradhan and Rassow (1987) suggested, also 
in a qualitative way, that the different LET dependence of the glow peaks 3 and 5 could be 
explained by the difference in the size and the spatial distribution of the defect complexes 
responsible for various glow peaks in CaF2:Tm.   
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Figure 5.3.9  Measured and model-calculated average relative efficiency of TLD-300 (peak 3) vs. dose mean 
lineal energy of protons and alpha particles entering detector.  The experimental data were taken from Hoffmann 
and Prediger (1983) and Hoffmann et al. (1999). 
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5.3.5 One Hit Model of Alanine  

L-α-alanine (CH3 CH(NH2) COOH) amino-acid, here referred to as alanine, is considered to 
be a reliable dosemeter for high radiation doses in the range from 10 Gy to about 105 Gy.  
Irradiation of alanine with ionising radiation leads to the production of CH3-•CH-COOH free 
radicals, which are relatively stable at temperatures below 50°C.  The concentration of these 
radicals can be determined by means of electron spin resonance (ESR) spectrometry.  The 
ESR signal, defined as the peak-to-peak value of the EPR signal hyperfine structure, is 
proportional to the absorbed dose and is used to measure high radiation doses, e.g., in the 
facilities for radiation food conservation.  Alanine is also considered to be a promising 
dosemeter for neutrons and HCP due to its tissue equivalence and its relatively high 
sensitivity for high LET particles.  Alanine response for γ-rays and HCP can be analysed with 
one-hit model because it saturates at high doses without supralinearity.  
 
Relative efficiency data for alanine were grouped into two categories: after irradiation by 
charged particles stopping in the detector and by X-rays.  Data on the relative (with respect to 
60Co γ-rays) efficiency of alanine after irradiation with HCPs were compiled from the papers 
of Hansen et al. (1987) and Hansen and Olsen (1990) for protons with energies of 1, 2, 3, 6 
and 16 MeV, 16O ions (64 MeV), 4He (20 MeV) and 7Li (21 MeV).  Recently, relative 
efficiency of alanine for low energy protons in the energy range from 1.6 MeV to 6.1 MeV 
was investigated by Fattibene et al. (2001).  Data on the relative response of alanine to 
photons were taken from Bermann et al. (1971) and Regulla and Deffner (1982).  The mass 
energy absorption coefficients for alanine and for tissue (ICRU muscle composition) were 
calculated using the cross-section data from Hubbel (1982) using PHOTOCOEF code.  The 
composition of the alanine dosemeter was taken after Bermann to be 80% alanine and 20% 
paraffin, by weight.  The characteristic dose D0 = 1.05×105 Gy, which represents the dose at 
which 63% of the maximum dose response for 60Co γ-rays is obtained, was taken from 
Hansen et al. (1987). 
 
The best fit to the relative efficiency data for HCP was obtained for d = 6 nm target size and α 
= 0.2×10-4 Gy-1.  For the derived set of parameters the relative efficiency of alanine for 
stopping protons, alpha particles, 7Li and 16O ions were calculated for HCP energies from 1 to 
20 MeV/amu and compared with experimental values and calculations of Waligórski et 
al.(1989), based on the Katz model (Katz, 1978) (Figure 5.3.10).  The highest relative 
difference of 15% between the present calculation and the experimental data was for 4 
MeV/amu oxygen ions.  This may in part be due to the method of calculation of the oxygen 
track by ”compression” the proton track of identical velocity (4 MeV) according to stopping 
power calculated from the Barkas formula (Barkas, 1953).   
 
The final response of alanine to X-rays was calculated by multiplying the alanine efficiency, 
η, by the ratio of the mass energy absorption coefficients for alanine detectors and for ICRU 
muscle tissue.  The relevant experimental X-ray data, the ratio of the mass energy absorption 
coefficients for alanine detectors and for ICRU muscle tissue and the calculated alanine 
response to hard filtered X-rays are plotted in Figure 5.3.11. 
 
Alanine shows a flat response per unit dose absorbed in tissue for photon energies above 
100 keV and a decrease for lower energies, which follows approximately the ratio of mass 
energy absorption coefficients of alanine and tissue.  The calculated response fits the results 
of (Regulla and Deffner, 1982) below 100 keV and systematically underestimates the results 
of (Bermann et al., 1971).  However, in the experiment conducted by Bermann, the measured 
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response of alanine to 137Cs γ-rays was about 7% higher than that for 60Co γ-rays.  If 
Bermann's experimental results for X-rays were normalized to his measured response to 137Cs 
γ-rays, instead of 60Co γ-rays, as is done in the present calculation, the agreement between the 
calculated and the measured response would have been be much better.  More experimental 
data on alanine, especially for the low energy synchrotron X-rays, are needed to verify the 
present calculations.  
 
The microdosimetric one-hit model allows calculating the response of one-hit detectors to X-
rays and γ-rays.  In Figure 5.3.12 the values of the relative efficiency, η, for alanine, 
calculated from Equation 5.3.9, using d = 6 nm and α = 0.2×10-4 Gy, are compared with the 
values of η calculated for MCP-N detectors and for peak 3 in CaF2:Tm (TLD-300).  Since the 
efficiency of alanine for high-LET particles, relative to its efficiency for 60Co γ-rays, is much 
higher (close to unity) than that observed for MCP-N detectors, the dependence of η on the 
photon energy for alanine is also very weak.  The calculated local minimum of the response 
for 80 keV X-rays, seen as anomalous photon energy response in LiF:Mg,Cu,P, is for alanine 
only 2% lower than the local maximum for 40 keV photons, so any experimental verification 
of this effect would be rather difficult.  
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Figure 5.3.10 Calculated and measured average relative efficiency of alanine versus initial energy  (MeV/amu) 
of charged particles stopping in the detector.  The experimental data were taken from Hansen et al. (1987), 
Hansen and Olsen (1990) (1H – full squares, 4He –triangles, 7Li –circles, 16O – crosses) and Fattibene et al. 
(2002) (open squares), calculation: Olko (1999) (solid lines) and Waligorski, Olko et al. (1993) (dashed lines) 
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Figure 5.3.11 Comparison of model-calculated and measured photon energy response of alanine detectors.  
Dala/Dtis is ratio of doses absorbed in alanine and in tissue.  
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Figure 5.3.12  Calculated relative efficiency of alanine (dotted line), CaF2:Tm (TLD-300) (dashed line) and 
LiF:Mg,Cu,P (MCP-N) (solid line) for hard filtered X-rays of different energies (adopted form Olko, 1999) 
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The microdosimetric one-hit detector model is a phenomenological approach that does not 
allow one to make any quantitative statements about the physics of TL mechanisms in solid 
state detectors.  The fairly good agreement between the model predictions, all calculated using 
the same target size and the same value of α, and a broad spectrum of experimental data, such 
as photon energy response, relative efficiency and dose response, suggests that these model 
parameters, specially the target size, may have some physical meaning.  Small biological 
systems such as viruses or bacteriophages are physically and functionally independent of each 
other, which makes the geometrical interpretation of the target size fairly straightforward.  
The model-determined target sizes agree with their physical dimensions within a factor of 2.  
In solid-state detectors no clear physical borders separating the hypothetical sensitive sites can 
be identified.  For alanine, the calculated target diameter is much larger than the size of the 
alanine molecule since a 6 nm sphere (ρ= 1 g cm-3) with a mass of 1.1×10-22 kg contains 
approximately 760 alanine molecules.  Saturation of the ESR signal is observed at gamma-ray 
doses of about 3×105Gy, which corresponds to an average energy deposit of 210 eV in the 
6 nm target, i.e., only 0.28 eV per molecule.  This suggests that the saturation of response in 
alanine may not be due to the saturation of the number of molecules available for the 
deamination i.e. the removal of an amino group (-NH2) from the alanine compound.  The 
effect of radiation is to rupture the intermolecular hydrogen bonds, which promotes formation 
of the chain and then deamination.  Supplementary effects are coiling of the chains, cross 
linkage - this can produce a matrix within which the radical species are trapped, preventing 
recombination in the low dose range.  At high doses (or localised high doses, as occurs within 
the particle track) these secondary structures could be destroyed, leading to local 
recombination and decreased efficiency for a densely ionising track.  For the mechanism 
described above, the target size could be interpreted as the effective range of recombination of 
the alanine free radicals.  
 
 
5.4  MICRODOSIMETRIC APPROACH TO CALCULATION OF RELATIVE TL 

EFFICIENCY OF LiF:Mg,Ti (MTS-N) DETECTORS  

It has been known since the 1960’s (Horowitz, 1984) that the sensitivity of LiF:Mg,Ti 
detectors, their dose and energy response depend on the irradiation history of the detector.  
After an irradiation with a high dose of about 200-1000 Gy, followed by UV irradiation and a 
special annealing procedure (e.g., at 280ºC for 30 min) it is possible to enhance sensitivity of 
LiF:Mg,Ti by a factor of 3 to 5.  Annealing in 400ºC removes this sensitisation.  The 
mechanism of sensitisation is not clear and is believed to be linked with the alteration of 
electron and hole concentrations associated with different defects.  Niewiadomski (1976) 
studied the sensitisation effects in different kinds of LiF:Mg,Ti and found that peak 4 is 
absent from the glow curve after γ-rays irradiation, i.e., the glow curve structure is very much 
similar to that of LiF:Mg,Cu,P.  The sensitisation process is also associated with a decrease of 
photon energy response in sensitised LiF:Mg,Ti for X-ray energies below 200 keV, as well as 
with the alteration of dose response for γ-rays.  The sensitised material shows no supralinear 
response for doses of γ-rays higher than 1 Gy.  
 
The photon energy response and the relative TL efficiency were studied in the sensitised and 
standard TL detectors because their atomic composition, density, optical properties, etc. are 
nearly identical.  The differences in their response result only from the mechanisms of 
conversion of the absorbed energy into TL signal.  This section describes calculation of TL 
efficiency of the standard and sensitised LiF:Mg,Ti (MTS-N) detectors for X-rays and HCP, 
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relative to the response of 137Cs γ-rays, using a microdosimetric model proposed by Olko et 
al. (2002).  
 
5.4.1  Modelling the Relative TL Efficiency of MTS-N (LiF;Mg,Ti) Detectors  

The model applied in these calculations has been adopted from the approach used by Geiss et 
al. (1998) which originated in the Track Structure Theory.  Geiss folded the dose response 
function, R(D), obtained from experiments with X-rays, with the computed radial dose 
distribution in order to calculate the response of TLD-100 to heavy ions.  He assumed that the 
TL signal induced by heavy ion irradiation could be scaled from the measured dose response 
(up to saturation) of γ-rays.  In this section, the measured dose-response curves of MTS-N and 
of sensitised MTS-N detectors irradiated with 137Cs γ-rays were folded with the calculated 
microdosimetric distribution for energy spectra of different energy X-rays.   
 
Firstly, it was assumed that the MTS-N dose response can be fitted by a sum of two 
exponential functions with the linear and quadratic exponents, whereas the dose response for 
the sensitised detectors was fitted with a function featuring only a linear term.  This 
assumption for the sensitised TL material holds well for the sensitisation doses around 
1000 Gy, but for the lower sensitisation dose values, supralinearity appears to some degree, 
which results from the growth of peak 4.  This approach followed that of Geiss et al. (1998), 
who analysed the experimental results of TLD-100 irradiation with 250 kVp X-ray, obtained 
by Majborn et al. (1977), The measured dose response of the standard and the sensitised 
MTS-N detectors for 137Cs γ-rays were fitted, with the function  
 

R(D) = A(1- exp(- αD))+(1-A)(1-exp(- βD2))   5.4.1 
 

using the Origin 5.0 fitting procedure based on the non-linear Marquardt method.  The 
following values of the fitted parameters were obtained: A = 0.362 ± 0.015, α = 7.3×10-4 ± 
0.4×10-4 Gy-1 and β = 3.92×10-6 ± 0.24×10-6 Gy-2, for the standard MTS-N detectors.  The 
measured and the calculated dose responses are shown in Figure 5.4.1.  The dose-response of 
the sensitised MTS-N was fitted with the function  
 

Rs(D)= 1-exp(-aD)     5.4.2 
 
where a = 0.0017 ± 0.00005 Gy-1.  
 
Secondly, it was assumed that the saturation dose of MTS-N detectors was identical to that 
observed by Geiss, i.e., that for about 5000 Gy the response reached 95% of the saturation 
value.  This assumption was necessary because at the irradiation facility at the Institute of 
Nuclear Physics the detectors could only be irradiated with doses of up to about 700 Gy. 
 
In order to calculate the TL response for a given X-ray energy (index i) the dose-response 
function, R(D), was folded with the frequency distribution of the specific energy f1i(z): 
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where Fz  is the mean value of f1(z).  The factor 1/ Fz  changes the normalisation from „per 
single event” to „per unit dose”.  It was further assumed, similarly as in the approach 
proposed by Geiss, that the measured R(D) function for γ-rays is equivalent to the R(z) 
function. 
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Figure 5.4.1  Measured dose response of standard (squares) and sensitised (triangles) LiF:Mg,Ti detectors 
irradiated with 137Cs γ-rays.  The dashed line represents the fit of Geiss et al. (1999) to the dose-response of 
TLD-100 for 250 kVp X-rays; solid line represents the fit to the response of MTS-N detectors (see text) (adapted 
from Olko et al, 2002) 

 
5.4.2 Modelling the Photon Energy Response of Thermoluminescent LiF:Mg,Ti 

(MTS-N) Detectors 

It is frequently assumed in dosimetry that the relative photon energy response, S’(E), of 
thermoluminescent LiF:Mg,Ti detectors, such as TLD-100 or MTS-N, generally follows the 
ratio of the energy absorption coefficients, µ’(E), (see Equation 5.1.10) for the LiF and air.  It 
has been shown by Budd et al. (1979) that the measured S’(E) for LiF:Mg,Ti detectors are 
higher by about 10% from the calculated µ’(E) for X-rays below 300 keV.  Subsequently, 
Horowitz (1984) compiled experimental data and concluded that in the energy range from 
approximately 40 keV to 150 keV relative efficiency, η(E), of TLD-100 is about 1.1, below 
40 keV it decreases to 1 and between 4 keV and 10 keV η(E) tends to be about 0.9.  The dose 
response of LiF:Mg,Ti is known to be linear until approximately 1 Gy, supralinear between 
1 Gy and a few hundred Gy, and to saturate at higher dose values.  The sensitised TLD-100, 
for which no supralinear response for gamma-ray doses was observed above 1Gy, did not 
show η(E) greater than unity. 
 
Based on his review of experimental data, Horowitz (1981) presented a qualitative 
explanation of this phenomenon.  Because in the linear dose region (below 1 Gy) there is no 
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track interaction, the increase in η(E) must be due to ionisation density effects within a single 
track.  The microscopic dose distribution along a single X-ray track is shifted towards higher 
doses, as compared with the 60Co tracks, and a greater part of the distribution lies in the 
supralinear part of the dose response.  As the X-ray energy decreases below 10 keV, a 
significant portion of the microscopic dose distribution along the single track becomes locally 
saturated and η(E) begins to decrease. 
 
A computational verification of the Horowitz qualitative model has been preformed using the 
microdosimetric approach given by Equation 5.4.2, based on the experimental results 
involving irradiation of LiF:Mg,Ti (MTS-N) detectors.  Some of these detectors were 
sensitised by pre-irradiation with a dose of 200 Gy of 137Cs γ-rays, followed by exposure to 
intense UV light from an EPROM memory eraser.  The sensitised MTS-N (sMTS-N) shows 
sensitivity to γ-rays 3-5 times higher than that of MTS-N detectors.  The photon energy 
response of normal and sensitised detectors has been investigated after irradiation with X-rays 
characterised by narrow spectra and average energies from 20 keV to 250 keV.  The 
irradiation was performed at the Secondary Standard Laboratory at KEARI, Korea.  Detector 
response was represented by an integral over the main dosimetric peak (sum of peaks 3+4+5 
for MTS-N, and peaks 3+4 for sMTS-N).  The glow-curves of sensitised MTS-N detectors 
show almost no presence of peak 4 for the 137Cs γ-ray doses greater than 2 mGy.  At very high 
doses (tens and hundreds of Gy) the supralinear peak 4 becomes well distinguishable.  
 
The photon energy response, S’(E), of the standard LiF:Mg,Ti(MTS-N), sensitised  LiF:Mg,Ti 
MTS-N and LiF:Mg,Cu,P (MCP-N), are shown in Figure 5.4.2.  The response of the MCP-N 
and MTS-N sensitised detectors shows a local minimum at about 100 keV caused by the local 
increase of ionising density around this photon energy.  Mayhugh and Fullerton (1974) 
demonstrated that an increase of the sensitisation dose decreases the relative response of the 
detectors for low energy photons.  The decrease of S’(E) for low energy photons is correlated 
with the saturation dose of those detectors: a lower value of the saturation dose leads to the 
lower response after irradiation with low-energy X-rays.  Horowitz (1984) also pointed out 
that by using different levels of sensitisation dose it is possible to optimise the photon energy 
response.  The response of the standard MTS-N is higher than that calculated using only 
energy absorption coefficients.  The values of  η derived from S’(E) for MTS-N agree well 
with the findings of Horowitz (1981) for TLD-100 regarding the energy dependence of the 
relative efficiency, i.e., that η is equal 1.1 between 20 and 200 keV and decreases below unity 
for X-ray energies lower than 20 keV.  
 
The calculations of η, for both types of MTS-N detectors, are based on several assumptions.  
The dose response curve of MTS- N detectors can be roughly divided into three regions: (i) 
linear (below 1 Gy), (ii) supralinear (10-1000 Gy) and saturation (above 1000 Gy).  With the 
target diameter decreasing from 40 nm to 8 nm in LiF, the mean specific energy for, e.g., 
A120 X-rays with an average energy 100 keV, increases from 50 Gy to 3040 Gy, i.e., from 
the supralinearity to the saturation region of MTS-N detectors.  In the saturation region the 
energy deposited is partially lost in producing TL light and the relative efficiency η decreases.  
For that reason, the calculated value of η for photons between 10 keV and 1250 keV (see 
Figure 5.4.3a) gradually decreases with the decreasing target size from η higher than 1 (due to 
response in the supralinear part) to η significantly lower than 1 (due to under-response in the 
saturation region).  The calculated η for the sensitised MTS-N never exceeds unity (Figure 
5.4.3b) because the corresponding dose-response (Figure 5.4.1) shows no supralinearity.  
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Figure 5.4.2  Measured photon energy response of standard (squares), sensitised (triangles) LiF:Mg,Ti 
(sMTS-N) and high-sensitivity (crosses) LiF:Mg,Cu,P (MCP-N) detectors plotted against the ratio of mass 
energy absorption coefficients for LiF doped with Mg and Ti (solid line) (adapted from Olko et al., 2002).  
 
Figure 5.4.4 shows a comparison of the calculated (dLiF = 20 nm) and measured TL efficiency.  
The results of the calculation follow the same trend as that observed in the experiment.  The 
agreement obtained for the standard LiF:Mg,Ti detectors for photon energies higher than 
30 keV is even better for dLiF = 40 nm, but for lower energies the calculated η increases, as 
opposed to the experimental results.  One should note that due to the assumption about the 
saturation of dose response, the range of uncertainty of this calculation approach is difficult to 
assess.  Nevertheless, the calculation quantitatively supports the phenomenological 
explanation of η>1 for photons presented by Horowitz over 15 years ago.  It is shown that 
only the supralinear response of LiF:Mg,Ti can lead to the relative TL efficiency higher than 
one.   
 
After irradiation of the detector with a few mGy of photons, the average distance between 
individual electron tracks is large enough such that any change of radiation efficiency with 
X-ray energy must be caused by a change in the properties of individual tracks and not due to 
any interaction between these tracks.  A fraction of the TL signal induced in LiF:Mg,Ti 
(MTS-N) is generated in the supralinear dose-response range, due to the high local doses 
generated by photon-induced tracks.  For the sensitised LiF:Mg,Ti detectors, relative TL 
efficiency of less than one is observed, due to the saturation of dose-response without the 
onset of supralinearity.  LiF:Mg,Ti are known to exhibit supralinear response above 1 Gy.  It 
is somewhat surprising to realise that supralinearity can affect the photon response of TL 
detectors even at the lowest doses of photon irradiation. 
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Figure 5.4.3  Calculated TL efficiency after X-ray irradiation, relative to that for 137Cs γ-rays for standard (a) 
and sensitised (b) MTS-N detectors, for different target diameters (adapted from Olko et al., 2002)  
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Figure 5.4.4  Measured TL efficiency for standard (squares) and sensitised (triangles) MTS-N detectors and 
corresponding calculated TL efficiency (lines), for target diameter d = 20 nm (adapted from Olko et al., 2002) 
 

5.4.3 Modelling the Relative Efficiency of Thermoluminescent LiF:Mg,Ti (MTS-N) and 
LiF:Mg,Cu,P  Detectors After Heavy Charged Particle Bombardment 

In certain dosimetric applications, e.g., in space dosimetry, it is difficult to express the 
response of TL detectors in terms of absorbed dose or dose equivalent since the radiation field 
is quite different from that used for calibration.  Therefore, some other methods must be used 
to determine the dose equivalent.  For instance, dose equivalent can be determined by using 
the increase of high-temperature peaks in LiF:Mg,Ti after irradiation with high-LET 
irradiation or by combining the results of TLD measurements with those of track-etched 
detectors (Yasuda, 2002).  Another possibility is to apply two different types of LiF detectors, 
with almost the same atomic composition but different LET response.  Such measurements 
should be supported by modelling of the detectors’ response to doses of heavy charged 
particles (HCP) of different charge and energy. 
 
The relative efficiency, η, for MCP-N detectors was calculated using one-hit detector model 
and for MTS-N detectors using the method described in Section 5.4.1.  The calculated 
efficiency for HCP, plotted against the stopping power in water, shown in Figure 5.4.5 a and b 
is not a unique function of LET.  For the same value of stopping power, the velocity of the 
particle with a higher charge must be higher.  This leads to a greater range of δ-rays, lower 
local ionization density and, as a consequence, to a higher value of η.  Therefore, as pointed 
out by many modelers stopping power is not a good parameter to scale the LET response of 
LiF detectors and the LET-spectrum alone is not sufficient to predict the response of these 
detectors after a dose of HCPs.  A fast decrease of efficiency for the high-sensitivity MCP-N  
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Figure 5.4.5  Relative TL efficiency, η , of a) LiF:Mg,Ti (MTS-N)  and b) LiF:Mg,Cu,P (MCP-N) detectors after 
doses of monoenergetic ions, calculated using the microdosimetric model described in text.  No slowing-down of 
the ions is assumed in the detector.  



5. Modelling the radiation response of selected solid-state detectors  

 100

(LiF:Mg,Cu,P) detectors is caused by saturation of their sublinear dose-TL signal response 
after high local energy deposits.  The relative efficiency of LiF:Mg,Ti (MTS-N) detectors is 
higher, as compared to that of MCP-N detectors, because for the former the dose response, 
R(D) (see Figure 5.4.1) is supralinear.  
 
The calculated relative efficiency of MTS-N detectors, ηMTS-N,  for 20-MeV protons is 1.08 as 
compared to η = 1.2 measured for TLD-100 after 62 MeV proton irradiation at the Paul 
Schaerer Institute (PSI) Villigen in an ocular melanoma treatment field (Schoener, 
1999).   The relative efficiency greater than one for TLD-100 for 20-40 MeV protons was also 
reported by Vezzue (1996) after his experiments at PSI.  The TL output per unit absorbed 
dose higher than that for 60Co γ-rays can be explained as a microdosimetric effect, due to the 
deposition of a fraction of energy in the supralinear part of the dose-response region.  The 
calculated ηMTS-N for stopping 5.3 MeV α-particles was found to be 0.16 ± 0.02, which agrees 
well with the results of Schoener et al. (1999) for 241Am α-particles. 
 
These detection properties of LiF detectors should be considered when analysing the doses 
measured during space flights.  In the recent dose-mapping experiment on board of the 
International Space Station, the ratio of the measured response of LiF:Mg,Cu,P (TLD-700H) 
to LiF:Mg,Ti (TLD-700) was found to be 0.88 ± 0.02 (Reitz, Olko et al., 2002).  This 
corresponds to an average stopping power of 5 keV µm-1 if the calculated ratio of η for MTS-
N and MCP-N detectors plotted in Figure 5.4.6 is used.  Without a detailed knowledge of the 
radiation spectrum, calculation of the response for both LiF detectors cannot be performed 
reliably.  Therefore, it may be more appropriate to apply TL detectors only for measurements 
of the low-LET component of the space radiation field.  For that purpose, LiF:Mg,Cu,P 
detectors are more suitable than LiF:Mg,Ti detectors due to their low response to high-LET 
radiation. 
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Figure 5.4.6  Ratio of calculated relative TL efficiency, η , of detectors after a low dose of HCP irradiation. The 
ratio of responses of LiF:Mg,Cu,P and LiF:Mg,Ti detectors exposed on board of International Space Station in 
2001 (dose mapping experiment) is also plotted. 
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5.5  MODELLING OF RESPONSE OF TL DETECTORS TO LOW- PENETRATING 
RADIATION 

TL detectors are used for relative dosimetry, i.e., the absorbed dose is determined by 
comparing the readings of a detector irradiated in the field of interest with the readings of 
identical detector exposed in a known calibration field, usually γ-rays. 
 

IND γ=       5.5.1 
 

I is the measured thermoluminescence signal, usually taken as an integrated main dosimetric 
peak or the peak amplitude, and Nγ is the calibration factor.  When radiation quality, energy, 
or dose level are different from the calibration conditions, correction factors are introduced to 
account for the linearity change, fs, and the energy (LET) dependence, fE (Sections 5.3-5.4).  
The detector readings for low-penetrating radiation (α-particles, soft X-rays or β-rays) are 
influenced by additional factors such as the non-uniform energy deposition due to radiation 
transport within the detector, its limited range and the light absorption in the detector. 
 
Figure 5.5.1 shows the depth dose distribution in 0.7-mm LiF sintered pellet (ρ = 2.5 g cm-2) 
after the irradiation with 661 keV and 10 keV photons in the condition of secondary electron 
equilibrium4.  The dose is relatively uniformly distributed throughout the detector after 
exposure with 661 keV photons.  For 10 keV X-rays the dose decreases more than 60% at the 
depth of 0.7 mm.  As a consequence, more TL light is emitted at the irradiated side and the 
measured TL signal depends on the orientation of the pellet with regard to the 
photomultiplier.  In such a case, when the fluence of particles (e.g., low energy photons or 
thermal neutrons) penetrating the detector is decreasing due to their interaction with the 
material of the detector, the attenuation correction factor, fa, should be applied to correct the 
dose in Equation 5.5.1. 
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Figure 5.5.1  Dose distribution in LiF pellet irradiated with a planar source of 10 keV and 661 keV photons in 
electron equilibrium condition.  The calculation has been performed with PHOTOCOEF code (1989).  

                                                 
4 TL detector is shielded with a layer of tissue-equivalent material, with the thickness corresponding to the range 
of secondary electrons produced by the incident photons.  In that case the fluence of secondary particles entering 
the detector is approximately equal to the fluence of escaping particles. 
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Extremely non-uniform dose distribution is obtained after irradiation of a detector with the 
short-range HCPs, such as 5 MeV α-particles, which in a sintered LiF pellet have a range of 
only about 20 µm.  The ranges of slow protons and He ions in LiF pellets with density of 2.5 
g cm-3, calculated with the SPAR code, are presented in Figure 5.5.2.  The range correction 
factor, fR, is applied to take into account that only a fraction of the detector volume is 
irradiated, when the range, R, of heavy charged particles is lower then the detector 
thickness, d. 
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Figure 5.5.2  Ranges of protons and He ions in sintered LiF pellets. A typical thickness of TLD’s lies between 
0.4 mm to 1.3 mm.  TLD’s for special purposes can be as thin as 0.2 mm or up to 2 mm thick. 
 
Sintered TL pellets are not entirely transparent for emitted TL light and absorb a part of the 
light produced.  The light correction factor, fl, introduced to correct the response of TL 
detectors for light self-absorption, is defined as a ratio of TL light intensity with (I) and 
without (I0) light self-absorption  
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The dose correction factor, fs, is used to correct for the supralinear-sublinear response at the 
dose D different from the calibration dose, D0 
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The energy correction factor, fE, is used to correct for the energy dependence of the detector.  
When the charged particles (e.g., protons) are concerned, fE is equal to the reciprocal of the 
relative TL efficiency for these particles versus that for 137Cs γ-rays, averaged over the energy 
range between the initial and the final energy of the particles involved. 
 

E

Ef
η
1=

      5.5.5 

 
Finally, taking into account all the corrections, the absorbed dose can be expressed as: 
 

aRlFESCs ffffffIND 137=     5.5.6 
 

 
5.5.1  Light Transport in TL Detector 

It is assumed here that TL light attenuation within a TL detector follows Lambert's law: 
 

xleII µ−= 0        5.5.7 
 
where µl is the light-absorption coefficient, x is the thickness of the layer of absorbing 
material, and I and I0 are integrated light intensities after and before crossing the layer, 
respectively.  Thermoluminescence light is generated within the whole detector volume 
proportionally to the locally deposited dose, D(x), and the efficiency of the conversion of this 
energy into the light, η(x).  It is further assumed that all emitted light from the depth x is 
divided into two beams of equal intensity and perpendicular to the surface of the detector – 
one directed towards the photomultiplier (PM) and the other one, towards the heater, 
neglecting any side reflections.  The irradiated side of detector is facing the photomultiplier 
(PM).  TL light moving towards PM is attenuated along the path of length x and the light 
reflected from the heater with the efficiency ε is attenuated along the path whose length is 
equal to 2d - x.  Therefore 
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where d is the thickness of the TL detector.  To evaluate the intensity of light using 
Equation 5.5.8 one needs to know the values of µl and ε.    
 
The value of the light absorption coefficient, µl, can be determined using the methods 
described by Majborn et al. (1977), and Mukerjee and Vana (1994), however, the most 
detailed studies of experimental determination of µl was recently published by Bilski and 
Budzanowski (2000).  To measure TL light absorption one needs a light source and a light 
absorber.  The choice of the above elements determines the various methods, which may be 
divided into three groups:   
 
(i) Two-detector method.  An irradiated detector is the light source, while a non-irradiated 

detector (or detectors), covering the first one during the readout, plays the role of the 
absorber.  The quotient I/I0 is determined, where I0 is the signal read out from an 
identical uncovered pellet, and then µl is calculated from Equation 5.5.7.  This method 
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is considered the most reliable. 

(ii) Surface irradiation method, proposed by Majborn et al. (1977).  Only one detector is 
used.  The surface layer of the pellet exposed to short-range α-particles plays the role 
of the light source, while the non-irradiated remainder of the volume of the same 
detector is the absorber.  The detector is irradiated twice and read out first with the 
irradiated side facing the PM and then upside-down.  Th the measured TL signals for 
the two readouts are denoted I↑ and I↓ , respectively.  To evaluate the light attenuation 
coefficient, the following equation must be solved: 
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      5.5.9 

(iii) Volume irradiation method.  One detector is used, the whole volume of the detector is 
both the light source and the light absorber.  This can be achieved by using different 
radiation modalities which are absorbed with exponential attenuation within the 
detector (e.g., thermal neutrons, soft X-rays), using absorbers with different absorption 
coefficients or by applying detectors with varying thickness, d.  

 
The values of the light absorption coefficient µl obtained by different authors are given in 
Table 5.5.1.  TL detectors cut or extruded from monocrystals, such as TLD-100 or TLD-300 
show µl on the order of 0.2 mm-1, whereas pellets sintered from a monocrystalline powder 
show µl on the order of 1.5-2.0 mm-1.   
 

Table 5.5.1  Light absorption coefficient µl measured for different types of TL detectors 

Detector Type µµµµl (mm-1) Method Reference 
TLD-700 extruded 0.24 (ii) Majborn et al., 1977 

Li2B4O7:Mn sintered 1.21 (ii) Majborn et al. 1977 

TLD-100 extruded 0.184 (ii) Horowitz and Stern, 1990 

GR-200 sintered 1.65 (ii) Horowitz and Stern, 1990 

MTS-N sintered 1.69 ± 0.05 (i) Bilski and Budzanowski, 2000 
 
 
There are not much data in the literature on the value of reflection coefficient ε of the heater 
(planchet).  Bartlett and Edwards (1979) obtained ε = 0.45 for a stainless steel heater in the 
TOLEDO reader, by covering the heater with a not specified non-reflecting substance.  
Horowitz and Stern (1990) obtained a very high value of ε = 0.96 for a platinum planchet 
using the value of µl = 0.18 for TLD-100.  The value of ε obtained for the platinum planchet 
of the RA-94 TL reader (Mikrolab, Kraków, Poland) was considerably lower and varied from 
0.19 ± 0.04 (Bilski and Budzanowski, 2001) to 0.25 ± 0.05, for the measurements of a very 
thin (0.1 mm) TL detector read out on the planchet coated with black CuO powder (Olko et 
al., 1999). 
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5.5.2  Modelling of the Response of TL Detectors to Low-Energy X-rays 

There is a growing demand for dosimetry of low-energy X-rays in applied physics and 
medicine.  About 30 synchrotron radiation installations are currently in operation around the 
world and the personnel working near the beams needs reliable personal dosimetry systems 
(Ipe et al., 1999).  Low-energy X-rays are broadly applied in medical diagnostics, e.g., in 
mammography units, which typically work at 20-50 kVp.  X-rays of energies in the 
5 - 20 keV range are used to treat selected types of skin disorders.  Low energy X-rays from 
miniature X-ray lamps are proposed for high dose irradiation in vascular angiography.  
 
Dosimetry of low-energy photon beams using thermoluminescent detectors is not 
straightforward since the detector response is influenced by the radiation transport in the 
holder as well as the X-ray attenuation and the TL light self-absorption in the detector.  In 
addition, for low-energy photons, the response of TL detectors is energy-dependent via LET 
effects since the secondary electron spectrum induced in the detector differs substantially 
from that produced by 137Cs γ-rays which are typically used as the reference radiation in 
radiation protection.  Since direct calibration with low-energy X-rays is not always available 
or is available only for some selected energies, model calculations are useful to evaluate 
absorbed dose from the TL readings.  
 
Modelling of the response of LiF:Mg,Cu,P detectors to soft X-rays was performed by Olko et 
al. (1999).  When interacting with the material of the detector, low-energy photons undergo 
mainly photoelectric effect in which the entire photon energy is absorbed.  Therefore, the 
relative contribution of the photons of different energies to the photon energy spectrum is 
nearly independent on does not depend on the depth of penetration, x.  As a consequence, TL 
efficiency η also does not depend on x.  One can then rewrite Equation 5.5.8 as  
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The final form of Equation 5.5.10 depends on the D(x) relationship.  For deeply penetrating 
radiation, such as 137Cs γ-rays, D’(x) ≈ D(0), where D(0) is the surface dose for the 
unattenuated beam.  For low energy X-rays, the depth-dose distribution within the TL 
detector can be by expressed by exponentially decreasing function  
 

xeDxD ρρµ )/()0()( −=      5.5.11 
 
where (µ/ρ) is the mass energy absorption coefficient and ρ is the detector density.  No build-
up effects are considered here.  Taking into account Equations 5.5.3, 5.5.10 and 5.5.11 and 
assuming that the light reflection coefficient of a heater ε = 0, the light correction factor can 
be given as 
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In Equations 5.5.11 and 5.5.12, exponential beam attenuation in the thick TLD detector was 
assumed.  A similar equation can be derived for the thermal neutron beam attenuated in LiF 
pellet due to the capture of neutrons in reactions with Li-6. 
 
As the low energy photons are removed from the beam due to photoelectric effect, the X-ray 
flux inside the detector can be considerably lower then the flux entering the detector.  If it is 
assumed that the parallel beam of X-rays is exponentially attenuated in the detector,  the 
attenuation correction factor can be expressed as  
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The energy correction coefficient, fE, for photons takes into account the ratio of the mass 
energy absorption coefficients for the detector material (e.g. LiF) and the air (while X-ray 
fields are typically calibrated in terms of kerma-in-air) 
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For the MCP-N (LiF:Mg,Cu,P) detectors, the relative TLD efficiency, η, has been calculated 
according to the microdosimetric one-hit detector model for the target diameter d = 24 nm 
(ρ = 2.5 g cm-3) and the saturation parameter α = 0.0091 Gy-1.  The calculation results are 
shown in Figure 5.5.2.  
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Figure 5.5.2  Relative TLD efficiency, η, calculated according to the microdosimetric one-hit detector model for 
target diameter d = 24 nm (ρ = 2.5 g cm-3) and the saturation parameter α = 0.091 Gy-1 versus photon energy 
(full squares) and numerical fit over the range 4-40 keV, using the exponential function described in text (line) 
(adapted from Olko et al. 1999). 
 
 For X-ray energies between 4 and 40 keV, the TL efficiency can well be fitted with the 
function η = 0.794 – 0.388 exp(-(E-4.663)/8.97) where E is expressed in keV.  The LET 
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effect in LiF:Mg,Cu,P detectors is so significant that η cannot be omitted from the 
calculations, even for photon energies above 100 keV.  One should keep in mind that since 
the saturation doses for gamma-rays for different types of LiF:Mg,Cu,P materials, such as 
GR-200, MCP-N and others, are known to range from about 100 to 240 Gy, the fitted 
expression for η can be applied only to the MCP-N detectors. 
 
 
The signal, I, of the TL detector irradiated free in air in conditions of electron equilibrium 
with an air kerma Kair can be expressed as (Olko et al., 1999) 
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If the dose calibration of the TLD detectors uses 137Cs γ-rays as the reference radiation, the 
ratio of the response of TL detectors exposed to the same value of kerma, Kair , is equal to: 
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Equation 5.5.16 consists from four factors determining the TL detector response: ratio of 
mass energy absorption coefficients, light correction, attenuation correction and the relative 
TL efficiency.  The calculated values of the first three coefficients are plotted in Figure 5.5.3. 
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Figure 5.5.3  Light self-absorption correction (broken line), attenuation correction (dotted line) and the ratio of 
mass energy absorption coefficients (solid line) versus photon energy (adapted from Olko et al, 1999) 
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The calculated response of LiF:Mg,Cu,P MCP-N detectors for X-rays per unit air kerma, 
normalised to the response for 137Cs γ-rays, presented in Figure 5.5.4, is compared with the 
measured normalised response of the same detectors following irradiation with hard-filtered 
X-rays and monoenergetic synchrotron X-rays from SLAC, Stanford, USA.  The calculated 
response agrees quite well with the measured response for 6 to 8 keV photons.  This good 
agreement could be partly accidental, since for that energy range the corrections are 
significantly different from unity.  Equations 5.5.12 and 5.5.13 were derived under the 
assumption of exponential attenuation of the X-ray beam in the detector, which is better met 
for the lower energy photons, where the photoelectric effect dominates.  For the energy range 
between 9 and 26 keV, the calculated relative response is higher than the response measured 
following irradiation with monoenergetic synchrotron X-rays and hard-filtered X-rays.  It is 
possible that in these calculations the mass energy absorption coefficients of MCP-N were 
somewhat overestimated because the dopant concentrations were calculated based on the 
amounts added to LiF during synthesis, which can differ on the actual dopant concentrations.  
For lower values of (µ/ρ), calculated for the pure LiF, the model calculations agree within 5% 
with the experimental values over the photon energy range between 10 and 30 keV.  If more 
accurate model predictions are necessary, several refinements could be made to the 
calculation, e.g., improvement of the TL light transport calculation (Bilski and Budzanowski, 
2001) or the spectral analysis of the concentration of high Z impurities in the MCP-N 
material.  
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Figure 5.5.4  Calculated response of MCP-N detectors for low energy photons (solid line) and experimental data 
from measurements performed at Stanford and in Riso (for explanations, see text). The dashed line corresponds 
to the model calculations for pure LiF without dopants (adapted from Olko, 2002). 
 
 
5.5.3 Modelling of the Response of TL Detectors to Protons 

There is an increasing demand for dosimetry of charged particle beams because protons and 
heavy ions are broadly applied for cancer radiotherapy.  For deeply penetrating proton 
radiotherapy beams (60-250 MeV), TL detectors are applied in the same way as for 60Co or 
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linear accelerator beams.  Dosimetry of low energy ions is of interest to the field of 
radiobiology because high LET particles show enhanced biological effectiveness.  The 
absorbed dose can be measured with TL pellets by taking into account corrections for the 
energy response of the detector, fE, light transport within detector, fl, and the range of protons, 
fR. 
 

RlECs fffIND 137=      5.5.17 
 

The thickness of TLD detectors varies between d = 0.4 mm and d = 1.3 mm.  A typical 
thickness of the MTS-N or TLD-100 detectors is 0.9 mm, which corresponds to the CSDA 
range (see Eq. 2.1.15) of 12.3 MeV protons in 2.5 g cm-3 LiF.  When the proton range of LiF, 
R, is less than the detector thickness, d, only a fraction of detector volume is irradiated and the 
range correction, fR = d/R, is applied.  If the TLD calibration is performed with γ- rays, the 
light correction factor fl can be calculated as the ratio of the correction factors for protons and 
γ-rays: 
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When R ≈ d, then the highest dose is deposited towards the end of the proton path and TL 
emission mostly takes place from the side opposite to the irradiated side of the TL detector, 
close to the planchet heater.  In such a case, one cannot assume that the light reflection 
efficiency of the TL reader planchet ε = 0.  The mass energy absorption coefficient in LiF for 
661 keV 137Cs γ-rays (equal to 0.0053 mm-1) is much less than the absorption coefficient for 
the emitted light, µl, (which for the sintered LiF pellets ranges between 1.4 and 1.8 mm-1) and 
the light correction coefficient for γ-irradiation fγ can be calculated from Equations 5.5.7 and 
5.5.8.  
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The light correction coefficient, fl, was calculated using the light absorption coefficient 
µl = 1.4 mm-1.  For 137Cs γ-rays, µl = 1.4 mm-1 and ε = 0.4, fγ  = 0.4550 for d = 0.424 mm thick 
detectors and fγ, = 0.2512 for d = 1.31 mm detectors.  TL proton efficiency at the given depth 
η(x) was assessed by calculation of an average proton energy at that depth E = E(x) using 
PTRAN code (Berger, 1993) and by taking into account the energy dependence of the relative 
efficiency for protons in LiF:Mg,Ti η = η(E) calculated by Vezzu (1996) using Track 
Structure Theory (Katz, 1978).  The energy correction, fE is the reciprocal of the mean TL 
efficiency, ηav of protons in the TL pellet.  The method of calculating fL  and ηav is described 
in the Appendix A.  The calculated values of fL, and ηav = 1/ fE for 0.4 mm and 1.3 mm thick 
pellets are presented in Table 5.5.2.  The results show that the coefficients for the light 
correction and the corrections for TL efficiency are only important for the low-energy 
protons, which are stopped within the detector.  For the high-energy protons both correction 
factors are small.  Corrections for supralinearity and fading were neglected.   
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Table 5.5.2 Calculated values of light correction factors and average effectiveness of protons (Besserer, Olko et 
al., 2001) 

 
Energy at TLD 

face 
(MeV) 

Light Correction 
Factor 

fl 

Average TL 
efficiency  

ηav 

Light Correction 
Factor 

fl 

Average TL 
efficiency 

ηav 
 d = 1.31 mm d = 0.424 mm 

14.50 1.102 0.821 1.006 0.99994 
16.64 1.076 0.975 1.005 1.000 
18.75 1.058 0.9989 1.004 1.000 
20.83 1.044 0.9996 1.003 0.999 
22.91 1.034 0.9977 1.002 0.994 
24.96 1.028 0.9949 1.002 0.993 

 
 
 
Figure 5.5.5 presents the results of irradiations of MTS-N detectors using proton beam from 
Van de Graf accelerator in Garching, Germany  (Besserer, Olko et al., 2001).   

1 10 100

0.6
0.8
1.0
1.2
1.4

T=21 MeV

T=15 MeV

D
TL

D/D
SP

AR

Dose, DSPAR [mGy]

10 100

0.6
0.8
1.0
1.2
1.4

10 100

0.6
0.8
1.0
1.2
1.4   d= 1.3 mm

  d= 0.4 mm
T=25 MeV

Figure 5.5.5  Ratios of dose values measured by TLD detectors to those calculated from fluence measurements 
at different proton energies. The uncertainty bars represent the standard uncertainty of the dose determination 
using TL detectors; the uncertainty of the single particle counting is 3% for protons (adapted from Besserer, 
Olko et al., 2001) 
 
The doses obtained from the TLD analyses are compared with the doses calculated from the 
fluence measurements.  The data represent the ratios of doses measured by TLD detectors to 
those calculated from fluence measurements at the proton energies given in each panel.  After 
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averaging over all data points, the mean value of the ratio of the TLD dose and dose from 
particle counting (fluence measurements) is 0.99 and 1.01 for TLD pellets with a thickness of 
0.4 mm and 1.3 mm, respectively.  At the proton energy of 15 MeV, the residual range of the 
particles is about 1.3 mm, and their entire energy is absorbed in the thick TLD pellets.  This 
may be the reason for the relatively large deviations between the measured and calculated 
doses shown in the first panel for the detectors of different thickness.  At 19.9 MeV the 
measured doses for the entire set of detectors are systematically higher than the calculated 
dose.  Because the deviation seems to increase with the dose, this effect may be caused by the 
supralinear response of LiF at higher doses.  At other energies, however, this effect was not 
observed.  
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6. MODELLING THE RESPONSE OF BIOLOGICAL SYSTEMS USING 
THE BIOLOGICAL RESPONSE FUNCTION APPROACH 

 
Ionising radiation interacting with a living organism transfers its energy in the form of 
ionisations and excitations.  Radiation action occurs at the level of atoms and molecules, but 
this molecular damage is only the first step, which initiates a long chain of physical, chemical 
and biological processes leading to alterations of biological functions.  The smallest 
metabolically independent constituents of the human body are biological cells. The most 
important part of the cell is the cell nucleus, containing molecules of deoxyribonucleic acid, 
DNA.  The primary structure of the DNA molecule is a strand build of nucleotides forming a 
helix, of 2 nm diameter, composed of two complementary chains.  DNA in the cell nucleus is 
usually bound to cerain proteins (histons), creating complicated secondary structures.  
Radiation interaction with the DNA molecule may lead to some functional defects of this 
molecule, such as base damage if a nucleotide is affected, or disruption of the DNA strand 
may occur.  These defects, if not repaired by the enzymatic system of the cell, may modify the 
genetic information carried by the DNA and, consequently, lead to cell mutation or death.  
Since radiation interaction is a stochastic process, there is only a certain probability that 
energy deposition in the cell nucleus will cause some observable effect at the biological level. 
 

6.1 THE BIOLOGICAL RESPONSE FUNCTION 
The purpose of biophysical models of radiation action is to predict the quantitative response 
of biological systems irradiated by ionising radiation.  The biological response function (BRF) 
model applied in this study originates from the early work of Varma and Bond (1983) who 
related the measured frequency of pink mutations in Tradescantia stamen hairs to 
microdosimetric distributions in micrometer size targets.  Varma and Bond determined the 
BRF (called by them the Hit Size Effectiveness Function) to obtain a universal function, 
which allowed a prediction to be made of the response of the Tradescantia system to an 
arbitrary radiation modality. 

6.1.1  Relative Biological Effectiveness and Quality Factor 
Quantitative assessment of the biological effectiveness of ionising radiation is usually 
performed for a well-defined and measurable biological endpoint such as cell survival (cell 
death), frequency of chromosome aberrations, mutations, DNA double strand breaks, etc.  
Similarly to the case of physical detectors, the response of the system is studied as a function 
of dose, radiation modality and energy.  If after irradiation the system is still biologically 
active, e.g. the cell divides and forms a colony, the system is considered to survive.  In 
Figure 6.1.1 two hypothetical survival curves are plotted against absorbed dose: a purely 
exponential curve Si  = exp(-αi D) observed typically after high-LET irradiation (i stands for 
ions) and the curve with a “shoulder” Sg = exp(-αgD – βgD) observed after low-LET 
irradiation (where g stands for gamma-rays). 
 
The relative biological effectiveness, RBES, at a given end-point level S, is defined as the ratio 
of the doses of the reference radiation, Dg, and the radiation under investigation, Di, which 
lead to the same effect at the same end-point level.  
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Figure 6.1.1 Diagram explaining the definition of relative biological effectiveness.  The survival curves are 
given by the following expressions Si = exp(-αi D) (αi = 0.3 Gy-1) and Sg = exp(-αgD -βgD ) (αg = 0.1 Gy-1, 
βg  = 0.001 Gy-2).  At 10% survival level, RBE10% = 19.3Gy/7.7 Gy = 2.51.  For D approaching zero 
RBE0 = (0.3 Gy-1/0.1 Gy-1)= 3.0 
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The low-dose limits of certain radiobiological effects, such as cell mutations or chromosomal 
aberrations are believed to be relevant to the expression of risk in radiation protection.  The 
limit of RBES at D approaching zero is denoted RBE0  
 

g

iRBE
α
α

=0       6.1.2 

 
where ai and ag are the initial slopes of the dose-response curves after ion and γ-ray 
irradiation.  RBE is a dose-dependent parameter and applied alone is not sufficient to 
characterise the differences in the radiation action of two different radiation modalities.  
Similarly, dose alone is not sufficient to predict the response of biological systems.  
Therefore, the quality factor, Q, is used for radiation protection purposes to characterise the 
different effectiveness of different types of radiation to produce biological effects.  The 
quantity expressing the dose adjusted for biological effectiveness of radiation is called the 
dose equivalent.  The dose equivalent, is expressed as  
 

∫
∞

==
0

)()( dLLDLQDQH      6.1.3 

 



6. Modelling of the Response of Biological Systems…    

 114 

where Q(L) is the quality factor as a function of LET and D(L) is the distribution of absorbed 
dose as a function of LET. 
 
The values of Q as a function of LET have recently been specified by the International 
Commission on Radiological Protection (ICRP) in its Publication 60 (ICRP 60, 1991): 
 
for L  < 10 keV µm-1     Q = 1  
for 10 keV µm-1 ≤  L  ≤ 100 keV µm-1 Q = 0.32 L –2.3    6.1.4 
for L > 100 keV µm-1    Q = 300 L-1/2  
 
Figure 6.1.2 shows the evolution of the quality factor function between 1976 (ICRP 26) and 
1990.  The new values of quality factor decrease for L values exceeding 100 keV µm-1, to 
account for the saturation of biological effect at high ionisation density.  
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Figure 6.1.2 Quality factor as a function of LET or lineal energy, y.  The solid line represents the present 
recommendations of ICRP (ICRP 60, 1991), dashed line – recommendations of ICRP included in Publication 26 
(ICRP 26, 1977), dotted line – recommendations of ICRU in Report 40 (1988) to express quality factor function 
in terms of y.  The ICRP 60 and ICRU 40 recommendations account for the decrease of Q at L values exceeding 
100 – 150 keVµm-1. 
 
The average value of Q can be calculated by weighting Q(L) over the dose distribution D(L).   
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The quality factor does not represent the RBE for a given biological effect.  It is an agreed 
upon conservative estimate of the RBE at low doses, RBE0, believed to represent several 
biological end-points relevant for cancer induction in humans.  
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6.1.2  Principles of the Biological Response Function Approach 

The biological response function approach is a biophysical model broadly applied to assess 
the biological effectiveness of ionising radiation.  The concept of the biological response 
function (also called the biological weighting function, the hit size effectiveness function 
(HSEF) or the specific quality function, q(y)) has been proposed by Varma and Bond (1983) 
and Zaider and Brenner (1985), and later applied by Morstin et al. (1989), Loncol et al. 
(1994), Waligórski and Olko (1992), Olko and Waligórski (1993), Paganetti et al. (1998), 
Pihet et al. (1990) and others.  The general assumption of the microdosimetric target model 
(Kellerer, 1988) is that a dose-effect relationship ε(D) can be expressed as an integral 
convolution of two separate functions: the microdosimetric distribution, f(z; D) describing the 
fluctuation of ionisation events, and the ε(z) function expressing the probability of effect after 
an energy deposition event z (Kellerer, 1968):  

∫= dzzDzfD )();()( εε      6.1.6 

where ε(z) is an cumulative probability function which relates energy deposition events z to 
the normalised probability of the effect occurring in the hit cell.  ε(z) is dimensionless and 
approaches one at high values of y.  The assumption that ε(z) is independent of radiation, i.e., 
of f(z; D), is critical for the applicability of the model to quantify radiation effects.  At the 
low-dose limit, i.e., for D << Fz  Equation 6.1.6 can be expressed as: 
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where f1(z) is the single event distribution, which can be measured or calculated, and Fz  is the 
mean specific energy. ε(D)/D is derived from experiment.  The right-hand side of 
Equation 6.1.2 is independent of D.  For D approaching zero, the limit of ε(D)/D is equal to 
the tangent of the initial slope of the dose-response curve, α.  It is more convenient to express 
Equation 6.1.2 in terms of lineal energy, y, instead of specific energy, z, because y is related to 
linear energy transfer and only slightly depends on the target diameter.  From the definitions 
of both quantities:   
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Now Equation 6.1.2 can be written as: 
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where σ is the biological cross section and ρ0 is the density of the medium.  σ is related to the 
absolute probability of an effect occurring as the result of the highest possible lineal energy 
deposition in the target.  After Zaider and Brenner (1985), Equation 6.1.9 can be written in the 
following form:  
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where d(y) is the dose distribution of lineal energy and q(y)=ε(y)/y is the specific quality 
function.  Equation 6.1.10 is the microdosimetric analogue of Equation 6.1.3, which gives the 
relationship between the dose, D, and the dose equivalent, H.  The microdosimetric mean 
quality factor can be derived as:  
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6.1.3  Determination of the Biological Response Function 
It is not possible to assess ε(y) from the experiment with a single radiation modality, because 
usually there is no unique solution to Equation 6.1.9.  If N dose-response curves are obtained 
for radiation modalities with different f1

i(z), where i = 1,…, N,  then the set of equations to be 
solved is: 
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Equation 6.1.12 is a degenerate case of the Fredholm integral equation of the first kind.  If 
q(y) and d(y) are expressed using M discrete energy bins, this equation reduces to a set of M 
linear equations with N unknowns:  
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where q(y) is a non - negative function.  Due to this restriction the equations do not usually 
have an exact solution (or solutions) and only approximate solutions are considered.  The set 
of equations 6.1.13, which is usually underdetermined, can be solved using the least-square 
method by minimising, e.g., the quantity S, given by: 
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or, as applied by Varma and Zaider (1992): 
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where αi0 is the calculated response using the unfolded qij function.  Other criteria for seeking 
the optimal solutions, e.g., by taking into account the smoothness of the unfolded function, are 
summarised elsewhere (Cross and Ing, 1985). 
 
Several unfolding methods have been applied to solve Equation 6.1.12. 
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 q(y) can be expressed as a parametric function q(y)=q(y; a1, a2, ... an). This method of 
calculation of q(y) was applied by Morstin et al. (1989).  They used the following general 
expression for the quality function q(y):  
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where σε represents the action cross section for the effect.  The parameters σε and ai were 
calculated for a number of radiobiological end-points.  The number and values of 
parameters σε and ai were selected such that the highest statistical significance of the 
solution was obtained.  The statistical significance of each fit was evaluated by taking into 
account the number of degrees of freedom of the solved equation, which is equal to N 
minus the number of fitted parameters.  In the case of a parametric formulation of q(y), the 
solution is pre-determined by the form of the analytical function.  

 
 q(y) can be calculated using non-parametric methods.  Olko (1989) applied the algorithm 

used in the SAND-II code (McElroy et al., 1967) to unfold the biological response 
functions for experiments with DNA double strand-breaks, as well as the specific quality 
function q(y) for mutations in human fibroblasts HF-19, and for experiments with 
chromosome aberrations in human lymphocytes.  In the SAND-II code, which was 
developed to unfold neutron spectra from the measurements of activation foil, an iterative 
process is applied to modify the initial-guess function q0(y) to best fit Equation 6.1.13.  
For each lineal energy bin j and for each radiation modality i the ratio of the partial to the 
calculated effect is evaluated and used as a weighting factor to compute a correction of the 
guess function q0(y).  These iterations are continued until S is lower than an assumed limit.  
Using the same code, Pihet and Loncol et al. (1994) determined the biological weighting 
functions for different sets of RBE-d(y) data pairs combining results of radiobiological 
experiments with high energy gamma rays, protons and neutrons.  The physical data used 
for the unfolding procedure (yd(y)-spectra) were obtained from a series of measurements 
in neutron and proton therapeutic beams using the tissue equivalent proportional counter 
simulating a 1 µm - diameter target.   

 
 Zaider and Brenner (1985) calculated q(y) for chromosome aberrations in human 

lymphocytes and mutations in human fibroblasts (1986) by unfolding Equation 6.1.12 
using the least square fitting.  The uncertainties in function q(y) were determined as 
square-roots of diagonal elements of the covariance matrix.  

 
 Another non-parametric approach to unfold q(y) was applied by Varma and Zaider (1992). 

This method is based on the application of maximum entropy and Bayes theorem.  In this 
approach, a set of qj is searched which maximises the expression 
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where  χ2 and H are given as: 
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where λ is a constant, σi is the standard deviation the “noise” of the signal, i.e., the difference 
between the calculated and measured αi, and Q0 is an initial-guess response function. 
 

6.2  APPLICATION OF THE RESPONSE FUNCTION APPROACH TO THE 
PREDICTION OF RADIATION RISK 
 

The present radiation protection system is based on the linear no threshold (LNT) theory 
regarding the dose-response relationship at low doses (ICRP 60, 1991).  The consequence of 
this hypothesis is the paradigm of radiation protection that an arbitrarily low radiation 
exposure leads to a non-zero risk of health detriment, mainly in form of malignant tumours.  
This is in line with the microdosimetric understanding of radiation interaction with small 
biological targets, where local energy deposition at low dose depends on the properties of 
individual tracks and not on the dose level.  The conventional method for assessing risk from 
mixed radiation exposure is based on the calculation of dose equivalent at a point of interest 
according to Equation 6.1.3 and assessing an organ equivalent dose defined as the product of 
the mean Quality Factor in organ or tissue, QT, and the mean absorbed dose in organ DT 
(ICRU 49, 1993: 
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The probability of fatal cancer in an adult population, summed over the main organs and 
tissues, is estimated by ICRP to be 4 10-2 Sv-1 (ICRP, 1991).  The risk of total health 
detriment, which also takes into account severe hereditary disorders and non-fatal cancers, 
was assessed at 5.6 10-2 Sv-1. 
 
The consistency of the above system was broadly discussed and put into question over the last 
decades (Waligórski, 2002).  The most controversial are the risk factors at low doses where no 
relevant human data are available.  Another issue is related to the radiation quality factors for 
high-LET particles such as radon α-particles and high-Z, high-LET particles present in 
galactic cosmic rays.  During the 1000 days long interplanetary mission to Mars astronauts 
would receive doses estimated at between 0.5 Sv and 2 Sv, which would lead to their lifetime 
probability of fatal cancer of 0.02 to 0.08.  Since the calculated risk is significant, two 
complementary approaches, one based on the microdosimetric model (event-based) and the 
other one based on track structure theory (fluence-based), were proposed to verify these 
predictions (NCRP, 2001).  In Section 6.2 the BRF approach is used to investigate the value 
of quality factors of radon α-particles and to assess the risk to astronauts in space. 
 
 
6.2.1 Derivation and Verification of Specific Quality Functions  
Among the many in vitro biological endpoints studied, survival and neoplastic 
transformations in the C3H10T1/2 murine cell line after doses of X-rays, charged particles 
(Hei et al. 1988), and monoenergetic neutrons (Miller et al. 1989), are considered to be of 
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particular relevance to modelling radiation risk (ICRU 40, 1986).  Both groups reported quite 
different X-ray experimental dose-responses following 250 kVp X-ray irradiation, which 
resulted in different α and β coefficients in the linear-quadratic fit (see Equation 6.2.2) to the 
measured frequency of transformations:  αM/αH ≅  3 and βM/βH ≅  6  (subscripts M and H for 
Miller and Hei, respectively).  These experimental data were analysed using the 
microdosimetric BRF approach (Waligórski and Olko, 1992) and track structure theory (Katz, 
1978). 
 
To derive the specific quality function representing neoplastic transformations in C3H10T1/2 
cells from the neutron responses reported by Miller et al. (1989), microdosimetric 
distributions for seven narrow ('monoenergetic') neutron beams of energies 0.23, 0.35, 0.45, 
0.70, 0.96, 5.9 and 13.7 in a site of 1 µm diameter were calculated with the HARALD code 
(Morstin et al., 1990).  
 
In Figure 6.2.1 the specific quality function, q(y), unfolded from the neutron data of Miller et 
al. (1989) is presented.  The q(y) strongly fluctuates over the range of y-values exceeding 
30 keV µm-1.  Using this function the initial slopes of dose-response functions for the ion 
bombardments used by Hei et al. (1988) were calculated.  They are listed in Table 6.2.1 to 
provide the cross-check between both sets of data.  For comparison, Waligórski et al. (1990) 
applied track structure theory to calculate the ion response of C3H10T1/2 system at low 
doses, αK.  Neither the track structure theory nor the specific quality function approaches are 
capable of explaining the low values of RBE found by Hei for deuteron irradiation 
(40 keV µm-1). 
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Figure 6.2.1  Specific quality function for oncogenic transformations in C3H10T1/2 cells after neutron 
irradiation (Miller et al., 1989).  q(y) have been unfolded with the algorithm based on SAND-II code (adapted 
from Waligórski and Olko, 1992).  
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Table 6.2.1 A consistency check between the results of experiments on transformation of C3H10T1/2 cells 
performed using ions (Hei et al. 1989) and neutrons (Miller et al., 1988). 

Radiation LET 
keV µm-1 

Initial slope (x 10-4 Gy-1) RBE 

  Experimental 
αH 

Calculated   
αK 

Experimental 
RBE0H 

Calculated  
RBE0C 

X-rays 3.5 0.15 - 1.0 1.0 
H 10 0.22 0.13 1.5 4.6 
D 40 0.36 2.73 2.4 8.0 
He 80 3.0 3.31. 20.0 8.3 
He 120 5.0 5.5 34.0 35.7 

 
NOTES: The following parameters of the response of C3H10T1/2 cells for ions were 
calculated (Waligórski and Olko, 1992) 
- αH, initial slope of dose response curve taken from Hei et al. (1989) 
- αK, initial slope of dose response curve calculated using track structure theory 
- RBE0H evaluated by Hei  
- RBE0C predicted from the q(y) derived from Miller et al. (1988) data 
 
Finally, the transformation frequency (initial slopes, αΤ) from Hei et al. (1989) were used to 
unfold the corresponding response functions, ε(y).  The initial slopes for cell inactivation, aI, 
given in Table 6.2.2, were obtained by fitting the inactivation dose-response data with the 
linear quadratic model by using the least square method. 
 

log S=  αI D + βI D2     6.2.2 
 
Table 6.2.2  Initial slopes of the dose response curves for experiments of Hei et al. (1988) with C3H10T1/2 
cells.  I - inactivation, T - transformation 
 

Radiation LET 
keV µm

-1
 

αΙ  
(Gy-1) 

αΤ  
(× 10-4 Gy-1) 

X-rays 3.5 0.089 0.15  
Protons 10. 0.12 0.22  
Deuterons 40. 0.22 0.36  
Helium-3 80. 0.53 3.0  
Helium-3 120. 0.62 5.1  

 
Figure 6.2.2 shows the microdosimetric distribution of lineal energy for all radiations used in 
experiment of Hei et al. (1988).  The target diameter was arbitrary chosen at 8 µm, which 
corresponds to the diameter of the cell nucleus of the average mammalian cell (ICRU 36, 
1984).  The distribution for 250 kVp X-rays were calculated using the Monte Carlo track 
structure simulation of electron and heavy ion tracks in water vapour (Olko, 1989).  
Distributions of lineal energy for ions were assumed to be triangular, which means that 
straggling and δ-ray effects were not taken into account.  
 
In Figure 6.2.3 biological response functions, ε(y), unfolded for transformation and 
inactivation of C3H10T1/2 cells data are presented.  The local minimum of the cross section 
at lineal energies around 20 keV µm-1 is a computational artefact, which results from poor 
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microdosimetric distribution coverage over lineal energy values around 20 keV µm-1.  The 
maximum value of the cross section for transformations is equal to σΤ = 0.014 µm2 and is 
three orders of magnitude smaller than the maximum cross section for cell inactivation, 
σΙ = 14.6 µm2.  The ratio of the σΤ  and the geometrical cross section of the average ICRU cell 
nucleus is R = 14.6/50.26 = 0.29 which means that no more than 30% of high energy 
deposition events lead to inactivation of C3H10T1/2 cells.  The R factor depends on the type 
of mammalian cells and on radiation and typically varies between 0.1 and 1. 
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Figure 6.2.2  Microdosimetric distributions for monoenergetic ions and X-rays used in the experiment of 
Hei et al. (1988) 
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Figure 6.2.3 ε(y) functions for transformation and inactivation of C3H10T1/2 cells unfolded from the data of 
Hei et al. (1988) using SAND-II algorithm and multiplied by the corresponding maximal biological cross 
sections, σ0. 
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6.2.2  Assessment of the Quality Factor for αααα-particles from Radon Decay Products  
 
Exposure to radon 222Rn and its progeny is considered to be the major source of radiation 
exposure of people from natural sources.  A diagram showing the decay chain of 222Rn is 
shown in Figure 6.2.4.  Radon as a noble gas does not attach to any particles and does not 
accumulate in the lungs – therefore 5.48 MeV α-particles from disintegration of 222Rn do not 
significantly contribute to lung exposure.  Two short-lived decay products of 222Rn, 218Po and 
214Po emit α-particles with energies 6.0 MeV and 7.69 MeV, respectively.  In contrast to 
radon, polonium atoms are likely to be attached to microscopic particles of dust and aerosols 
and thus can easily become deposited in the respiratory tract. 214Po and 218Po are considered to 
be the main source of exposure to the lungs. 
 
The high incidence of lung cancer among underground miners has been linked to the 
α-particle dose from inhaled radon decay products.  High radon concentrations can occur not 
only in underground mines but also in apartments and houses.  In addition, the number of 
people exposed in the buildings is much greater than the number of miners exposed in the 
mines.  However, the applicability of exposure related risk coefficients derived from the 
miners cohort to the general public has been questioned, due to the presence of other airborne 
pollutants in the mines, entirely male miner population, smoking of miners, etc.  Two 
complementary types of approaches are used to estimate the risk of radon-induced lung cancer 
due to exposure of the public to radon decay products.  In the first method, lung cancer risk 
coefficients are obtained directly by comparing the exposure and the lung cancer incidence in 
the exposed population (Lubin et al., 1994), (Lubin and Boice, 1997).  The other method 
applies relatively complex dosimetric models to derive these coefficients in the following 
steps:  
 

 
 
Figure 6.2.4  Decay chain of radon 222Rn  (http://www.ccnr.org/radon_chart.html) 
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- Calculation of absorbed dose D in the lungs using a lung model, e.g., the ICRP lung 

model (ICRP, 1994) 
- Calculation of dose equivalent for the lungs, H= Q D 
- Calculation of risk using radiation risk coefficients, which relate the incidence of 

cancer to the dose absorbed in human organs (e.g. ICRP 60) 
 
The critical step in the above calculations is the choice of the value of the quality factor, Q.  
When cells in a biological system are irradiated by α-particles, they are by 3-4 orders of 
magnitude more likely to be killed than transformed.  The cells that are eliminated (killed) 
cannot undergo transformations.  If transformation per survival (per killed cells) is used to 
assess the value of the quality factor  (Zaider and Brenner, 1985) the value of Q could be 
apparently different from that based on transformation frequency scored per exposed cell.  
 
Let us consider the conditional probability of transformation T under the assumption that a 
cell survives a single deposition event, P(T/S).  P(S) is defined as the probability of cell 
survival per event, i.e., per one passage of alpha-particle through the cell nucleus.  The 
probability of inactivation is equal to P(I) = 1- P(S).  It is convenient to normalise the 
probability of inactivation to the ratio of biological cross section, σ, to the geometric cross 
section of the cell nucleus, A:  
 

)('1)(1)( IP
A
F

IPSP Iσ
−=−=     6.2.3 

 
where FI is the fluence of α-particles.  The probability of transformation per exposed cell is: 
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As can be seen from Equation 6.2.4, P(T) and P(T/S) differ considerably only in cases when 
P(S) is much smaller than one, i.e., if a single α-particle event kills the cell with a high 
probability.  
 
Figure 6.2.5 shows the dose-depth distribution of alpha particles penetrating the tissues of the 
lung.  The values of stopping power versus actual particle penetration depth were calculated 
with the SPAR computer code (Armstrong and Chandler, 1973), assuming the initial energies 
of the 218Po and 214Po α-particles to be 6.0 MeV and 7.69 MeV, respectively.  The 
corresponding distribution of the biological effect was calculated as follows: at a given depth, 
the value of stopping power of the alpha particle was taken from Figure 6.2.5, then the 
corresponding microdosimetric distribution f1(y) was calculated (using a triangular 
distribution, neglecting straggling and delta-ray effects) and folded with εΤ (y) and εΙ (y)  from 
Figure 6.2.3, according to Equation 6.1.9.  Thus, the depth distribution of the single–event 
probabilities of survival, of transformation per surviving cell and the conditional probability 
of transformation per exposed cell can be compared and used to calculate the relevant values 
of Q.  
 
The results of these calculations, in terms of probabilities P(T/S), P(S) and P(T), for 6 MeV 
alpha particles are given in Figure 6.2.6.  P(S) and P(T) were calculated  with the values of 
R = σ/A (A = 50.26 µm2) in the range from R = 0 to R = 1.  The limiting case for R = 0 
corresponds to no cell loss due to inactivation, i.e., P(T) = P(T/S).  Next, the transformation 
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frequency per absorbed dose, averaged over the considered penetration depth, was calculated 
based on the values of P(T).  These mean values of transformation frequency, α, per unit 
absorbed dose and the corresponding values of RBE0 = α/αX-rays are presented in Table 6.2.3.  
It can be clearly seen from Table 6.2.3 that inactivation of cells can significantly change the 
transformation frequency and influence the value of the alpha-particle quality factor only if 
the probability of cell inactivation is greater than 0.5.  For the data for C3H10T1/2 cells 
obtained by Hei et. al. (1988), the value of the quality factor would change by up to 25.9/8.3 
= 3.12 times. 
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Figure  6.2.5 Dose-depth distribution of 218P and 214Po α-particles in soft tissue calculated with the SPAR code. 
 
The calculation of Olko and Waligórski (1993) indicates that the transformation rate is 
reduced by a factor of about 2 at the depth of 20 µm and up to 20 times at the stopping end of 
the alpha particle track, compared with the number of transformations per surviving cell.  The 
decrease in the value of the quality factor, Q, follows from the process of cell inactivation.  If 
every alpha particle traversing the nucleus of the cell at the end of its path were to kill that cell 
(R = 1) then the value of Q should decrease by a factor of about 3 from that presently used.  
 
 
Table 6.2.3  Mean frequency of transformation, α, per unit absorbed dose, and RBE0 =α/αx-rays, averaged over 
the range of 6 MeV alpha particles in tissue.  R is the ratio of biological cross section σ and geometrical cross 
section of a cell nucleus, A.  
 

R 1 0.5 0.3 0.0 
α (×10-4 Gy-1) 1.24 2.92 3.63 3.89 

RBE0 8.3 19.5 24.2 25.9 
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Figure 6.2.6  Normalised probability of C3H10T1/2 cell transformation per exposed cell P(T) and per surviving 
cell P(T/S) versus penetration  depth of α-particles  with initial energy 6 MeV.  The calculation was performed 
for the ratio of biological and geometric cross section R = 1 (adapted from Olko and Waligórski, 1993) 
 

6.2.3  Microdosimetric and Track Structure Approaches to Radiation Protection in 
Space 
 
Two complementary methodologies for radiation protection in space, based on the 
microdosimetric model and the track structure theory (Katz, 1972), have been recently 
proposed (NCRP, 2001) as an alternative to the existing ICRP system, based on the Q(L) 
relationship.  The reason for investigating new methods of risk assessment was to provide 
verification of the significant values of risk that were obtained using the present ICRP system 
(Equation 6.2.1), for the planned interplanetary missions.  For the 1000 day long mission to 
Mars, the estimated absorbed doses to astronauts range from 0.5 Sv to 2.0 Sv, which results in 
lifetime probability of fatal cancer from 0.02 to 0.08.  
 
The space radiation environment is dominated by high–energy protons and heavier atomic 
nuclei.  Galactic cosmic rays are composed roughly of 87% of protons, 12 % of helium ions 
and 1% of high Z, high energy particles (HZE).  The particle ranges are typically comparable 
to, or greater than the thickness of the spacecraft shielding and of the human body.  For this 
radiation field it was possible to propose the fluence-based approach, based on the quantity of 
risk cross section, rσ.  Within this concept, introduced by Curtis et al. (1992), the probability 
of producing the risk per unit fluence (cross section) has been used for risk assessment.  The 
risk cross section can also be expressed as a function of Z*2/β2, where Z* is the effective 
particle charge and β is the velocity of particle relative to that of light, or as a function of 
LET.  The total risk, R is the probability per unit fluence of producing a given end-point: 
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where ϕi(E) is the differential energy spectrum for the i-th particle type.  

 
The microdosimetric, event–based approach, is based on the measurements of 
microdosimetric distributions d(y) (events) using tissue-equivalent proportional counter and 
applying a q(y) function relevant for risk calculation.  Zaider (1996) analysed the results of 
experiment in which Harderian gland tumour was induced by using densely ionising particles 
(Alpen et al., 1993).  To unfold the q(y) function, a non-parametric approach based on Bayes’ 
estimate and maximum entropy was used.  The method, expected to result in the most 
unbiased estimate of q(y), leads to a very irregular shape of this function, which mainly 
reflects the structure of the input data (Figure 6.2.7).  
 
A comparison of the average quality factors derived as a function of ion charge, Z, using the 
fluence-based approach, event- based (microdosimetric) approach and the conventional ICRP 
approach is shown in Figure 6.2.8.  The results of this comparison cannot be easily 
generalised because only one biological end-point was characterised.  However, these 
calculations demonstrate that different analyses of the same data can lead to differences in 
risk estimate by a factor of two.  More work is still needed to derive risk estimates relevant for 
space exploration. 
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Figure 6.2.7 Specific quality function q(y) relevant to the Harderian gland tumor experiments (adapted from 
Zaider, 1996).  The discontinued structure of the q(y) is a numerical artefact, resulting from the poor 
microdosimetric distribution coverage (narrow microdosimetric distributions for ions) for the considered range 
of lineal energy. 
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Figure 6.2.8  Comparison of the conventional mean quality factor (ICRP), the fluence-based quality factor and 
the microdosimetric mean quality factor calculated as a function of particle charge, Z (adapted from NCRP137, 
2001). 

 

6.3 APPLICATION OF BIOLOGICAL RESPONSE FUNCTIONS FOR STUDYING 
RELATIVE BIOLOGICAL EFFECTIVENESS OF PARTICLE THERAPY BEAMS  
 
Radiotherapy is the most widely used form of cancer treatment.  Over 60% of cancer patients 
undergo radiation therapy applied alone or in combination with surgery or chemotherapy 
(Kogelnik, 1996).  The standard equipment for teletherapy consists of 60Co units (cobalt 
bombs) or linear accelerators producing X-rays and electron beams with energies of up to 25 
MeV.  For these low-LET beams, absorbed dose in water Dw is used to quantify the conditions 
of radiation treatment.  With the development of acceleration techniques, new radiotherapy 
treatments were developed which use heavy ion beams, proton beams with energies from 60 
MeV to 250 MeV as well as fast neutron beams with mean energies between 5 MeV and 35 
MeV obtained via proton-Be or deuterium-Be nuclear reactions.   

6.3.1  Applicability of the BRF Approach to Radiotherapy 
 
The primary goal of radiotherapy is to inactivate (kill) all tumour cells in the target volume 
and, at the same time, save the surrounding healthy tissue.  In the traditional low-LET 
radiotherapy treatment, the dose within the treated volume is uniform to ensure uniform 
effect.  Absorbed dose alone is not sufficient to quantify the effect for high LET particles.  
Therapy using high-LET beams is planned to achieve the constant survival, rather than the 
constant dose level, within the treated volume.  This is not a trivial task because uniform 
survival in high–LET beams can only be obtained by using a non-uniform dose distribution 
which takes into account the significant increase of biological effectiveness of particles with 
the depth of particle penetration.  Therefore, a monoenergetic charged particle beam is spread-
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out by a modulator wheel (ridge filter) individually designed not only for each irradiation 
field size but also for each survival level.    
 
Fast neutrons are another high-LET radiation modality used in radiotherapy. The main 
advantage of fast neutron radiotherapy is the radiobiological benefit of high-LET radiation 
(Skołyszewski et al., 1988), however, the possibilities for the precise formation of the neutron 
dose-depth distribution are much lower compared to heavy ions.  In neutron radiotherapy, a 
somewhat arbitrarily chosen value of therapeutic RBE (typically between 2 and 3) is applied 
to account for the enhanced effectiveness of neutrons.  A beam formation procedure similar to 
that used for the ion beams cannot be applied in neutron therapy and no simple method of 
neutron energy modulation is available.   
 
The BRF approach was developed for modelling of low dose response for ionising radiation. 
Using Equation 6.1.7, initial slopes of dose-response curves or RBE0 can be calculated.  Dose 
D is considered low if the mean number of events in the target of interest, n << 1, i.e., 
D << zF.  For high-LET beam (e.g., L = yF = 50 keV µm-1) and for spherical target 1 µm in 
diameter the mean specific energy zF is equal to 0.204×50/ 12 = 10.2 Gy.  For a dose of 2 Gy 
(a typical fraction dose in radiotherapy) only 2/10.2 = 20% of 1 µm targets will be hit.  
Therefore, the BRF approach was justified by Pihet et al. (1990) for comparing the 
effectiveness of neutron beams in 14 different facilities.  A series of radiobiological 
experiments with jejunum crypt cells (Beauduin et al., 1989) and the corresponding 
microdosimetric measurements (Pihet et al., 1990) have been performed and the BRF 
unfolded using the code adopted from the SAND-II code (Olko, 1989).  Pihet concluded that 
for the effect studied the BRF function reproduces the measured RBEs with a precision better 
than 10%.  This weighting function has been subsequently applied by Loncol et al. (1994) to 
compare the effectiveness of the proton beams at Orsay and Louvain-la-Neuve.  Differences 
between the measured and calculated RBE’s of about 6%-10% were found, which were 
considered rather high for the proton beams, the radiobiological properties of which are 
comparable with those of low-LET (photon) beams.  
 

6.3.2  Calculation of Relative Biological Effectiveness for Proton Beams 

Wilson was the first to propose the use of the Bragg peak produced by heavy charged 
particles in cancer radiotherapy (Wilson, 1946).  Since then, over 31,000 cancer patients have 
been treated in some twenty proton and heavy ion therapy installations around the world.  The 
main advantage of the proposed technique was the sharp depth dose distribution for heavy 
charged particles, HCP, resulting from an increase of dose with penetration depth and a rapid 
dose fall-off at the end of particle path.  Such a dose profile allows delivery of the required 
dose in the target volume and significantly lower dose in the healthy tissue, surrounding the 
tumour.  In HCP therapy, a varying ionisation density accompanies the better physical 
precision in dose delivery.  This is also the case for therapeutic proton beams (60-250 MeV), 
which are considered as low-LET radiation.  Figure 6.3.1 shows the plot of the depth dose-
distribution (Heese, 2002) and the corresponding stopping power depth distribution for the 
water phantom for 68 MeV proton beam from the Hahn Meitner Institute cyclotron.  LET 
depth distribution has been calculated using the continuous slowing down approximation 
method and stopping power of protons in water calculated by Berger (PTRAN, 1993).  Only 
in the last millimetre of proton path, LET increases from about 5 keVµm-1 to about 
90 keVµm-1. 
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Figure  6.3.1 Depth dose distribution in water for 68 MeV proton beam at Hahn Meitner Institute, Berlin and the 
corresponding depth distribution of proton LET, calculated using CSDA from Berger stopping power data for 
protons in water.  

The question arises if the contribution of densely ionising protons at the end of their path 
influences the biological effectiveness of the beam.  This issue was studied by Paganetti, Olko 
et al. (1997), who applied the model of Katz and the biological function approach to calculate 
the RBE for different proton beams.  The two-dimensional PTRAN (Berger,1993) Monte 
Carlo proton transport code has been used to perform transport calculation for proton beams 
with initial momentum spread δp/p of up to 3 × 10-2 and energy in the range from 70 MeV to 
250 MeV.  The code accounts for energy-loss straggling in Coulomb collisions with atomic 
electrons, multiple scattering deflections due to elastic scattering by atoms and energy loss in 
nonelastic nuclear reactions.  90% of the energy loss is, on average, due to Coulomb 
interactions.  The contribution of nuclear reactions to dose is negligible at large depths around 
the Bragg peak.  The information obtained by using PTRAN includes the energy loss and 
energy spectra at a given depth.   

In Figure 6.3.2 the calculated proton spectra, normalised per single starting proton, are plotted 
against the penetration depth in water.  The spectrum at the depth of 16.1 cm corresponds to 
protons, which have already passed the Bragg peak.  Based on the energy fluence spectra 
calculated by PTRAN, the computer code PMIC was applied to calculate microdosimetric 
distributions and their moments at the given depth.  PMIC calculates yd(y) distributions of 
lineal energy in homogeneous spherical sites of a uniform sensitivity.  Crossers and starters 
(see Chapter 3) are taken into account in the calculations.  The contribution of δ-rays passing 
outside the target (touchers) was neglected because they contribute about 7% of the dose in 
1 µm target for 5 MeV protons and only about 0.3% for 1 MeV protons (Olko and Booz, 
1990).  Figure 6.3.2 shows the comparison of the calculated yd(y) spectrum in the centre of 
the Bragg peak, for the incident proton energy of 173 MeV and the momentum spread δp/p = 
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0.01 with the yd(y) distribution measured with the ½-inch Rossi tissue-equivalent proportional 
counter (Becker et al., 1997).  The agreement between the measured and calculated yd(y) 
distributions is fairly good, if one considers that δ - rays were not included in the calculations.  
The calculated mean dose lineal energy, Dy , was 0.6 keV µm-1 at the depth of 3.7 cm and 
10.1 keV µm-1 at the centre of the Bragg peak.   
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Figure 6.3.2  Proton energy spectra for an incident monoenergetic beam with energy of 150 MeV calculated 
using the PTRAN code (adapted from Paganetii et al., 1997). 
 
The enhanced ionisation density in the region of the Bragg peak leads to the increase of 
radiobiological effectiveness.  The depth distribution of RBE0 for 70, 140 and 250 MeV 
monoenergetic proton beams (δp/p = 0.01) was calculated using the PMIC-derived yd(y) 
distributions and two biological response functions:  (i) for inactivation of V79 cells in G1+S 
and S phases (Morstin et al, 1989)  and (ii) for early intestinal tolerance in mice (Loncol et 
al.,1994).  As shown in Figure 6.3.4, RBE0 increases from 1.1 to 2.8 in the last 2 mm of the 
proton range for 70 MeV protons.  In proton radiotherapy of eye melanoma, a 3 mm margin is 
applied around the tumour, so these results may be of interest for therapy planning. 
 
The sharp Bragg-peak is not particularly useful for treating tumours, which usually consist of 
an extended volume of tissue.  To address this problem, monoenergetic proton beams are 
modified by mechanical modulation, typically with a ridge filter or rotating wheels, to obtain 
the spread-out Bragg peak, SOBP.  For such a distribution, a single value of RBE is usually 
applied.  Currently, a therapeutic RBE equal to 1.1 is used for the whole treatment plan in 
proton radiotherapy.  A more advanced method is to scan the beam across the volume, while 
simultaneously modifying the energy, to adjust the particle range to the shape of the target 
volume.  One of the direct advantages of this method is that it does not require new 
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mechanical components for new irradiation conditions.  Paganetti and Schmitz (1996) and 
Paganetti, Olko et al. (1997) studied the consequences of beam formation using the BRF 
approach.  The SOBP produced by passive systems are comparable with the active ones when 
protons with the highest energy (range) do not pass through any absorber.  If in addition to the 
range modulator a range shifter is applied, the distribution of energy loss leads to broadening 
the distal edge of SOBP.   Since in the active system the decrease of proton energy can be 
achieved without the broadening of δp/p, the shape of the distal edge is sharp and the local 
increase of RBE more pronounced.  This is demonstrated in Figure 6.3.5.  There is almost no 
difference between the active and passive modulation for 61 MeV beams.  However, if the 
155 MeV beam is degraded to lower energies using an absorber, the distal edge becomes 
broadened due to an increase in δp/p (see Figure 6.3 2).  
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Figure. 6.3.3 Calculated lineal energy spectra in the centre of the Bragg peak for an incident beam with the 
energy of 173 MeV and momentum spread of δp/p=0.01 (adapted from Paganetti et al., 1997). 
 
Microdosimetric modelling of the biological effectiveness of radiotherapy beams has 
demonstrated that even for proton beams, which are considered as being low-LET beams, the 
biological effectiveness increases in the last few millimetres of the beam.  This increase 
depends on the end-point studied and the beam formation method.  When modern methods of 
beam delivery are applied, e.g., beam scanning with energy modulation, the sharp distal edges 
of the spread-out Bragg peak are observed and enhanced RBE0 is predicted.  In planning of 
radiotherapy with heavy charged particles a constant survival level must be achieved.  The 
BRF approach can be more readily applied to predict RBE0 in the case of neutron beams, 
where energy modulation is usually not possible.  
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Figure 6.3.4  Dependence of RBE0 for the inactivation of V79 cells in G1/S phase on depth in a water phantom 
for monoenergetic proton beams of 70, 140 and 250 MeV. 
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Figure 6.3.5  Percent dose-depth dependence (left-hand scale), calculated with the PTRAN dose and RBE0 
values (right-hand scale) for a SOBP with maximum dose between the depths of 1.5 and 3.2 cm, calculated using 
the BRF approach.  Solid line: 41-61 MeV active modulation and 61 MeV passive modulation (not 
distinguishable); dashed line 155 MeV passive modulation.  The biological endpoint is early intestinal tolerance 
assessed by crypt regeneration in mice (adapted from Paganetti and Schmitz, 1996). 
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7.  MICRODOSIMETRY AT PRESENT AND IN THE FUTURE 
 
 
7.1. SUMMARY AND CONCLUSIONS 
 
If the detector response is to be modelled in a quantitative and predictive manner, detailed 
knowledge of the spatial distribution of energy deposited by ionising radiation in a volume 
characterising the detector, is required.  Microdosimetry considers the distribution of energy 
deposition in microscopic volumes (targets) to be the primary factor, which affects the 
response of biological systems and of many types of physical detectors.  The characteristic 
dimensions of sites over which microdosimetry is considered to be important are micrometers 
and nanometers.  This report reviews recent developments in microdosimetric modelling at 
the nanometer scale, applied to physical detectors and biological systems, contributed mainly 
by the author of this review. 
 
New methods for the calculation of microdosimetric distribution for charged particles and 
photons were developed which provide an adequate description for energy deposition in 
nanometer size targets.  The analytical model applied for the calculation of distributions of 
ionisation in water vapour targets by protons and α-particles has been extended for particles 
from Z=3 to Z=8, over the energy range from 0.3 MeV/amu to 20 MeV/amu, and successfully 
compared with analytical calculations performed by other authors.  A method of calculating 
microdosimetric distributions for photons has been developed, which is based on weighting of 
Monte Carlo calculated microdosimetric spectra of mono-energetic electrons over the 
secondary electron spectra produced in the medium of interest.  Thus, the calculation of 
distributions for photons became possible without time-consuming Monte Carlo calculations.  
Using these analytical methods, microdosimetric distributions for a wide spectrum of 
radiation modalities and target diameters have been generated and used in further modelling. 
 
Microdosimetry originates from the early work of Rossi who proposed that a proportional 
counter with decreased gas pressure be applied to simulate energy deposition in a small target 
volume.  In the Rossi counter, an ionising particle crossing the counter volume experiences 
the same energy loss as a particle crossing a small target of tissue density.  Rossi counters 
were able to measure microdosimetric distributions correctly down to about 0.25 µm 
simulated target diameter, however, as the counter gas pressure is further decreased, the 
multiplication region around the anode wire becomes comparable with the size of the counter.  
In this case, pulse height is no longer proportional to the number of primary ionisations.  The 
need to measure microdosimetric spectra at nanometer levels inspired the construction of the 
Miniature Tissue Equivalent Proportional Counter.  Kliauga developed an ultra-miniature 
counter, which measured ionisation distributions for simulated targets of sizes ranging 
between 5 and 50 nm.  Modelling the response of the Kliauga counter, work performed 
together with the group of Segur et al. (1995), took into account both the transport of 
secondary electrons in the electric field of the counter volume and the fluctuations of energy 
deposition inside the counter.  Basing on the results of this model calculation, methods of 
counter calibration could be proposed.  The transport calculation demonstrated that Kliauga's 
ultra-miniature counter did not work in the proportional mode.  The mean dose lineal energy 
for photons at low simulated diameters, measured using the variance – covariance method 
compared favourably with the author’s calculations.  Thus, good agreement between the 
measured and calculated distributions gave additional confidence in using the calculated 
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distributions as an input to microdosimetric modelling of the response of a broader class of 
biophysical detectors. 
 
It is frequently assumed in textbooks on dosimetry and radiation protection physics that the 
photon energy response of solid state detector is determined solely by its atomic composition, 
i.e. by the respective photon interaction cross sections.  Under these premises, no difference 
between the response of LiF:Mg,Ti and LiF:Mg,Cu,P to photons was expected, in contrast 
with experimental observations.  Explanation of the anomalously low response of 
thermoluminescence LiF:Mg,Cu,P detectors for photon energies between 20 keV and 250 keV 
was a major success of microdosimetric modelling of the response of solid-state detectors.  
Basing on some earlier arguments of Pradhan (1989) and of Horowitz (1990), the effect was 
explained as being related to the average density of ionisation produced by photons in 24 nm 
targets.  The minimum in the detector response corresponds to the maximum of ionisation 
density caused by an overlap of the Compton and photoelectric effects for photons of energies 
around 100 keV.  A quantitative description of the dose and photon energy response of the 
LiF:Mg,Cu,P detector over this energy region was developed by applying the microdosimetric 
one-hit detector model, introduced by the author (Olko et al., 1993; Olko, 1996).  Excellent 
agreement between the calculated and measured (Bilski, Olko et al., 1994) relative efficiency 
of MCP-N detectors was obtained for X-rays, γ-rays, β-rays and α−particles.  This agreement 
between measurements and calculation was obtained using a single set of parameters, 
suggesting that the target site, independent of radiation type, should be associated with 
physical structures in the detector.  A likely interpretation of this target is related with the 
presence of Mg in LiF, since the best-fitting diameter of the target and the average distance 
between the Mg complexes in LiF are quite similar (Olko and Bilski, 1997).  The author’s one 
hit detector model has also been successfully applied to predict the response of peak 3 in 
thermoluminescence CaF2:Tm detectors (Olko, 1998) and of alanine detectors, where the EPR 
signal depends on the absorbed dose of photons or protons (Olko, 1999). 
 
The over-response of standard lithium fluoride LiF:Mg,Ti detectors for X-rays (relative TL 
efficiency η = 1.1) can also be explained as an ionisation density (microdosimetric) effect.  
Low-energy X-rays produce short electron tracks, which locally deposit a high radiation dose 
and, consequently, lead to an enhanced (supralinear) response.  This over-response has not 
been observed in sensitised MTS-N where no supralinearity in the response after gamma-ray 
doses above 1Gy is observed.  Using the dose response curves measured for MTS-N detectors 
after Cs-137 gamma-ray irradiation and local doses calculated using Monte Carlo generated 
electron tracks, it was possible to predict the relative TL effectiveness for X-rays of different 
energy.  A fraction of the TL signal induced in LiF:Mg,Ti is generated in supralinear mode, 
due to high local doses generated by photon-induced tracks (Olko et al., 2002). 
 
TL detectors are used for relative dosimetry, where the dose absorbed in the detector is 
determined after its calibration in a known field.  If radiation quality, energy or dose levels of 
the calibration and measured field differ, correction factors are needed to obtain the value of 
absorbed dose.  A methodology has been developed and tested for the determination of 
absorbed dose by MCP-N and MTS-N detectors after low energy photon irradiation (energy 
range from 6 keV to 1250 keV) and low energy proton irradiation (from 0.3 MeV to 20 MeV).  
Using the corrections for TL light self-absorption in detector, attenuation of beam with the 
depth of the detector, and dose and energy correction, it is possible to derive the absorbed 
dose with the accuracy required for any given application (Olko et al., 1999).  
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Microdosimetric modelling using calculated microdosimetric distributions has been also 
applied for quantitative assessment of the radiobiological effectiveness of radon α-particles 
and radiotherapeutic beams.  If the relationship between cell survival and cell transformation 
is taken into account in modelling the Quality Factor, Q, the value of this factor decreases by a 
factor of 3, compared with the value recommended by ICRP (Olko and Waligórski, 1993).  
The microdosimetric model has also been applied to study the RBE of proton radiotherapy 
beams. It has been demonstrated that at the end of the proton path the biological effect can be 
enhanced to an extent, which may be of importance in therapy planning.  This increase of 
RBE depends on the method of beam formation (Paganetti, Olko et al., 1997).  
 
 
7.2. PERSPECTIVES 
 
Some fifty years after the first paper of Rossi and Rozenzweig (1955), who demonstrated the 
principles of microdosimetric measurements, Tissue Equivalent Proportional Counters are 
routinely applied as reference instruments for measurements in complex radiation fields 
around nuclear and accelerator installations, on board of passengers airplanes, in space and in 
radiotherapy departments.  The prime motivation of the first microdosimetric models was to 
predict the Relative Biological Effectiveness for biological end-points after irradiation with 
different radiation qualities.  This classical microdosimetry, based on the microdosimetric 
distributions measured with TEPC, meanwhile grew into a much broader discipline, building 
a bridge between radiation physics, radiobiology and radiochemistry.  
 
Nowadays, the main impact of radiobiological studies and of the corresponding 
microdosimetric modelling is directed towards understanding the action of ionising radiation 
at the structural level of DNA.  These studies are expected to shed more light on the molecular 
mechanisms of radiation action and towards resolving the problem of linear extrapolation of 
risk to low doses, known also as a linear no-threshold (LNT) hypothesis.  The enhanced 
frequency of cancer rate e.g. among the atomic bomb survivors is statistically significant for 
doses two orders of magnitude higher than those resulting from average yearly doses from the 
natural environment.  The LNT assumes that the risk of cancer induction per unit absorbed 
dose is constant also for low doses.  This cannot be verified by epidemiological studies 
because at low doses the effect is hidden in a high spontaneous background of cancer.   
 
Radiation risk analysis is of particular relevance for the exploration of space.  Human 
exploration of Mars is foreseen in the first half of the 21st century.  One of the crucial aspects 
in the planning of human missions to Mars is assuring health and safety of the crew members.  
Of major concern is the detrimental effect caused by exposure to cosmic radiation.  For a 1000 
day-long Mars mission the expected individual dose ranges between 0.5 Gy and 2 Gy, 
providing no high-energy solar events occur.  Using the current risk coefficients (ICRP60) the 
life probability of fatal cancer for D = 2 Gy is estimated at 10% which is high enough to cause 
major concern.  For some rare solar radiation events, radiation storm shelters are foreseen to 
protect astronauts from the much higher doses following such events.  TEPC’s and 
microdosimetric (event-based) approach to radiation protection (NCRP 137) are proposed to 
monitor the risk of astronauts during these missions.  Having this in mind, a broad range of 
radiobiological studies, particularly with energetic heavy ions, supported by biophysical 
modelling are needed to evaluate the biological response function relevant for evaluation of 
the radiation hazard in space.  Similar radiobiological data will be needed in high-LET 
radiotherapy with heavy ions and fast neutrons.  Miniature TEPC’s and variance-covariance 
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counters will be broadly applied to determine the radiation quality of heavy charged particle 
therapeutic beams.  
 
Thermoluminescence detectors are among the most frequently applied solid–state dosimeters 
in routine personal dosimetry and environmental monitoring.  TLDs are also perfectly suited 
for special applications in space dosimetry and particle radiotherapy.  The special role that 
microdosimetric modelling plays in developing quantitative predictions of the dose and energy 
response of TLDs has been amply demonstrated in this review.  That this approach offers 
insight into the solid-state phenomena governing thermoluminescence has also been 
demonstrated.  One should therefore expect further and deeper understanding of the physics of 
thermoluminescence from the future development of microdosimetric modelling of the 
physical and biological detectors. 
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APPENDIX A – FREQUENCY AND DOSE MEAN LINEAL ENERGIES 
FOR MONOENERGETIC ELECTRONS 

 
 
 
Table A.1  Frequency mean lineal energies, Fy , for monoenergetic electrons in spherical 

water vapour targets with density 1 g cm-3.  The Fy  is expressed in units keV µm-1.  The 

f1(y)distributions have been calculated using electron tracks generated with Monte Carlo track 

structure code TRION (Lappa et al., 1993).  The distribution of ionisation has been converted 

into lineal energy using W value equal to 30 eV/i.p. 

 

Table A.2  Dose mean lineal energies, Dy , for monoenergetic electrons in spherical water 

vapour targets with density 1 g cm-3. The Dy  is expressed in units keV µm-1.  The f1(y) 

distributions have been calculated using electron tracks generated with Monte Carlo track 

structure code TRION (Lappa et al., 1993).    The distribution of ionisation has been 

converted into lineal energy using W value equal to 30 eV/i.p. 
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Table A.1 
 

Target diameter [nm] Electron 
energy 

[keV] 
2 5 10 15 20 50 75 100 200 500 1000 2000 

1 35.0 22.7 18.5 16.9 16.1 12.7 10.7 9.1 5.62 2.67 1.41 0.73 
2 33.0 19.8 14.8 13.0 12.3 10.7 10.0 9.2 7.32 4.37 2.55 1.40 
5 31.3 17.3 11.8 9.7 8.7 6.8 6.5 6.3 5.92 5.04 3.88 2.63 

10 30.6 16.2 10.4 8.2 7.0 4.8 4.3 4.1 3.88 3.69 3.39 2.87 
15 30.4 15.9 10.0 7.7 6.5 4.1 3.6 3.3 2.98 2.85 2.72 2.50 
20 30.0 15.5 9.6 7.3 6.0 3.6 3.1 2.8 2.44 2.30 2.24 2.14 
25 29.9 15.4 9.4 7.1 5.8 3.3 2.7 2.5 2.09 1.94 1.89 1.83 
30 29.8 15.2 9.2 6.9 5.6 3.2 2.6 2.3 1.87 1.70 1.67 1.63 
35 29.8 15.2 9.1 6.8 5.5 3.0 2.4 2.1 1.70 1.50 1.47 1.44 
40 29.7 15.0 9.0 6.7 5.4 2.9 2.3 2.0 1.58 1.39 1.35 1.33 
45 29.9 15.1 9.1 6.7 5.4 2.9 2.3 2.0 1.51 1.29 1.25 1.23 
50 29.6 15.0 9.0 6.6 5.3 2.8 2.2 1.9 1.43 1.20 1.16 1.13 
60 29.8 15.1 9.0 6.6 5.3 2.8 2.2 1.8 1.37 1.13 1.07 1.06 
70 29.6 14.9 8.9 6.5 5.2 2.7 2.0 1.7 1.24 0.98 0.93 0.92 
80 29.6 14.9 8.8 6.4 5.2 2.6 2.0 1.7 1.19 0.94 0.88 0.86 
90 29.6 14.8 8.7 6.4 5.1 2.5 1.9 1.6 1.09 0.82 0.76 0.74 

100 29.5 14.8 8.7 6.4 5.1 2.5 1.9 1.6 1.08 0.81 0.73 0.71 
150 29.5 14.8 8.7 6.3 5.0 2.5 1.8 1.5 0.99 0.69 0.59 0.57 
250 29.3 14.6 8.5 6.1 4.9 2.3 1.7 1.4 0.85 0.56 0.45 0.42 
350 29.3 14.5 8.4 6.0 4.8 2.2 1.6 1.3 0.77 0.49 0.38 0.34 
450 29.4 14.6 8.5 6.1 4.8 2.3 1.6 1.3 0.78 0.48 0.37 0.33 
500 29.2 14.5 8.4 6.0 4.7 2.2 1.5 1.2 0.72 0.43 0.32 0.28 
600 29.3 14.6 8.4 6.1 4.8 2.2 1.6 1.3 0.75 0.46 0.34 0.30 
700 29.2 14.5 8.4 6.0 4.8 2.2 1.6 1.2 0.73 0.44 0.32 0.28 
800 29.1 14.4 8.4 6.0 4.7 2.2 1.6 1.2 0.73 0.44 0.32 0.28 
900 29.2 14.5 8.4 6.0 4.8 2.2 1.5 1.2 0.71 0.42 0.30 0.26 

1000 29.2 14.6 8.5 6.1 4.8 2.2 1.6 1.3 0.73 0.44 0.31 0.27 
 



 

 151 

 Table A.2 
 

Target diameter [nm] Electron 
energy 
[keV] 

2 5 10 15 20 50 75 100 200 500 1000 2000 

1 47.9 36.4 31.1 28.3 26.4 18.93 14.89 12.12 6.77 2.89 1.48 0.75 
2 44.1 31.9 26.7 24.3 22.6 18.47 16.74 15.16 10.80 5.40 2.89 1.49 
5 41.2 28.1 22.1 19.4 17.9 14.04 12.90 12.16 10.54 8.10 5.63 3.34 

10 40.0 26.1 19.9 17.1 15.4 11.39 10.15 9.39 8.08 6.72 5.69 4.49 
15 39.5 25.8 19.5 16.7 14.9 10.75 9.37 8.54 7.05 5.68 4.84 4.13 
20 38.8 24.7 18.4 15.6 13.9 9.85 8.54 7.73 6.20 4.86 4.18 3.72 
25 38.6 24.6 18.1 15.3 13.6 9.32 7.94 7.18 5.72 4.45 3.83 3.31 
30 38.5 24.5 17.9 15.0 13.2 8.92 7.55 6.77 5.32 4.09 3.49 3.05 
35 38.6 24.4 17.9 15.0 13.3 9.03 7.67 6.86 5.32 4.01 3.36 2.89 
40 38.3 24.0 17.5 14.6 13.0 8.71 7.36 6.57 5.05 3.79 3.16 2.70 
45 38.6 24.4 17.9 14.9 13.1 8.78 7.40 6.57 5.02 3.72 3.07 2.60 
50 38.1 24.1 17.5 14.5 12.8 8.52 7.15 6.33 4.80 3.48 2.85 2.41 
60 38.6 24.2 17.5 14.5 12.7 8.44 7.07 6.26 4.70 3.36 2.71 2.28 
70 38.1 23.9 17.4 14.4 12.6 8.36 6.99 6.12 4.56 3.19 2.60 2.24 
80 38.0 23.7 16.9 14.1 12.3 8.18 6.78 5.97 4.45 3.18 2.53 2.14 
90 38.2 24.0 17.3 14.4 12.6 8.22 6.78 5.94 4.35 2.98 2.33 1.90 

100 37.8 23.7 17.1 14.2 12.4 8.08 6.67 5.82 4.26 2.96 2.34 1.92 
150 38.1 23.9 17.3 14.4 12.7 8.34 6.90 6.00 4.36 2.92 2.24 1.78 
250 37.6 23.3 16.7 13.8 12.1 7.63 6.17 5.31 3.73 2.47 1.88 1.48 
350 37.6 23.4 16.7 13.8 12.0 7.60 6.17 5.30 3.73 2.40 1.76 1.35 
450 37.6 23.3 16.8 13.9 12.1 7.77 6.33 5.47 3.86 2.49 1.82 1.36 
500 37.4 23.1 16.5 13.6 11.9 7.41 5.94 5.07 3.48 2.16 1.55 1.15 
600 37.5 23.4 16.8 13.9 12.1 7.67 6.17 5.27 3.61 2.22 1.60 1.21 
700 37.3 23.2 16.7 13.8 12.0 7.59 6.12 5.25 3.62 2.28 1.66 1.22 
800 37.2 23.2 16.6 13.7 11.9 7.49 6.03 5.16 3.59 2.29 1.67 1.25 
900 37.3 23.4 16.9 14.0 12.2 7.70 6.06 5.26 3.59 2.21 1.55 1.13 

1000 37.5 23.6 17.1 14.2 12.4 7.74 6.25 5.36 3.74 2.39 1.75 1.31 
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APPENDIX B –PARAMETERS FOR CALCULATION OF FREQUENCY 
DISTRIBUTION OF IONISATION AFTER ION IRRADIATION 

 
In Appendix B two tables are presented with a set of parameters necessary to calculate 
frequency distribution of ionisation in water vapour spherical targets for heavy charged 
particles using the analytical recipe of Olko and Booz (1990).  The parameters B, C, jδ 
presented in Table B.2 and µD presented in Table B.1 allow for calculation of the 
microdosimetric distributions for particles with atomic number from Z=1 to Z=8, in the 
diameter range between 1 nm and 1000 nm and the energy range between 0.3 MeV/amu to 
10 MeV/amu.  The set of parameters has been derived from the Monte Carlo particle tracks in 
water vapour calculated using Monte Carlo track structure code MOCA-14 (Paretzke, 1988)  
 
 
Table B1.  Fraction of dose due to delta events, µD, to the spherical targets of diameters from 1 to 1000 nm 
(from Olko, 1989) versus of ion energy per nucleon.   
 

d iameter 
[nm] 

0.3 
MeV/amu 

0.5 
MeV/amu 

1.0 
MeV/amu 

2.0 
MeV/amu 

5.0 
MeV/amu 

10.0 
MeV/amu 

1 .39 .42 .46 .49 .51 .58 
2 .31 .36 .41 .44 .48 .56 
5 .19 .25 .32 .36 .40 .49 

10 .11 .17 .24 .30 .34 .44 
20 .053 .099 .17 .24 .29 .39 
50 .016 .04 .097 .16 .22 .32 

100 .006 .016 .052 .12 .18 .29 
200 .002 .006 .025 .077 .14 .26 
500 .0005 .0017 .007 .035 .10 .18 

1000 .0001 .0005 .003 .016 .071 .15 
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Table B.2 Parameters B,C and jδ of the Olko and Booz (1990) approach  to calculate frequency distribution of 
ionisation in water vapour spherical targets. 
 

Z E d B C jδδδδ 
 MeV/amu nm    
1 0.3 1 1.75E+00 0.00E+00 1.22E+00 
1 0.3 2 1.15E+00 0.00E+00 1.50E+00 
1 0.3 5 4.81E-01 0.00E+00 2.28E+00 
1 0.3 10 2.21E-01 1.07E+00 3.29E+00 
1 0.3 20 1.42E-01 1.89E+01 4.41E+00 
1 0.3 50 8.35E-02 6.77E+01 5.52E+00 
1 0.3 100 5.86E-02 1.49E+02 6.53E+00 
1 0.3 200 4.43E-02 3.12E+02 6.83E+00 
1 0.3 500 2.84E-02 7.94E+02 8.20E+00 
1 0.3 1000 1.91E-02 1.60E+03 1.24E+01 
1 0.5 1 1.98E+00 0.00E+00 1.22E+00 
1 0.5 2 1.38E+00 0.00E+00 1.50E+00 
1 0.5 5 6.65E-01 0.00E+00 2.34E+00 
1 0.5 10 3.10E-01 0.00E+00 3.54E+00 
1 0.5 20 1.64E-01 8.40E+00 5.34E+00 
1 0.5 50 8.89E-02 4.41E+01 8.07E+00 
1 0.5 100 5.88E-02 1.05E+02 9.70E+00 
1 0.5 200 4.20E-02 2.30E+02 1.13E+01 
1 0.5 500 2.70E-02 5.98E+02 1.40E+01 
1 0.5 1000 1.82E-02 1.21E+03 1.70E+01 
1 1 1 2.31E+00 0.00E+00 1.21E+00 
1 1 2 1.72E+00 0.00E+00 1.48E+00 
1 1 5 1.09E+00 0.00E+00 2.24E+00 
1 1 10 5.37E-01 0.00E+00 3.40E+00 
1 1 20 2.46E-01 0.00E+00 5.43E+00 
1 1 50 1.12E-01 1.82E+01 9.98E+00 
1 1 100 7.07E-02 5.64E+01 1.43E+01 
1 1 200 4.55E-02 1.34E+02 1.92E+01 
1 1 500 2.72E-02 3.73E+02 2.40E+01 
1 1 1000 1.89E-02 7.72E+02 2.60E+01 
1 2 1 2.63E+00 0.00E+00 1.20E+00 
1 2 2 2.05E+00 0.00E+00 1.44E+00 
1 2 5 1.39E+00 0.00E+00 2.13E+00 
1 2 10 9.02E-01 0.00E+00 3.08E+00 
1 2 20 4.61E-01 0.00E+00 4.68E+00 
1 2 50 1.61E-01 0.00E+00 8.75E+00 
1 2 100 9.39E-02 2.12E+01 1.44E+01 
1 2 200 5.92E-02 6.55E+01 2.35E+01 
1 2 500 3.13E-02 2.02E+02 3.80E+01 
1 2 1000 2.08E-02 4.44E+02 4.90E+01 
1 5 1 2.95E+00 0.00E+00 1.19E+00 
1 5 2 2.39E+00 0.00E+00 1.42E+00 
1 5 5 1.80E+00 0.00E+00 2.02E+00 
1 5 10 1.39E+00 0.00E+00 2.77E+00 
1 5 20 9.45E-01 0.00E+00 3.87E+00 
1 5 50 3.92E-01 0.00E+00 6.50E+00 
1 5 100 1.74E-01 0.00E+00 1.06E+01 
1 5 200 9.17E-02 1.46E+01 1.82E+01 
1 5 500 5.08E-02 7.89E+01 3.80E+01 
1 5 1000 3.08E-02 1.84E+02 4.90E+01 
1 10 1 3.07E+00 0.00E+00 1.17E+00 
1 10 2 2.56E+00 0.00E+00 1.37E+00 
1 10 5 2.03E+00 0.00E+00 1.87E+00 
1 10 10 1.70E+00 0.00E+00 2.42E+00 
1 10 20 1.32E+00 0.00E+00 3.13E+00 
1 10 50 7.13E-01 0.00E+00 4.76E+00 
1 10 100 3.46E-01 0.00E+00 7.09E+00 
1 10 200 1.54E-01 0.00E+00 1.23E+01 
1 10 500 6.14E-02 2.21E+01 3.00E+01 
1 10 1000 3.49E-02 7.91E+01 5.40E+01 

 



 

 154 

 
 

Z E d B C jδδδδ 
2 0.3 1 8.88E-01 5.40E-02 1.23E+00 
2 0.3 2 4.52E-01 1.59E+00 1.56E+00 
2 0.3 5 2.26E-01 1.43E+01 2.58E+00 
2 0.3 10 1.33E-01 3.80E+01 3.97E+00 
2 0.3 20 7.78E-02 8.75E+01 5.72E+00 
2 0.3 50 4.71E-01 2.46E+02 8.59E+00 
2 0.3 100 3.48E-02 5.09E+02 1.03E+01 
2 0.3 200 2.56E-02 1.03E+03 1.32E+01 
2 0.3 500 1.48E-02 2.59E+03 2.00E+01 
2 0.3 1000 9.62E-03 5.20E+03 2.10E+01 
2 0.5 1 1.06E+00 0.00E+00 1.23E+00 
2 0.5 2 5.42E-01 0.00E+00 1.53E+00 
2 0.5 5 2.59E-01 9.62E+00 2.49E+00 
2 0.5 10 1.52E-01 2.76E+01 3.97E+00 
2 0.5 20 8.88E-02 6.68E+01 6.32E+00 
2 0.5 50 4.73E-02 1.94E+02 1.07E+01 
2 0.5 100 3.22E-02 4.12E+02 1.42E+01 
2 0.5 200 2.22E-02 8.45E+02 1.72E+01 
2 0.5 500 1.42E-02 2.14E+03 2.20E+01 
2 0.5 1000 8.93E-03 4.28E+03 2.20E+01 
2 1 1 1.39E+00 0.00E+00 1.22E+00 
2 1 2 8.04E-01 0.00E+00 1.49E+00 
2 1 5 3.19E-01 2.34E+00 2.34E+00 
2 1 10 1.96E-01 1.47E+01 3.61E+00 
2 1 20 1.15E-01 3.96E+01 5.91E+00 
2 1 50 6.06E-02 1.23E+02 1.16E+01 
2 1 100 3.56E-02 2.68E+02 1.80E+01 
2 1 200 2.30E-02 5.71E+02 2.50E+01 
2 1 500 1.53E-02 1.48E+03 3.20E+01 
2 1 1000 1.12E-02 2.99E+03 3.80E+01 
2 2 1 1.77E+00 0.00E+00 1.21E+00 
2 2 2 1.19E+00 0.00E+00 1.45E+00 
2 2 5 5.06E-01 0.00E+00 2.15E+00 
2 2 10 2.49E-01 2.93E+00 3.12E+00 
2 2 20 1.54E-01 1.87E+01 4.81E+00 
2 2 50 8.16E-02 6.71E+01 9.23E+00 
2 2 100 5.00E-02 1.52E+02 1.60E+01 
2 2 200 3.08E-02 3.32E+02 2.64E+01 
2 2 500 1.72E-02 8.93E+02 4.50E+01 
2 2 1000 1.11E-02 1.85E+03 6.00E+01 
2 5 1 2.28E+00 0.00E+00 1.19E+00 
2 5 2 1.70E+00 0.00E+00 1.42E+00 
2 5 5 9.84E-01 0.00E+00 2.02E+00 
2 5 10 5.13E-01 0.00E+00 2.76E+00 
2 5 20 2.34E-01 0.00E+00 3.88E+00 
2 5 50 1.14E-01 2.16E+01 6.67E+00 
2 5 100 7.30E-02 6.14E+01 1.09E+01 
2 5 200 4.49E-02 1.43E+02 1.87E+01 
2 5 500 2.28E-02 4.00E+02 2.90E+01 
2 5 1000 1.44E-02 8.56E+02 5.40E+01 
2 10 1 2.60E+00 0.00E+00 1.18E+00 
2 10 2 2.05E+00 0.00E+00 1.38E+00 
2 10 5 1.39E+00 0.00E+00 1.89E+00 
2 10 10 8.82E-01 0.00E+00 2.45E+00 
2 10 20 4.51E-01 0.00E+00 3.24E+00 
2 10 50 1.58E-01 2.45E+00 4.99E+00 
2 10 100 8.79E-02 1.99E+01 7.60E+00 
2 10 200 5.10E-02 6.43E+01 1.28E+01 
2 10 500 2.71E-02 2.15E+02 2.90E+01 
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Z E d B C jδδδδ 
3 0.3 1 5.45E-01 1.37E+00 1.25E+00 
3 0.3 2 3.54E-01 9.14E+00 1.63E+00 
3 0.3 5 1.67E-01 3.24E+01 2.85E+00 
3 0.3 10 9.41E-02 7.69E+01 4.65E+00 
3 0.3 20 6.19E-02 1.74E+02 7.12E+00 
3 0.3 50 3.73E-02 4.67E+02 1.07E+01 
3 0.3 100 2.76E-02 9.51E+02 1.40E+01 
3 0.3 200 2.44E-02 1.92E+03 2.17E+01 
3 0.3 500 1.50E-02 4.79E+03 2.65E+01 
3 0.3 1000 9.39E-03 9.58E+03 3.39E+01 
3 0.5 1 5.95E-01 0.00E+00 1.24E+00 
3 0.5 2 3.65E-01 5.94E+00 1.59E+00 
3 0.5 5 1.94E-01 2.60E+01 2.73E+00 
3 0.5 10 1.09E-01 6.15E+01 4.51E+00 
3 0.5 20 6.56E-02 1.40E+02 7.33E+00 
3 0.5 50 3.49E-02 3.87E+02 1.28E+01 
3 0.5 100 2.40E-02 8.06E+02 1.63E+01 
3 0.5 200 2.04E-02 1.64E+03 2.05E+01 
3 0.5 500 1.33E-02 4.11E+03 3.35E+01 
3 0.5 1000 9.12E-03 8.23E+03 4.00E+01 
3 1 1 8.28E-01 0.00E+00 1.22E+00 
3 1 2 4.47E-01 2.43E+00 1.51E+00 
3 1 5 2.36E-01 1.59E+01 2.39E+00 
3 1 10 1.45E-01 4.10E+01 3.78E+00 
3 1 20 9.07E-02 9.56E+01 6.39E+00 
3 1 50 4.84E-02 2.73E+02 1.30E+01 
3 1 100 2.66E-02 5.77E+02 2.03E+01 
3 1 200 1.73E-02 1.20E+03 2.87E+01 
3 1 500 1.20E-02 3.08E+03 3.27E+01 
3 1 1000 8.73E-03 6.17E+03 5.60E+01 
3 2 1 1.19E+00 0.00E+00 1.21E+00 
3 2 2 6.46E-01 0.00E+00 1.47E+00 
3 2 5 2.96E-01 6.82E+00 2.22E+00 
3 2 10 1.81E-01 2.18E+01 3.30E+00 
3 2 20 1.11E-01 5.46E+01 5.23E+00 
3 2 50 5.71E-02 1.60E+02 1.04E+01 
3 2 100 3.39E-02 3.47E+02 1.77E+01 
3 2 200 2.23E-02 7.37E+02 3.01E+01 
3 2 500 1.20E-02 1.95E+03 5.48E+01 
3 2 1000 6.88E-03 3.94E+03 7.33E+01 
3 5 1 1.72E+00 0.00E+00 1.19E+00 
3 5 2 1.14E+00 0.00E+00 1.42E+00 
3 5 5 4.78E-01 0.00E+00 2.02E+00 
3 5 10 2.55E-01 5.28E+00 2.77E+00 
3 5 20 1.54E-01 2.09E+01 3.87E+00 
3 5 50 8.53E-02 7.19E+01 6.58E+00 
3 5 100 4.76E-02 1.61E+02 1.09E+01 
3 5 200 2.91E-02 3.51E+02 1.93E+01 
3 5 500 1.51E-02 9.57E+02 4.40E+01 
3 5 1000 8.56E-03 2.00E+03 8.30E+01 
3 10 1 2.12E+00 0.00E+00 1.18E+00 
3 10 2 1.55E+00 0.00E+00 1.39E+00 
3 10 5 8.23E-01 0.00E+00 1.91E+00 
3 10 10 4.05E-01 0.00E+00 2.53E+00 
3 10 20 2.00E-01 3.85E+00 3.40E+00 
3 10 50 9.79E-02 3.03E+01 5.35E+00 
3 10 100 5.80E-02 7.88E+01 8.29E+00 
3 10 200 3.42E-02 1.82E+02 1.40E+01 
3 10 500 1.75E-02 5.23E+02 3.03E+01 
3 10 1000 9.93E-03 1.12E+03 5.55E+01 
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Z E d B C jδδδδ 
4 0.3 1 4.50E-01 4.89E+00 1.27E+00 
4 0.3 2 2.91E-01 1.57E+01 1.71E+00 
4 0.3 5 1.37E-01 5.12E+01 3.21E+00 
4 0.3 10 7.52E-02 1.18E+02 5.24E+00 
4 0.3 20 4.95E-02 2.64E+02 8.15E+00 
4 0.3 50 3.10E-02 7.00E+02 1.31E+01 
4 0.3 100 2.75E-02 1.42E+03 1.83E+01 
4 0.3 200 2.01E-02 2.85E+03 2.17E+01 
4 0.3 500 1.17E-02 7.16E+03 3.90E+01 
4 0.3 1000 7.89E-03 1.43E+04 6.30E+01 
4 0.5 1 4.50E-01 2.66E+00 1.25E+00 
4 0.5 2 3.09E-01 1.26E+01 1.64E+00 
4 0.5 5 1.51E-01 4.25E+01 2.90E+00 
4 0.5 10 8.22E-02 9.91E+01 4.92E+00 
4 0.5 20 5.63E-02 2.23E+02 8.48E+00 
4 0.5 50 2.81E-02 6.07E+02 1.45E+01 
4 0.5 100 2.13E-02 1.26E+03 2.45E+01 
4 0.5 200 1.76E-02 2.54E+03 2.34E+01 
4 0.5 500 1.05E-02 6.34E+03 3.55E+01 
4 0.5 1000 7.00E-03 1.29E+04 4.31E+01 
4 1 1 5.63E-01 9.20E-01 1.23E+00 
4 1 2 3.76E-01 8.27E+00 1.53E+00 
4 1 5 1.91E-01 3.00E+01 2.51E+00 
4 1 10 1.11E-01 7.01E+01 4.02E+00 
4 1 20 6.91E-02 1.60E+02 7.02E+00 
4 1 50 3.39E-02 4.44E+02 1.50E+01 
4 1 100 1.98E-02 9.40E+02 2.42E+01 
4 1 200 1.57E-02 1.97E+03 3.46E+01 
4 1 500 1.17E-02 5.03E+03 4.49E+01 
4 1 1000 6.19E-03 1.01E+04 7.44E+01 
4 2 1 7.90E-01 0.00E+00 1.22E+00 
4 2 2 4.33E-01 2.74E+00 1.49E+00 
4 2 5 2.37E-01 1.70E+01 2.25E+00 
4 2 10 1.46E-01 4.27E+01 3.39E+00 
4 2 20 8.74E-02 9.83E+01 5.46E+00 
4 2 50 4.56E-02 2.79E+02 1.09E+01 
4 2 100 3.06E-02 6.02E+02 1.93E+01 
4 2 200 1.80E-02 1.26E+03 3.55E+01 
4 2 500 8.11E-03 3.29E+03 6.90E+01 
4 2 1000 4.93E-03 6.27E+03 1.06E+02 
4 5 1 1.30E+00 0.00E+00 1.19E+00 
4 5 2 7.29E-01 0.00E+00 1.42E+00 
4 5 5 3.32E-01 5.27E+00 2.04E+00 
4 5 10 2.00E-01 1.77E+01 2.76E+00 
4 5 20 1.23E-01 4.52E+01 3.91E+00 
4 5 50 5.78E-02 1.34E+02 6.68E+00 
4 5 100 3.55E-02 2.95E+02 1.10E+01 
4 5 200 2.11E-02 6.32E+02 2.00E+01 
4 5 500 1.11E-02 1.71E+03 4.70E+01 
4 5 1000 6.54E-03 3.54E+03 9.30E+01 
4 10 1 1.73E+00 0.00E+00 1.18E+00 
4 10 2 1.12E+00 0.00E+00 1.39E+00 
4 10 5 4.35E-01 0.00E+00 1.89E+00 
4 10 10 2.50E-01 2.00E+00 2.44E+00 
4 10 20 2.50E-01 1.90E+01 3.15E+00 
4 10 50 7.68E-02 6.80E+01 4.73E+00 
4 10 100 4.79E-02 1.57E+02 7.10E+00 
4 10 200 2.96E-02 3.41E+02 1.14E+01 
4 10 500 1.45E-02 9.17E+02 2.70E+01 
4 10 1000 8.63E-03 1.90E+03 5.20E+01 

 



 

 157 

 
 

Z E d B C jδδδδ 
5 0.3 1 4.07E-01 8.39E+00 1.29E+00 
5 0.3 2 2.45E-01 2.20E+01 1.76E+00 
5 0.3 5 1.17E-01 7.05E+01 3.45E+00 
5 0.3 10 6.60E-02 1.61E+02 5.99E+00 
5 0.3 20 4.36E-02 3.55E+02 9.14E+00 
5 0.3 50 2.78E-02 9.39E+02 1.58E+01 
5 0.3 100 2.23E-02 1.90E+03 1.96E+01 
5 0.3 200 1.80E-02 3.82E+03 3.23E+01 
5 0.3 500 9.85E-03 9.54E+03 4.00E+01 
5 0.3 1000 6.79E-03 1.91E+04 5.00E+01 
5 0.5 1 4.06E-01 6.48E+00 1.27E+00 
5 0.5 2 2.70E-01 1.88E+01 1.71E+00 
5 0.5 5 1.26E-01 6.04E+01 3.11E+00 
5 0.5 10 7.30E-02 1.39E+02 5.39E+00 
5 0.5 20 4.52E-02 3.12E+02 9.57E+00 
5 0.5 50 2.60E-02 8.43E+02 1.69E+01 
5 0.5 100 2.16E-02 1.73E+03 2.56E+01 
5 0.5 200 1.49E-02 3.49E+03 3.11E+01 
5 0.5 500 8.93E-03 8.73E+03 3.50E+01 
5 0.5 1000 5.84E-03 1.75E+03 4.00E+01 
5 1 1 4.85E-01 4.36E+00 1.24E+00 
5 1 2 3.16E-01 1.37E+01 1.57E+00 
5 1 5 1.56E-01 4.46E+01 2.61E+00 
5 1 10 9.55E-02 1.04E+02 4.28E+00 
5 1 20 6.21E-02 2.34E+02 7.72E+00 
5 1 50 2.87E-02 6.43E+02 1.65E+01 
5 1 100 1.87E-02 1.36E+03 2.79E+01 
5 1 200 1.33E-02 2.83E+03 4.34E+01 
5 1 500 8.19E-03 7.32E+03 5.00E+01 
5 1 1000 6.15E-03 1.46E+04 6.00E+01 
5 2 1 5.80E-01 7.10E-01 1.22E+00 
5 2 2 3.72E-01 7.38E+00 1.51E+00 
5 2 5 1.96E-01 2.79E+01 2.31E+00 
5 2 10 1.18E-01 6.66E+01 3.48E+00 
5 2 20 7.46E-02 1.50E+02 5.65E+00 
5 2 50 3.80E-02 4.23E+02 1.15E+01 
5 2 100 2.95E-02 9.00E+02 2.05E+01 
5 2 200 1.47E-02 1.88E+03 3.60E+01 
5 2 500 6.12E-03 4.90E+03 4.00E+01 
5 2 1000 3.20E-03 9.99E+03 5.00E+01 
5 5 1 9.62E-01 0.00E+00 1.19E+00 
5 5 2 5.24E-01 1.50E+00 1.43E+00 
5 5 5 2.68E-01 1.19E+01 2.05E+00 
5 5 10 1.69E-01 3.19E+01 2.85E+00 
5 5 20 1.02E-01 7.48E+01 3.99E+00 
5 5 50 4.92E-02 2.17E+02 6.85E+00 
5 5 100 2.87E-02 4.63E+02 1.12E+01 
5 5 200 1.67E-02 9.86E+02 2.10E+01 
5 5 500 7.13E-03 2.66E+03 2.50E+01 
5 5 1000 3.81E-03 5.52E+03 3.00E+01 
5 10 1 1.39E+00 0.00E+00 1.19E+00 
5 10 2 8.07E-01 0.00E+00 1.40E+00 
5 10 5 3.44E-01 3.17E+00 1.93E+00 
5 10 10 2.11E-01 1.45E+01 2.51E+00 
5 10 20 1.21E-01 3.70E+01 3.24E+00 
5 10 50 6.11E-02 1.16E+02 4.83E+00 
5 10 100 3.74E-02 2.53E+02 7.13E+00 
5 10 200 2.33E-02 5.46E+02 1.20E+01 
5 10 500 1.02E-02 1.47E+03 1.50E+01 
5 10 1000 6.21E-03 3.06E+03 2.00E+01 
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Z E d B C jδδδδ 
6 0.3 1 3.71E-01 1.13E+01 1.31E+00 
6 0.3 2 2.36E-01 2.87E+01 1.85E+00 
6 0.3 5 1.05E-01 8.86E+01 3.72E+00 
6 0.3 10 5.65E-02 2.01E+02 6.48E+00 
6 0.3 20 3.54E-02 4.41E+02 1.06E+01 
6 0.3 50 2.23E-02 1.17E+03 1.65E+01 
6 0.3 100 1.47E-02 2.36E+03 2.37E+01 
6 0.3 200 9.80E-03 4.75E+03 2.61E+01 
6 0.3 500 4.88E-03 1.19E+04 3.00E+01 
6 0.3 1000 2.94E-03 2.38E+04 3.50E+01 
6 0.5 1 3.82E-01 9.90E+00 1.31E+00 
6 0.5 2 2.49E-01 2.57E+01 1.85E+00 
6 0.5 5 1.15E-01 7.96E+01 3.72E+00 
6 0.5 10 6.30E-02 1.82E+02 6.48E+00 
6 0.5 20 3.97E-02 4.05E+02 1.06E+01 
6 0.5 50 2.01E-02 1.10E+03 1.65E+01 
6 0.5 100 1.35E-02 2.26E+03 2.37E+01 
6 0.5 200 8.65E-03 4.57E+03 2.61E+01 
6 0.5 500 4.38E-03 1.14E+04 3.00E+01 
6 0.5 1000 3.07E-03 2.28E+04 4.00E+01 
6 1 1 4.23E-01 7.12E+00 1.25E+00 
6 1 2 2.79E-01 1.95E+01 1.60E+00 
6 1 5 1.36E-01 6.16E+01 2.74E+00 
6 1 10 8.09E-02 1.41E+02 4.52E+00 
6 1 20 4.72E-02 3.13E+02 8.16E+00 
6 1 50 2.42E-02 8.63E+02 1.82E+01 
6 1 100 1.32E-02 1.82E+03 3.21E+01 
6 1 200 8.15E-03 3.76E+03 4.99E+01 
6 1 500 4.25E-03 9.40E+03 6.00E+01 
6 1 1000 3.19E-03 1.88E+04 7.00E+01 
6 2 1 4.83E-01 3.01E+00 1.23E+00 
6 2 2 3.39E-01 1.20E+01 1.52E+00 
6 2 5 1.73E-01 4.07E+01 2.35E+00 
6 2 10 1.08E-01 9.45E+01 3.60E+00 
6 2 20 6.31E-02 2.10E+02 5.76E+00 
6 2 50 3.35E-01 5.87E+02 1.20E+01 
6 2 100 2.20E-02 1.25E+03 2.29E+01 
6 2 200 1.24E-02 2.63E+03 4.19E+01 
6 2 500 5.11E-03 6.84E+03 5.50E+01 
6 2 1000 3.01E-03 1.40E+04 7.00E+01 
6 5 1 7.23E-01 0.00E+00 1.20E+00 
6 5 2 4.11E-01 3.54E+00 1.44E+00 
6 5 5 2.32E-01 1.94E+01 2.07E+00 
6 5 10 1.42E-01 4.73E+01 2.85E+00 
6 5 20 8.45E-02 1.08E+02 4.03E+00 
6 5 50 4.21E-02 3.06E+02 7.01E+00 
6 5 100 2.51E-02 6.55E+02 1.21E+01 
6 5 200 1.53E-02 1.38E+03 2.18E+01 
6 5 500 6.97E-03 3.73E+03 3.00E+01 
6 5 1000 4.01E-03 7.73E+03 4.00E+01 
6 10 1 1.11E+00 0.00E+00 1.19E+00 
6 10 2 5.95E-01 0.00E+00 1.42E+00 
6 10 5 2.87E-01 8.00E+00 1.99E+00 
6 10 10 1.74E-01 2.38E+01 2.62E+00 
6 10 20 1.02E-01 5.71E+01 3.37E+00 
6 10 50 4.17E-02 1.68E+02 4.97E+00 
6 10 100 3.25E-02 3.72E+02 7.19E+00 
6 10 200 1.90E-02 7.94E+02 1.17E+01 
6 10 500 8.40E-02 2.14E+03 3.32E+01 
6 10 1000 4.72E-03 4.45E+02 6.70E+01 
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Z E d B C jδδδδ 
7 0.3 1 3.40E-01 1.43E+01 1.33E+00 
7 0.3 2 2.17E-01 3.52E+01 1.91E+00 
7 0.3 5 1.01E-01 1.08E+02 3.90E+00 
7 0.3 10 5.38E-02 2.44E+02 7.03E+00 
7 0.3 20 3.10E-02 5.29E+02 1.17E+01 
7 0.3 50 1.92E-02 1.40E+03 1.85E+01 
7 0.3 100 1.22E-02 2.83E+03 2.16E+01 
7 0.3 200 8.43E-03 5.69E+03 3.53E+01 
7 0.3 500 4.22E-03 1.42E+03 2.16E+01 
7 0.3 1000 2.02E-03 2.85E+03 3.53E+01 
7 0.5 1 3.61E-01 1.31E+01 1.31E+00 
7 0.5 2 2.29E-01 3.20E+01 1.79E+00 
7 0.5 5 1.06E-01 9.83E+01 3.47E+00 
7 0.5 10 6.02E-02 2.23E+02 6.41E+00 
7 0.5 20 3.59E-02 4.94E+02 1.12E+01 
7 0.5 50 1.68E-02 1.33E+03 2.19E+01 
7 0.5 100 1.28E-02 2.74E+03 2.99E+01 
7 0.5 200 8.11E-03 5.52E+03 4.58E+01 
7 0.5 500 4.78E-03 1.38E+04 2.99E+01 
7 0.5 1000 3.26E-03 2.76E+04 4.58E+01 
7 1 1 3.82E-01 9.65E+00 1.26E+00 
7 1 2 2.56E-01 2.51E+01 1.63E+00 
7 1 5 1.25E-01 7.69E+01 2.79E+00 
7 1 10 7.34E-02 1.75E+02 4.65E+00 
7 1 20 4.35E-02 3.89E+02 8.19E+00 
7 1 50 2.62E-02 1.08E+03 1.87E+01 
7 1 100 1.48E-02 2.27E+03 3.32E+01 
7 1 200 1.05E-02 4.70E+03 5.12E+01 
7 1 500 5.96E-03 1.17E+04 7.00E+01 
7 1 1000 4.26E-03 2.35E+04 9.00E+01 
7 2 1 4.35E-01 5.75E+00 1.22E+00 
7 2 2 2.95E-01 1.74E+01 1.53E+00 
7 2 5 1.51E-01 5.44E+01 2.38E+00 
7 2 10 8.87E-02 1.24E+02 3.55E+00 
7 2 20 5.48E-02 2.76E+02 5.67E+00 
7 2 50 2.45E-02 7.57E+02 1.17E+01 
7 2 100 1.63E-02 1.61E+03 2.15E+01 
7 2 200 1.02E-02 3.38E+03 3.93E+01 
7 2 500 4.79E-03 8.78E+03 5.00E+01 
7 2 1000 2.80E-03 1.79E+04 6.00E+01 
7 5 1 5.76E-01 8.53E-01 1.21E+00 
7 5 2 3.69E-01 7.28E+00 1.47E+00 
7 5 5 1.96E-01 2.77E+01 2.20E+00 
7 5 10 1.19E-01 6.57E+01 3.14E+00 
7 5 20 7.00E-02 1.48E+02 4.54E+00 
7 5 50 3.65E-02 4.16E+02 7.98E+00 
7 5 100 2.36E-02 8.90E+02 1.33E+01 
7 5 200 1.40E-02 1.88E+03 2.43E+01 
7 5 500 6.32E-03 5.06E+02 3.00E+01 
7 5 1000 3.62E-03 1.05E+03 4.00E+01 
7 10 1 8.93E-01 0.00E+00 1.18E+00 
7 10 2 4.74E-01 1.52E+00 1.40E+00 
7 10 5 2.65E-01 1.42E+01 1.94E+00 
7 10 10 1.66E-01 3.65E+01 2.54E+00 
7 10 20 1.03E-02 8.42E+02 3.33E+00 
7 10 50 4.94E-02 2.38E+02 4.89E+00 
7 10 100 3.05E-02 5.10E+02 7.25E+00 
7 10 200 1.72E-02 1.07E+03 1.27E+01 
7 10 500 7.59E-03 2.90E+03 3.24E+01 
7 10 1000 4.32E-03 6.01E+04 6.70E+01 
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Z E d B C jδδδδ 
8 0.3 1 3.04E-01 1.63E+01 1.34E+00 
8 0.3 2 1.84E-01 4.02E+01 1.97E+00 
8 0.3 5 8.39E-02 1.24E+02 4.20E+00 
8 0.3 10 4.72E-02 2.81E+02 7.47E+00 
8 0.3 20 3.73E-02 6.22E+02 1.24E+01 
8 0.3 50 2.81E-02 1.63E+03 2.09E+01 
8 0.3 100 2.06E-02 3.29E+03 3.07E+01 
8 0.3 200 1.18E-02 6.69E+03 3.88E+01 
8 0.3 500 5.98E-03 1.67E+04 5.00E+01 
8 0.3 1000 3.89E-03 3.34E+04 6.00E+01 
8 0.5 1 3.07E-01 1.57E+01 1.32E+00 
8 0.5 2 1.95E-01 3.77E+01 1.90E+00 
8 0.5 5 9.84E-02 1.17E+02 3.79E+00 
8 0.5 10 6.23E-02 2.67E+02 6.66E+00 
8 0.5 20 3.22E-02 5.76E+02 1.13E+01 
8 0.5 50 2.18E-02 1.36E+03 2.18E+01 
8 0.5 100 1.24E-02 3.15E+03 2.91E+01 
8 0.5 200 1.03E-02 6.37E+03 3.38E+01 
8 0.5 500 5.34E-03 1.59E+04 2.91E+01 
8 0.5 1000 3.30E-03 3.18E+04 3.38E+01 
8 1 1 3.41E-01 1.24E+01 1.26E+00 
8 1 2 2.31E-01 3.14E+01 1.65E+00 
8 1 5 1.23E-01 9.63E+01 2.86E+00 
8 1 10 7.15E-02 2.16E+02 4.65E+00 
8 1 20 4.42E-02 4.76E+02 8.24E+00 
8 1 50 3.40E-02 1.30E+03 1.86E+01 
8 1 100 1.82E-02 2.73E+03 3.21E+01 
8 1 200 1.30E-02 5.64E+03 5.16E+01 
8 1 500 6.88E-03 1.41E+04 6.00E+01 
8 1 1000 4.25E-03 2.82E+04 7.00E+01 
8 2 1 4.13E-01 8.23E+00 1.24E+00 
8 2 2 2.70E-01 2.16E+01 1.56E+00 
8 2 5 1.36E-01 6.66E+01 2.51E+00 
8 2 10 8.00E-02 1.51E+02 3.81E+00 
8 2 20 4.92E-02 3.34E+02 6.04E+00 
8 2 50 2.82E-02 9.32E+02 1.23E+01 
8 2 100 2.02E-02 1.97E+03 2.27E+01 
8 2 200 9.89E-03 4.07E+03 4.26E+01 
8 2 500 4.25E-03 1.06E+04 6.00E+01 
8 2 1000 2.32E-03 2.16E+04 7.00E+01 
8 5 1 5.17E-01 2.78E+00 1.20E+00 
8 5 2 3.51E-01 1.11E+01 1.47E+00 
8 5 5 1.93E-01 3.75E+01 2.16E+00 
8 5 10 1.12E-01 8.56E+01 3.03E+00 
8 5 20 6.28E-02 1.90E+02 4.30E+00 
8 5 50 2.73E-02 5.31E+02 7.46E+00 
8 5 100 1.70E-02 1.14E+03 1.28E+01 
8 5 200 1.02E-02 2.40E+03 2.41E+01 
8 5 500 4.63E-03 6.49E+03 1.28E+01 
8 5 1000 2.97E-03 1.35E+04 2.41E+01 
8 10 1 7.03E-01 0.00E+00 1.19E+00 
8 10 2 4.13E-01 4.13E+00 1.42E+00 
8 10 5 2.32E-01 2.05E+01 2.02E+00 
8 10 10 1.45E-01 4.94E+01 2.70E+00 
8 10 20 8.70E-02 1.12E+02 3.62E+00 
8 10 50 4.55E-02 3.19E+02 5.71E+00 
8 10 100 3.10E-02 6.80E+02 8.80E+00 
8 10 200 1.51E-02 1.43E+03 1.54E+01 
8 10 500 5.96E-03 3.87E+03 3.60E+01 
8 10 1000 3.12E-03 8.02E+03 7.09E+01 
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APPENDIX C- RELATIVE TL EFFICIENCY OF MCP-N AND TLD-300 
DETECTORS  

 
Table C.1  Relative TL efficiency of LiF:Mg,Cu,P (MCP-N) thermoluminescent detectors (from Bilski, Olko et 
al., 1994)  

 
Radiation  

 
Mean Energy 

[MeV] 
η 
 

ση 
 

Co-60  1.25  1.04 0.02 
Pm-147 β electrons 0.062 0.90 0.02 

X-rays 0.248 0.93 0.02 
X-rays 0.205 0.89 0.02 
X-rays 0.161 0.85 0.02 
X-rays 0.118 0.80 0.02 
X-rays 0.100 0.75 0.01 
X-rays 0.083 0.73 0.01 
X-rays 0.065 0.74 0.02 
X-rays 0.048 0.80 0.02 
X-rays 0.033 0.75 0.02 
X-rays 0.026 0.71 0.025 
X-rays 0.017 0.60 0.015 
X-rays 0.012 0.59 0.016 

3H 2.73 0.155 0.02 
α-particles 0.55 0.034 0.007 
α-particles 0.97 0.030 0.007 
α-particles 1.50 0.034 0.004 
α-particles 2.00 0.036 0.002 
α-particles 2.50 0.040 0.002 
α-particles 3.00 0.043 0.002 
α-particles 3.48 0.047 0.003 
α-particles 3.99 0.050 0.004 
α-particles 4.50 0.056 0.003 
α-particles 4.99 0.060 0.004 

Thermal neutrons 32×10-9 0.104 0.012 
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Table C.2 Evaluated values of TL efficiency, η(E), for the peak 3 of CaF2:Tm (TLD-300) relative to the 
response of 60Co γ-rays (from Olko, 1998) 
 

Author Radiation  Energy   
[MeV] 

Lineal energy 
(LET) 

[kev µµµµm-1] 

TL efficiency, 
ηηηη(E) 

 
Hoffman and Prediger, 1983,  He+2  6 0.68 ±  0.035 

 He+2  10 0.54  ±  0.04 

 He+2  15 0.53 ± 0.035 

 He+2  20 0.46  ± 0.035 

 He+2  25 0.44  ±  0.035 

 He+2  30 0.42  ±  0.035 

Shachar and Horowitz , 1988 X-rays 0.050  0.68 

 X-rays 0.090  0.65 

 X-rays 0.150  0.80 

 X-rays 0.180  0.85 

Lakshmanan et al., 1981 X-rays 0.029  0.88 

 X-rays 0.037  0.85 

 X-rays 0.056  0.87 

 X-rays 0.080  1.03 

 X-rays 0.120  1.02 

Pradhan et al., 1985 X-rays 0.030  0.58 

 X-rays 0.075  1.0 

 X-rays 0.100  1.28 

 X-rays 0.130  1.35 
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APPENDIX D – CALCULATION OF LIGHT CORRECTION 
COEFFICIENT IN MTS-N DETECTORS 

 
The light correction coefficient for TL detector, fL, irradiated with a parallel proton beam can 
be calculated applying Equations 5.5.7 and 5.5.8 to the Equation 5.5.3 and substituting D(x) 
by  
 

D x dE L E dF E x
dE

E

( ) ( ) ( , )= ∫
1

0

0

ρ
    D.1 

where   
  F(E,x)  - differential proton fluence  
  L(E)  - proton stopping power in LiF 
  η(E) - TL efficiency of LiF;Mg,Ti detectors for protons relative to 137Cs  γ-rays 
 
The final expression for calculation of light correction coefficient, fL,  is then expressed as 
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The values of η(E) needed to calculate fL for TLD-100 (LiF:Mg,Ti) detectors in the proton 
energy range from 0.1 to 100 MeV calculated using Track Structure Theory by Vezzu (1996) 
are given in Table A.1 
 
Table D.1 Relative Efficiency, η, of LiF:Mg,Ti (TLD-100) detectors on low doses of protons relative to 60Co 
gamma-rays calculated  using Track Structure Theory (adopted from Tab. 4, Vezzu, 1996). 
 

Energy [MeV] η Energy [MeV] η 
0.1 0.01 7 0.702 
0.2 0.041 8 0.808 
0.3 0.091 9 0.908 
0.4 0.133 10 0.951 
0.5 0.164 20 1.047 
0.6 0.191 30 1.046 
0.7 0.214 40 1.028 
0.8 0.235 50 1.011 
0.9 0.255 60 0.99 
1 0.275 70 0.977 
2 0.408 80 0.962 
3 0.501 90 0.951 
4 0.569 100 0.94 
5 0.626 200 0.873 
6 0.667   


