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Abstract 

In this research, various kinetic models were developed for LiF:Mg,Ti crystals, both 

in the irradiation and recombination stages. The models were later used to improve on 

track structure theory, which attempts to describe radiation effects of Heavy charged 

particle.  

To achieve this goal, the research focused on three main areas of endeavor.  

1. In the first experimental measurements of optical absorption on LiF:Mg,Ti 

following low ionization density radiation (photons) and high ionization density 

protons and He ions were carried out in order to investigate the degree of 

applicability of track structure theory to the prediction of heavy charged particle 

induced effects of radiation. These measurements are described below.  

a) Photon induced optical absorption (OA) dose response was measured over 

an extended dose-range from 10 Gy to 10
5
 Gy for the main OA bands in 

LiF:Mg,Ti, i.e., the 4.0 eV band (trapping center associated with glow peak 5 

in the thermoluminescence glow curve), 4.77 eV band , 5.08 eV (F band) and 

5.45 eV band. The extended dose-range allowed the unambiguous 

determination of linear/exponentially saturation behavior for all the OA 

bands. For the two main OA bands of interest at 4.0 eV and 5.08 eV,  the dose 

filling factor was determined to be 5 ± 0.6.10
-4

 Gy
-1

 and  6.1 ± 0.4 × 10
-5

    

Gy
-1

 respectively. The surprising, previously unexplained, 

linear/exponentially saturating dose response of the F band even though 

vacancies/F centers are being created by the radiation was explained in a 

kinetic analysis also described in the following. 

b) Heavy charged particle (HCP) optical absorption was carried out for 1.4 

MeV protons and 4 MeV He ions at the SARAF, RARAF and BINA 

accelerators. Fluence response was measured over the extended range from 

10
10

 cm
-2

 to 2.10
14

 cm
-2

. The low fluence region from 10
10

 cm
-2

 to 10
11

 cm
-2

 

in the no-track-overlap regime allows a comparison of the experimental 

measurements and the track structure theory (TST) evaluations of the relative 

OA band HCP induced efficiencies as described in the following. The high 

fluence region has allowed the determination of the saturation concentration 

of the F band and 4.77 eV band using the Beer-Lambert and Smakula 

formulas. The results indicate order of magnitude enhanced concentrations of 
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these centers following the proton and He irradiations relative to photon 

irradiation.  

2. Kinetic Analysis: The second focus of investigation was the development of a 

kinetic model to describe charge carrier transport in the LiF:Mg,Ti system 

including three features delineated in the following. The primary motivation for 

the kinetic analysis was the intention to modify track structure theory by taking 

into account enhanced vacancy/F center creation in the low ionization density 

kinetic simulations but was expanded in order to simulate the unique features of 

dose response in LiF:Mg,Ti. The kinetic model includes: 

c) Estimated electron-hole (e-h) and e-only population of the spatially correlated 

trapping center/luminescent center responsible for composite glow peak 5 in 

the glow curve of LiF:Mg,Ti.  

d) Combined localized and delocalized recombination of the e-h and e-only 

centers in the recombination stage. These features are shown to be capable of 

simulating both the linear/supralinear dose response and the dependence of 

the supralinearity on photon energy as is observed for composite peak 5. Both 

of these characteristics have previously eluded the predictive powers of 

kinetic theory based exclusively on delocalized recombination.    

e) Vacancy/F center creation in the irradiation stage including vacancy-

interstitial recombination. The kinetic model with the latter mechanisms  

attempts to resolve a central question concerning the mechanisms leading to 

the linear/exponentially saturating dose response of the F band even though 

Fluorine vacancies are being continuously created during the irradiation. The 

electron-trapping characteristics of the created vacancies are assumed to 

differ somewhat from the vacancies originally present in un-irradiated 

samples due to differences in their immediate environment. The kinetic model 

accurately simulates the experimentally observed F center dose response over 

the entire investigated dose range of 10 Gy -10
5
 Gy under the following 

conditions: (i) The concentration of vacancies initially present is 

unexpectedly high at ~ 10
23

 m
-3

,  possibly due to the highly doped, non-

crystalline and hot-pressed nature of the LiF:Mg,Ti samples. (ii) The 

transition probability, An4o, for electron capture into the initially-present 

vacancies is ~ 40 times greater than An4, the transition probability for the 
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radiation-created vacancies. These two factors marginalize the effect of the 

created vacancies at low dose resulting in a linear dose response.  

3. Track structure theory: The third focus of investigation concerned the ability of 

TST to accurately calculate HCP induced OA Relative HCP OA efficiencies. 

Values of ηTST based on LID dose response, were compared with experimentally 

measured relative efficiencies, ηm, at no-track-overlap fluence levels of 10
10

-10
11

 

cm
-2

 for protons and He particles. The F band values of ηm/ηTST are 2.0 and 2.6 for 

the He ions and protons respectively. The deviation from unity is explained as due 

to the neglect of enhanced vacancy/F center creation in the conventional TST 

calculations which ignore defect creation. It is demonstrated that kinetic analysis 

simulating LID dose response with enhanced vacancy creation, and incorporated 

into the TST calculation, can lead to values of  ηm=ηTST for the F band. At the 

other extreme, for the 4.0 eV band, the values of ηm/ηTST are much less than unity, 

equal to 0.18 for the protons and < 0.12 for the He ions. These very low values 

suggest that the 4.0 eV trapping structure is being either destroyed or de-populated 

(perhaps by local heating/thermal spike/Coulomb explosion) during the HCP 

slowing down. Processes which do not occur (or are greatly reduced) during LID 

irradiation.  In any case, the large deviations of ηm/ηTST from unity for both the F 

band and the 4.0 eV band demonstrate that conventional TST, which attempts to 

predict HCP induced radiation effects from  the exclusive  action of the released 

secondary electrons, is woefully inadequate. On a more positive note it was 

demonstrated that inclusion of defect creation in the LID kinetic analysis could 

lead to agreement between calculated and experimentally measured HCP induced 

F band OA.   

  

 



1 
 

Contents 

1 Introduction 5 

1.1 Subject Review  ........................................................................................................ 5 

1.2 Track Structure Theory ............................................................................................. 6 

1.3 Optical Absorption  ................................................................................................. 11 

1.4 Experimental Measurements of ηpγ and ηαγ  ............................................................ 13 

1.5 Fluorine vacancy/F center Creation and vacancy interstitial recombination  ........... 14 

1.6 F Center radiation creation mechanisms:  ............................................................... 15 

1.7 Fluorine Vacancy concentration in un-irradiated material:                                                  

F center concentration at saturation in LiF:Mg,Ti…………………………………...17 

1.8 Vacancy interstitial recombination  ......................................................................... 18 

1.9 F center Dose response  .......................................................................................... 19 

1.10 Kinetic modeling  .................................................................................................... 21 

2 Review of the papers and their connection to the research areas……. ........................... 25 

2.1 Dose response of F center optical absorption in LiF:Mg,Ti ...................................... 25 

2.2 Conduction band/valence band kinetic modeling of the LiF:Mg,Ti system 

incorporating creation of defects in the irradiation stage…………………………….25 

2.3 A kinetic model incorporating localized and delocalized recombination:               

Application to the TL dose response on photon energy……………………………...26 

2.4 Nanodosimetric kinetic model incorporating localized and delocalized 

recombination:application to the prediction of the electron dose                          

response of the peak 5a/5 ratio in the glow curve of LiF:Mg,Ti................................ 27 

2.5 Kinetic modeling of Fluorine vacancy/F center creation in LiF:Mg,Ti:                       

Evaluating the factors leading to the lack of supralinearity in the                                                                

optical absorption dose response……………………………………………………..28 

2.6 Probing the Nanostructure of Helium and Proton tracks in LiF:                                      

Mg,Ti Using  Optical Absorption: Implications to  Track Structure                                 

Theory Calculations of Heavy Charged Particle Relative Efficiency………………..29 

3 Chronological order of papers, their connection and how they create a logical and    

continuous framework ................................................................................................. 31 

4 Experimental setup  ..................................................................................................... 32 

4.1 Details of irradiation facilities ................................................................................. 32 

4.2 SARAF Facility ...................................................................................................... 34 

4.3 BINA Facility ......................................................................................................... 35 

4.4 RARAF Facility ...................................................................................................... 35 

4.5 OA measurement system  ....................................................................................... 37 

4.6 Operation principle  ................................................................................................ 38 

5 Papers…….. ................................................................................................................ 40 



2 
 

6 Discussion and Conclusions  ....................................................................................... 41 

6.1 Kinetic Modeling  .................................................................................................... 41 

6.2 Heavy Charged Particle Radiation Physics .............................................................. 46 

6.3 TST calculations and experimental measurements  ................................................. 48 

6.4 Modification  of fLID(D) due to enhanced HCP creation of F centers ........................ 51 

6.5 Conclusions concerning applicability of TST .......................................................... 53 

7 References ................................................................................................................. 55 

8 Appendix A: Probing the Nanostructure of Helium and Proton tracks in              

LiF:Mg,Ti Using  Optical Absorption: Implications to  Track Structure Theory 

Calculations of Heavy Charged Particle Relative Efficiency…………………………...62 

 

  



3 
 

List of figures 

Figure 1.1. Schematic representation of the calculation of relative TL efficiencies as    

 expressed in equation 1.1. ..................................................................................  7 

Figure 1.2. Monte Carlo calculation for Radial dose in condensed phase LiF                               

,left – protons, right – 
4
He. ................................................................................... 9 

Figure 1.3. Optical absorption of LiF;Mg,Ti  at 1000 Gy   irradiation. ............................... 12 

Figure 1.4. The conduction band/valence band energy diagram, Irradiation stage. ............... 21 

Figure 1.5. Energy band diagram of the recombination stage. ............................................. 23 

Figure 4.1. Left - Sketch of the accelerator facility at SARAF, right - A sketch                                    

of the gold foil and the silicon detector position in the D-Plate ........................... 34 

Figure 4.2. Sample holder at the BINA facility (left), The beam profile nominal                  

dimensions measured using a thin capton foil at the BINA facility (right) ........... 35 

Figure 4.3. The experiment set up (left). The samples at RARAF were positioned on an  

irradiation wheel with a Mylar dish centered on the beam exit havar window 

(right) ................................................................................................................ 36 

Figure 4.4. A Schematic diagram of the optics of the spectrophotometer ............................. 37 

Figure 4.5. LID OA spectrum before background subtraction ............................................. 38 

Figure 4.6. LID OA spectrum following background subtraction. ....................................... 38 

Figure 4.7. Typical deconvoluted OA spectrum of   irradiated samples. ............................. 39 

Figure 6.1. Kinetic simulation of the OA dose response of the various bands                         

following LID irradiation ................................................................................... 42 

Figure 6.2. The dependence of vacancy concentration on dose with and without vacancy  

interstitial recombination. ................................................................................... 43 

Figure 6.3.  Right: The dependence of F center concentration on dose: (nFvo – capture of  

electrons into originally present vacancies, nFvc – capture of electrons into                                 

created vacancies). Left- the ratio of nFvo to nFvc as a function of dose. ................ 44 

Figure 6.4. Kinetic simulation of the linear/supralinear behavior of the TL dose response                

of composite peak 5. Upper curve (
60

Co); lower curve (8 keV x-rays)................. 44 



4 
 

Figure 6.5. Comparison the theoretically simulated values of 5a/5 as a function of                       

dose with the experimentally measured values.................................................... 45 

Figure 6.6. Monte Carlo calculations of:  Left –secondary electron spectrum                         

following 1.43 MeV proton irradiation of LiF. Right - secondary electron                            

spectrum following 4 MeV He irradiation of LiF. ............................................... 46 

Figure 6.7. Experimentally measured absorption coefficient for the F band as a                      

function of proton fluence. ................................................................................. 48 

Figure 6.8. Experimentally measured absorption coefficient for the F band as                            

a function of He fluence ..................................................................................... 48 

Figure 6.9. F band He absorption coefficient normalized to the fluence. Note the                    

entry into saturation at fluence levels above ~ 10
11

 cm
-2

 due to track overlap. ..... 49 

Figure 6.10. F band proton absorption coefficient normalized to the fluence. Note the                  

entry into saturation at fluence levels above ~ 10
11

 cm
-2

 due to track overlap. ..... 49 

Figure 6.11. Kinetic simulations of the F center dose response for proton and He                            

in the HCP tracks due to enhanced creation of vacancies. ................................... 52 

  



5 
 

1 Introduction  

1.1 Subject Review 

The main thrust of my thesis research has been the investigation of the applicability of 

track structure theory (TST) to radiation effects induced by heavy charged particles 

(specifically low energy protons and He ions) in LiF:Mg,Ti (TLD-100). This resulted 

in a parallel investigation into the role of Fluorine vacancy creation of F centers and 

vacancy-interstitial recombination in the LiF:Mg,Ti system, and in addition, the 

development of conduction band/valence band kinetic models capable of describing 

the major phenomena involving ionization density effects in this system. LiF:Mg,Ti is 

the primary material used in a myriad number of dosimetry applications and a robust 

theory of its response to both low ionization density (LID) and high ionization density 

(HID) radiation is a fundamental requirement to its efficient and accurate application. 

The experimental part of my work involved the measurement of the optical absorption 

(OA) dose response induced by gamma rays of low ionization density and the 

measurement of the relative efficiencies of low energy heavy charged particles 

(HCPs) of high ionization density. The proton and He irradiations were carried out at 

the following accelerators: (i) SARAF (Soreq Applied Research Accelerator Facility) 

at the Soreq Nuclear Research Center, (ii) BINA (Institute for Nanotechnology and 

Advanced Materials) at Bar Ilan University and the Radiological Research 

Accelerator Facility (RARAF) at Columbia University. Although TST has been used 

to estimate relative heavy charged particle TL efficiencies in various materials, its 

accurate application  has been recently questioned due to the major assumption that 

the HCP induced radiation effect can be predicted by considering only the radiation 

effect of the released secondary electrons in the HCP slowing down. The enhanced 

creation of defects and other possible mechanisms induced by the HCPs has been 

largely ignored.     
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1.2 Track Structure Theory 

Radiation effects induced by heavy charged particles (HCPs) involve complex issues 

mainly due to the deposition of the HCP energy in tracks of micron dimensions 

leading to extremely high levels of dose. In addition, the heavy mass and short time 

scale of deposited energy of the HCPs leads to the enhanced creation of various types 

of defects (e.g., Fluorine vacancies/F centers, F2 centers, etc [1-6]). In particular close 

to the ion path extremely high energies are deposited in a very small volume of some 

hundreds of eV/nm
3
 within an extremely short time, difficult to reach by any other 

radiation source. The high energy density in the core region has a strong influence on 

the defect creation, whereas the damage in the larger halo is believed to be more 

similar to the effects induced by conventional radiation such as electrons/photons or x 

rays. The dose decreases approximately as r
-2

 for radial distances up to 100 Å from 

the ion path. The distinction between the “core” and “halo” is somewhat arbitrary and 

can vary according to the radiation effect in question. In the systems discussed herein 

F center saturation occurs for radial distances less than ~ 50 Å which defines the 

“core” region. A thermal spike model has been suggested [7] in which there is melting 

in a cylindrical zone along the ion path, followed by a rapid quench. The radius of this 

cylindrical melt zone has been suggested to be of the order of 2 nm at energy loss 

greater than 4 keV/nm, however, Perez et al [8] came to the conclusion that 

mechanisms such as Coulomb explosion or melting which could take place above 

certain dissipation - energy- threshold must be ruled out. My research, on the other 

hand, has demonstrated that local heating may be necessary to describe some of the 

effects studied herein.  

 

Track structure theory (TST) attempts to calculate the intensity of HCP induced 

radiation effects from the same radiation effects generated by LID as shown in 

equation 1.1 below. 

 

 

              (1.1) 
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D(r,z) is the radial dose at penetration distance z and f(D) is the normalized dose 

response (The efficiency of creation of the radiation effect experimentally measured 

with LID radiation) defined in equation 1.2. ηHCP,γ is the relative efficiency average 

over the entire HCP track. Wγ and WHCP are the average energy required to produce 

an e-h pair by gamma and HCP radiations which has been previously estimated at ~ 

1.1 [9]. ηδγ equals unity for the purposes of this investigation. Further information 

concerning the derivation/meaning of equation 1.1 is available elsewhere [9]. 

 

 

  

 

 

 

 

 

Figure 1.1. Schematic representation of the calculation of relative TL efficiencies as expressed in 

equation 1.1.  

Microdosimetric response of physical and biological systems to low and high LET radiation. First edition 2006  

 

These types of calculations have been widely applied to radiation damage effects in 

DNA and various biological end-effects [10] without very significant success – 

perhaps due to the complex nature of the DNA molecule, the interaction of the 

surround with DNA during irradiation [11] and the presence of a significant intensity 

of sub-ionization energy electrons (uncharted territory) which may influence the 

observed radiation end-effect [12]. As can be seen from equation 1.1 the calculation 

of the HCP induced radiation effect requires knowledge of D(r) and f(D).  

 

]
*

*)(
/[]

D

F(D)
[=f(D)

D

DF                  (1.2) 

 

This definition of f(D) is appropriate when there is a region of linear dose response at 

dose D
*
. F(D)

*
 is the intensity of the radiation effect at low dose in the region of linear 

response and F(D) is the intensity of the radiation effect at dose D. If the dose 
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response shows no region of linearity alternate methods to evaluate and ηHCP,γ must 

be employed using F(D). 

A major assumption of TST is, therefore, that the HCP radiation effect is generated by 

the released secondary electrons only. Other possible HCP induced radiation 

mechanisms, e.g., enhanced creation of various defects due to their heavier mass or 

short time scale of energy deposition are ignored entirely and are assumed to be of 

minor importance. For application to biological systems D(r) has been calculated by 

both analytical and Monte Carlo methods in water or tissue-equivalent gas [13, 14]. 

Horowitz and Kalef-Ezra [9] were the first who attempted to use modified TST to 

calculate relative HCP TL efficiencies in a solid state system such as LiF:Mg,Ti. The 

modified form of TST requires matching of the secondary electron spectrum created 

by the HCP with the electron spectrum used to experimentally measure f(D). This 

places very stringent requirements on the electron energy for low energy protons and 

He ions since the maximum energy of the secondary electrons generated by these 

HCPs is ~ 3 keV and the average energy is ~ 1 keV. The maximum energy can be 

estimated from the formula: 

 

                                        Emax = (4me/M) EHCP             (1.3) 

 

Where M is the mass of the HCP, me is the mass of the electron and EHCP is the HCP 

energy.  

The requirement of matching the energy spectra arises when f(D) is dependent on 

electron energy (ionization density) as is the case in LiF:Mg,Ti and many other TL 

materials in which the TL dose response is supralinear [(f(D) >1] at certain levels of 

dose [15]. For composite glow peak 5 in LiF:Mg,Ti, irradiated by gamma rays of 

energy >100 keV, f(D) >1  between approximately 1-3000 Gy reaching values of           

~ 3-5 at a few hundred Gy. Below Eγ = 100 keV, f(D)max  decreases to values of ~1.5 

for Eγ = 8 keV. Kalef-Ezra and Horowitz [9] reported reasonable agreement between 

TST theory and experimental measurements, however, several difficulties (e.g., 

scaling to estimate D(r) in condensed phase LiF, inadequate matching of f(D) 

measured spectra to HCP generated secondary electron spectra, anomalous 

experimentally measured “shape” of f(D), near-isotropic geometry of the incident He 

particle fluence) suggests in retrospect that the “good” agreement was largely 
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coincidental and due to a cancellation of errors. Decades later the “high priests” of 

radiation biology also conceded that energy-spectra-matching was imperative for TST 

calculations of HCP-induced biological end-points [16, 17] but this issue has yet to be 

resolved. 

Some years ago, Avila et al [18, 19] tackled the difficult problem of the calculation of 

D(r) in condensed phase LiF in a track segment approach. The values of D(r) for         

4 MeV He ions and 1.43 MeV protons are shown in Figure 1.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Monte Carlo calculation for Radial dose in condensed phase LiF, left – protons, right – 4He. 

J. Phys. D: Appl. Phys. 32 (1999) 1175–1181 

 

The radial dose is non-uniform in the extreme, decreasing by over 8 orders of 

magnitude from MGy levels of dose near the track axis to 10
-2

 Gy at radial distances 

of approximately 1000 Å which corresponds to the maximum range in LiF of 3 keV 

electrons. Unlike the situation in gases, experimental verification of radial dose 

profiles in condensed matter is, of course, impossible due to the nanoscopic 

dimensions of the track. However, Olko et al [20] in a microdosimetric analysis of the 

response of LiF:Mg,Cu,P detectors came to the conclusion that 20% of the entire 

energy of 5.5 MeV He particles penetrating LiF was deposited with local dose levels 

exceeding 50 KGy. The Monte Carlo calculations of Avila et al [18,19] have allowed 

a more realistic comparison of TST theory with experimental measurements in 

LiF:Mg,Ti and this time around it was demonstrated that there was significant 
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disagreement between the two, especially in the segments at the end of the tracks 

where the ionization density is highest [21]. The disagreement for the high 

temperature glow peaks in LiF:Mg,Ti (which with values of f(D)max > 50  are far  

more supralinear than composite peak 5) is much greater than that observed for 

composite peak 5. Experimental measurements of f(D) for composite peak 5 have 

been carried out from 
60

Co energies (1 MeV) to the lowest energy of 8 keV [22].  The 

TST calculations were carried out using f(D) by extrapolation of  f(D) to the required  

lower electron energies using the Unified Interaction Model - UNIM [15,21]. In a 

later study the Ben Gurion University (BGU) group [23] decided to investigate the 

applicability of TST in a TL material which does not exhibit energy-dependent-

supralinearity in the dose response, thereby relaxing the MTST requirement of 

matching the secondary electron spectra generated by the HCP to the electron spectra 

used in the LID measurement of f(D). The study was carried out on the major glow 

peak of LiF:Mg,Cu,P with the result that the TST calculated HCP induced TL relative 

efficiencies were 23-87% lower than the experimentally measured values. However, 

an analysis of the errors, i.e., uncertainty in the measurement of f(D) at high levels of 

dose due to the increasing complexity of the glow curve and significant light self-

absorption due to the opaque nature of LiF:Mg,Cu,P samples led to the conclusion 

that a definite decision concerning the degree of applicability of TST was still  beyond 

reach.  

A major subject of my PhD research has been therefore the investigation of the 

applicability of TST in a system which avoids many of the problems discussed above. 

To this aim it was decided to return to the LiF:Mg,Ti system and to carry out the 

investigation on a radiation effect which avoids the two-stage TL mechanism 

(irradiation and thermal readout) and to concentrate on the irradiation stage only. The 

proton and He energies were chosen to coincide as closely as possible with those 

calculated by Avila et al [18, 19]. The chosen radiation effect was optical absorption 

(OA) which is a direct and relatively unambiguous measurement of the concentration 

of electron populated centers following irradiation. The choice of optical absorption 

removes the requirement of MTST of matching the secondary electron spectra since 

the OA dose response of the OA bands are independent of photon/electron energy 

[24,25], thereby eliminating the requirement of irradiation with ultra low energy 

electrons and the ensuing complications (e.g., surface effects, etc..). In addition, the 

LiF;Mg,Ti samples are nearly transparent thereby eliminating problems of sample 
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light self – absorption. And, finally, one can in the OA spectrum clearly identify OA 

bands whose intensity is directly affected by enhanced HCP creation of defects, e.g., 

creation of Fluorine vacancies/F centers and other bands not associated with radiation 

creation of the defects, e.g., the 4.0 eV band believed to be associated with the TL 

trapping center of composite peak 5 [26,27]. It was also anticipated that a study of the 

absorption stage induced HCP mechanisms might lead to modifications in the TST 

modeling which would also shed light on the application of TST to HCP induced TL 

mechanisms involving the recombination stage as well. 

 

1.3 Optical Absorption 

Prior to this investigation only one attempt had been carried out to apply TST to OA 

in alkali halide materials, specifically, LiF [28]. However, the study suffered from 

several shortcomings, e.g., (i) it was carried out for high energy 56 MeV He particles 

and 28 MeV deuterons at ion fluences between 10
10

 - 10
14

 cm
-2

. Under these 

irradiation conditions track overlap resulted in non-linear/decreasing response with 

increasing fluence which seriously compromises the TST calculations intended for 

single/independent/non-interacting tracks, (ii) D(r) values were extracted from scaled 

calculations in gas and (iii) the LID dose response was measured from 1 KGy only 

and interpreted to be non-linear over the entire dose range necessary for the TST 

calculation. 

Many measurements of F band OA have been carried out on single crystal, so-called 

“pure” LiF following LID irradiation. Most of these have been carried out over 

limited ranges of dose of 1-2 orders of magnitude before entry into full saturation 

which has led some  to the conclusion that the F center dose response is proportional 

to D
a
 (0.5 < a < 0.8)  [29-31]. Prior to the current work the BGU group had measured 

the OA of LiF:Mg,Ti samples also over a limited dose range from approximately    

200 – 4000 Gy but had interpreted the dose response as linear/exponentially saturating 

[24,32]. Measurements by other groups extending to 10
4
 Gy were carried out without 

deconvolution of the OA spectra and were of limited value [33]. A typical 

deconvoluted OA spectrum is shown in Figure 1.3. 
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Figure 1.3. Optical absorption of LiF;Mg,Ti  at 1000 Gy   irradiation. 

 

The major OA bands are at 5.08 eV (F center), 4 eV (associated with the trapping 

center of composite glow peak 5), 4.77 eV (unknown structure of controversial 

nature-possible related to the F center) and 5.45 eV (believed to be a competitive 

center in the heating/recombination stage giving rise to TL glow peak 5) [34]. 

Although the dose response could be fitted by a linear/exponentially saturating 

function (equation 1.4). The limited range of measurement from 200 - 4000 Gy was 

not considered sufficient for the purpose of accurately calculating ηHCP,γ in the 

framework of  TST (equation 1.1). 

                                                        

)exp1(max

DII                  (1.4) 

A part of my experimental work involved, therefore, the measurement of the OA dose 

response over an extended dose-range as possible from 10 - 10
5
 Gy.  The previous 

BGU interpretation of a linear/exponentially saturating behavior was vindicated and 

the extended range of measurement yielded a significantly different dose filling factor 

of 6.1×10
-5

 Gy
-1

 compared to ~30×10
-5

 Gy
-1

. An additional advantage of the OA 

measurements is that the F center concentrations can be directly calculated by the 

Smakula formula as discussed below.  

The integrated absorption of an optical transition can be related to the concentration 

of absorbing centers, N, the index of refraction, n, and the oscillator strength, f, by the 

Smakula formula [35]: 

2.78 3.24

4

5.08

4.45

4.77

5.45

6.13

1 3 5 7

photon energy (eV)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

O
D

 (
a

.u
)



13 
 


  )()(

)2(
1021.8

22

315 EdE
n

n
cmfN                (1.5) 

Where α is the absorption coefficient in cm
-1

 and E is energy in eV. For Gaussian 

absorption bands the integral is:  

W max
2ln2

1



              (1.6) 

With maximum absorption αmax and full width at half maximum W. Equation (1.5) 

can then be expressed as:  

Wa
n

n
fN 


 max22

17 )
)2(

(1087.0      (1.7) 

Smakula treats the F center as a classical damped oscillator imbedded in the dielectric 

medium of the host crystal and acted upon by the Lorentz local field. Bate and Heer 

[36] have concluded that to within ~5% the value of f is 0.82 for the F band in LiF 

although values between 0.56 and 0.9 have been used in the literature. Use of the 

Smakula formula thus allows a TST estimate of the number of F centers in the HCP 

track by translating optical absorbance as a function of dose to F center concentrations 

as a function of radial dose. In addition, estimation of the maximum concentration of 

F centers generated via LID and HID radiation is important in the kinetic simulations 

as discussed in the following.  

 

1.4 Experimental Measurements of ηpγ and ηαγ 

Experimental measurements of HCP induced relative OA efficiencies require proton 

and He ion irradiations at low fluence in order to eliminate the effects of track 

overlap. It has been estimated that track-core overlap is relatively negligible for 

fluences less than ~ 10
11

 cm
-2

 for low energy protons and He ions. At these levels of 

fluence ηpγ and ηαγ can be measured using equation 1.8: 
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 1.8) 

 

Where, IHCP is the measured intensity of the radiation effect following irradiation by 

heavy charged particles, ffL is the particle fluence [cm
-2

], Etot is the total energy 
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deposited by the HCPs [eV], Iγ the measured intensity of the radiation effect 

following  beta or gamma irradiation to a dose-level,  Dγ [J/kg], m is the sample mass 

equal to 23.4·10
-6

 Kg, d is the sample thickness [cm], A is the irradiated  area of the 

sample equal ideally to the geometric area  [cm
2
] and C is the conversion factor from 

eV to Joule. 

Most previous measurements of optical absorption have been carried out in “pure” 

single crystal LiF following high energy massive heavy ion irradiation, 
40

Ar, 
84

Kr and 

129
Xe, 

238
U ions [e.g., 37-39]. These measurements are not useful in the framework of 

tests/applications of TST in the condensed phase because information concerning D(r) 

is not available. Vander Lugt et al [37] measured F center concentrations for 3 MeV 

He ions in LiF for levels of fluence from 5·10
10

 cm
-2

 to 5·10
13

 cm
-2

. Saturation was 

not observed and the F center concentration at the highest fluence was 4·10
22

 m
-3

. F 

center profiles measured by etching were consistent with the calculated ratios of 

penetration depths using stopping powers by Williams et al [40] and Lindhard et al 

[41]. In addition F center coloration was found to be nearly uniform along the track 

length. It was also estimated that 4500 F centers are created per 
3
He ion. In 

contradiction to Vander Lugt et al [37], Abu-Hassan and Townsend [42] argued that F 

center coloration extends deeper into the crystal than the projected ion range and 

extends up to 15 μ for proton and He ions of energies between 0.15 to 2.8 MeV. Bos 

et al [43] measured the OA spectrum following He particle and gamma ray irradiation 

of single crystal LiF:Mg,Ti. The He particle energy was 30 keV but even at this lower 

energy the levels of fluence were deep in the track overlap regime at 4.6·10
15

 cm
-2

 to 

4.6·10
16

 cm
-2

 so no TST analysis can be attempted. One interesting unexplained result 

of this investigation was that the 4 eV and the 5.45 eV bands associated with the 

Mg,Ti dopants were not observed.  

 

1.5 Fluorine vacancy/F center Creation and vacancy interstitial 

recombination 

The OA spectrum following gamma (LID) irradiation of LiF:Mg,Ti contains four 

major OA bands as previously mentioned. The F band is formed from the creation of 

Fluorine vacancies by the radiation as well as Fluorine vacancies present in the 

unirradiated sample. This is fortunate since it allows a test of TST for traps created by 

the radiation (the F band) as well as those assumed not to be created by the radiation, 
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the 4.0 eV, 4.77 eV and 5.45 eV OA bands. In pure LiF the 4.0 eV and 5.45 eV OA 

bands are not observed. Since TST (equation 1.1) does not take into account the 

enhanced creation of Fluorine vacancies by HCP irradiation one can expect that TST 

calculations of HCP induced F band intensities will fail by a significant margin. The 

success or lack of success of TST for the other OA bands was open to speculation. An 

additional intention in this research was to modify/improve TST by taking into 

account the enhanced vacancy/F center creation by HCPs. This was to be achieved by 

kinetic analysis which included localized/delocalized recombination and Fluorine 

vacancy/F center creation and is reviewed in the following. Although kinetic models 

including localized/delocalized recombination have been recently developed [44-46] 

they have mainly concentrated on glow peak shapes. The central problems of 

predicting linear/supralinear dose response and the dependence of the supralinearity 

on electron energy as it occurs in LiF:Mg,Ti have been ignored. 

  

1.6 F Center radiation creation mechanisms: 

There is considerable consensus that F centers are formed by ionizing radiation in 

alkali halides by two distinct processes [3, 5, 8, 28, 38]. In one of them, negative ion 

vacancies initially present in the crystal may trap electrons. In the other one, new 

vacancies are created and these in turn may trap electrons and form additional F 

centers. It has been commonly assumed that in heavily irradiated alkali halides only a 

small fraction of the F centers can be attributed to the initial vacancies. Some authors 

have suggested that the behavior of the F center dose response (linear at the lower 

dose-levels and then sublinear at higher dose with nF proportional to D
a
 (a < 1) is 

evidence for the presence of two distinct processes of creation. More direct evidence 

for the existence of two processes comes from the optical bleaching of the F centers 

which cannot be fitted by a simple decay curve, but requires at least two decay 

constants–suggesting that all the F centers may not be in the same environment. A 

rapid bleach is assumed to arise from centers formed from the initial vacancies and a 

slow bleach with the centers formed from the generated vacancies. 

 

Several mechanisms have been proposed as possibilities for the creation of F centers 

in the alkali halides.  
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i. Multiple Ionization: Varley [47] suggested that when a halogen ion is multiply 

ionized, the surplus electrostatic energy creates an unstable configuration and a 

slight perturbation can cause the ion to move from its normal lattice site into an 

interstitial position. Following recapture of all but one of the electrons, it becomes 

an interstitial halogen atom with insufficient energy to return to its normal site. 

This mechanism would be far more efficient in HCP tracks in which the energy is 

delivered in a very short time (~10
-14

 s) and at high dose levels close to the track 

than following photon/electron irradiation where the irradiation times are of the 

order of hours or days. 

ii. Dislocation – Jog: Seitz [48] proposed that the evaporation of vacancies from 

jogs on dislocations could create stable vacancies. In this process an electron is 

trapped by the charge on a jog which can then capture a hole. The energy of 

recombination of the electron-hole is sufficient to eject the halide ion and create a 

vacancy. 

iii. Self-trapping of exctions: has been proposed by Pooley et al [3] and Trautman et 

al [38]. The creation of Frenkel defects (F centers and H centers) proceeds by 

either relaxation of free excitons or by non-radiative electron-hole recombination. 

It has been suggested that at room temperatures interstitials disappear to "sinks" to 

form large clusters. The creation of complex color centers and aggregation of 

neighboring defects can lead to F2 or F3 centers, eventually even to metallic alkali 

colloids and to the aggregates of the complementary hole centers (V centers and 

molecular Fluorine aggregates).  

iv. Nuclear elastic collisions following HCP or neutron irradiation: can also 

displace the sample atoms due to their heavier mass. Thus neutron and HCPs are 

capable of creating higher concentrations of F centers compared to 

photon/electron irradiation by approximately an order of magnitude. A reasonable 

explanation of this behavior is that a large number of vacancy-interstitial pairs are 

created by the production of atomic displacements by multiple ionization or by 

direct displacement of the ions of the matrix [8]. It can be expected that this 

process dominates for low-energy ions.  

 

The various difficulties with some of these mechanisms and combinations thereof 

have been discussed by Mitchell et al [5]. The dominant role of excitons and non-

radiative e-h recombination has been preferred by several authors although the 
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complexity of the radiation-induced mechanisms rendered definite conclusions 

somewhat elusive.  

 

1.7 Fluorine Vacancy concentration in un-irradiated material: F center 

concentration at saturation in LiF:Mg,Ti  

Two parameters in the kinetic modeling developed in this investigation are the 

concentration of Fluorine vacancies (No) in un-irradiated material and the total 

vacancy concentration at saturation Nvsat. There is sparse information in the literature 

on vacancy concentrations in un-irradiated alkali halides due to the difficulties 

involved of a direct means of measurement. However, at very high levels of dose, it is 

reasonable to assume that all the vacancies have captured electrons so that Nvsat = nFsat 

(the concentration of F centers at saturation). It has been speculated that the 

concentration of vacancies in different forms of un-irradiated material may vary by 

several orders of magnitude due to various sample and growth factors [3, 5, 39]. 

There is one mention in the literature of No = ~3·10
22

 m
-3

 in KCl [5] but this estimated 

value was unsupported by evidence or explanation. Since the value of nFsat in the 

alkali halides is ~ 10
24

 m
-3

 to 10
25

 m
-3

 it can be implied  that No <<< Nvsat by ~ 2-3 

orders of magnitude in these materials. 

The saturation concentration of F centers depends on the type of radiation, the 

impurity state of the crystal and details of the crystal growth and sample preparation 

procedure.  For example, following 400 keV proton irradiation of KCl, KBr and NaCl 

at room temperature nFsat is ~ 1.5·10
25

 m
-3

 [3]. Following irradiation by swift heavy 

ions lower concentrations are sometimes observed and attributed to enhanced defect 

clustering [39]. Experiments using x - rays, and gamma rays produce rather lower 

saturation densities than low energy protons and He ions. For example, Mitchell et al 

[5] reported nFsat in KCl of 10
24

 - 10
25

 m
-3

.  Montereali et al [29] reported nFsat ~ 

5.5·10
24

 m
-3

 in LiF (f = 0.56) following 8 keV X-ray irradiation. Bate and Heer [36] 

and Abu-Hassan and Townsend [42] reported nFsat= 1.3·10
24

 m
-3

 following x - ray 

irradiation in LiF. Hsu et al [49] reported (Cs-137 gammas) nFsat= ~ 1.4·10
23

 m
-3

 in 

LiF and ~ 5.7·10
23

 m
-3

 in LiF:Mg whereas Klempt et al [31] reported nFsat= ~1.7·10
24

 

m
-3

 in LiF. 
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It follows that it is quite difficult to produce more than ~5·10
24

 m
-3

 F-centers in alkali-

halide crystals by low-ionization-density (LID) x-ray or gamma irradiation. However, 

Baldacchini et al [50] claimed to reach saturation concentrations as high as 7·10
26

 m
-3

 

following irradiation with 3 keV electrons which may be indicative of surface effects 

leading to enhanced F center concentrations. The greater value of nFsat following HCP 

irradiation is of significance for the track structure theory calculations of HCP 

induced optical absorption and HCP induced TL. A  value of nFsat = ~ 10
24

 m
-3

 leads 

to an average separation of halogen vacancies of ~ 100 Å (approximately 50 lattice 

sites) which could be interpreted as the maximum possible critical distance, dc, for 

vacancy–interstitial recombination. That is, at lesser distances the vacancy-interstitials 

are unstable and recombine following creation. Pooley [3] estimated dc = ~20 Å using 

hand-waving arguments. 

 

1.8 Vacancy interstitial recombination 

All the OA major bands observed in the absorption spectrum of LiF:Mg,Ti exhibit a 

linear/exponentially saturating response [24]. This behavior is the usual consequence 

of trap filling rates when new identical traps are not being created by the radiation, 

although even under this restriction, supralinear behavior is theoretically possible 

under certain conditions of competition between traps [51]. In the case of the F band, 

since vacancies are being continuously created by the radiation, it would be 

reasonable to expect a region of supralinear dose response at an early stage before 

clustering and vacancy-interstitial recombination becomes dominant. An important 

issue is, therefore, the question of the mechanisms leading to the linear behavior and 

the saturation in the F center dose response even though vacancies are being 

continuously created. 

Pooley [3] and Hughes and Pooley [4] proposed a saturation mechanism involving 

recombination of vacancies and interstitials which explained the kinetics and 

temperature dependence of the saturation concentration. It was suggested that the 

most likely cause of saturation is that interstitials which are formed nearer to a 

vacancy than a certain critical distance, spontaneously recombine thereby annihilating 

both defects. The level of saturation at room temperature suggested a prohibited 

volume of ~ 2000 halogen sites. Within this volume, defined by ~ ten nearest-

neighbour distances, (i.e., ~ 20 Å) vacancies will recombine with interstitials. This 



19 
 

proposal was supported by the temperature dependence of the kinetics governing the 

formation of F centers and M centers. They concluded that the recombination is thus 

not governed by random diffusion and cannot be regarded as a back reaction in a 

normally accepted sense. Durand et al [30] discussed Fluorine vacancy/interstitial 

recombination in detail and proposed a model in which F center creation under 

irradiation was proportional to D
0.5

. They suggested that the formation of vacancy-

interstitial pairs can only lead to stable F or F2 centers if the interstitials are removed 

by trapping at impurity or other dislocations. It was also observed that during 

irradiation pulses one can observe transient color centers which rapidly disappear 

following irradiation and this was interpreted as proof of recombination with 

interstitials. Compton [52] observed that in KCl and KBr the concentration of F 

centers continues to increase several microseconds after the end of the irradiation 

pulse and then disappear spontaneously after a few seconds. He suggested that it is 

quite probable that these F centers are destroyed by trapping of mobile H centers. 

Other experiments were said to support this proposal [53, 54].  

 

1.9 F center Dose response 

As previously mentioned, it has been suggested that the initial and radiation created 

vacancies are not identical and behave differently in various ways. This suggestion 

was partly based on the multiplicity of types of experimentally measured F center 

dose response curves. Many studies report a stage of rapid generation followed by a 

slow one while others in KCl purified by zone melting and NaCl in ultra-pure form 

have not. This has suggested that the first stage is due to impurities in the as-grown 

crystals and the second being more intrinsic (i.e., created by the irradiation). Durand 

et al [30] reported a D
0.5 dependence for nF between 5·10

23
 m

-3
 to 1·10

25
 m

-3
 in ultra-

pure samples and considered this behavior due to the radiation-created (intrinsic) F 

centers. Montereali [29] reported nF proportional to D
0.77 – however, the investigated 

dose range extended only ~ a factor 20 below saturation. One group [55] has reported 

linear/supralinear  behavior measured over a dose range of 3 - 1000 Gy for the F band 

in doped NaCl  (100 and 200 ppm Mg, 10 ppm Ti), however, the OA spectra below 

50 Gy are not shown. The absorbance at 50 Gy is 0.12 arbitrary units (a.u); at 3 Gy 

the absorbance would be ~ 0.007 a.u, approximately a factor ten lower than that of 

unirradiated material shown in their spectra. The conclusion regarding the supralinear 
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behavior is therefore essentially unsubstantiated. Perez et al [8] report sublinearity 

with nF ~ D
0.8 up to 10

5
 Gy in "pure" LiF followed by entrance into saturation. 

Complete saturation was not observed even at 1 MGy. Finally, nuclear magnetic 

resonance measurements of F center concentrations in LiF [31] reported a D
0.6

 law 

over the entire range from 100 kGy to 5 MGy. This behavior indicated to the authors 

that at higher densities the F centers agglomerate. In summary, various authors have 

reported nF ~ D
0.5-0.8

. A complicating factor involves the interpretation of the dose 

response measured over a limited dose range. For example, linear/exponentially 

saturating behavior can be mis-interpreted as an early rapid rise followed by a sub-

linear relatively slow rise until saturation. In addition, measurement of the dose 

response in a limited dose range prior to saturation, may lead to an interpretation that 

nF ~ D
a
 with various values of a.   

Aside from difficulties of interpretation due to limited ranges of dose, the dose 

response curve may be influenced by several factors: (i) the vacancies may become 

bound as clusters, thereby directly forming more complex centers such as the M 

centers and R centers. Durand et al [30], however, maintained that in all cases, the 

number of complex centers (M, R, N2...) at saturation was much less than the number 

of F centers. The concentration of M centers was 8% of the number of F centers – 

which suggested to him that these back reactions cannot be the main cause of 

saturation. (ii) Of course there may be clustering reactions which lead to products 

undetectable by optical absorption. (iii) There may be radiation induced bleaching 

leading to a decrease in F center intensity at high dose. (iv) Vacancy - interstitial 

recombination may occur at high levels of dose. (v) Plastic deformation and heat 

treatments may also strongly affect the growth curve.    

In my work I present the results of kinetic simulations which investigate in detail 

some of the factors governing F center dose response in LiF:Mg,Ti, specifically the 

effect of vacancy creation and vacancy-interstitial recombination. In parallel, I hoped 

to show that the simulations are capable of predicting the dose response of the other 

OA bands with the same set of kinetic parameters used in the simulation of the F 

center dose response. The ultimate idea was to reconcile the differences between 

experimentally measured and TST calculated values of η by introducing into TST 

calculations of the effect of enhanced F center creation on the F center dose response 

in the HCP track. 
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1.10 Kinetic modeling  

The conduction band/valence band energy level diagram describing the irradiation 

and the recombination stage is shown in Figure 1.4 and 1.5 and immediately below 

the coupled differential equations describing the traffic of charge carriers during these 

two processes. These equations were solved numerically using the second-order, 

modified Rosenbrock formula (matlab code 23s). In these simulations X was taken 

equal to 3.7·10
20

 [s
-1

m
-3

] with initial values of zero for the electron/hole population 

density of the traps and centers in unirradiated material. For kinetic simulation of dose 

response, the average energy required to produce an electron-hole pair by low 

ionization density radiation in LiF was taken as 37 eV. The relaxation period 

following the excitation is simulated by setting X to zero and using the final values of 

the parameters at the end of excitation as the initial values for relaxation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*  TC2 densities are divided into ne-h and ne. This division is the nanodosimetric input  to the kinetic modeling in the recombination stage.  

 

Figure 1.4. The conduction band/valence band energy diagram, Irradiation stage.  
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The equations governing the concentration of vacancies as a function of dose are: 

)],(1[( 1

4.0

cvc dDDBN     (1.9) 

)],(1[( 100 cv dDNN                      (1.10)        

Nvc is the concentration of created vacancies, δ1 is the fraction of vacancies which 

undergo vacancy-interstitial annihilation, dc is the critical distance defining the onset 

of vacancy-interstitial recombination. No is the concentration of vacancies in the 

unirradiated sample and Nvo their concentration as a function of dose. The details of 

the calculation of δ1 are given in paper 5.   

The equations governing the traffic of charge carriers in the irradiation stage are given 

below:   
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*me-h = ne-h and is equal to the population of locally trapped electron/holes which can give rise to geminate recombination 

 

Figure 1.5. Energy band diagram of the recombination stage. 
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2 Review of the papers and their connection to the 

research areas 

2.1 Dose response of F center optical absorption in LiF:Mg,Ti  

S. Biderman, I. Eliyahu, Y.S. Horowitz and L. Oster. Dose response of F center 

optical absorption in LiF:Mg,Ti (TLD-100), Radiation Measurements 71, 237-241 

(2014). 

This paper reported on the optical absorption of single crystal LiF and heavily doped 

LiF:Mg,Ti (TLD-100) samples. Although a great deal of work has been carried out on 

the OA characteristics of LiF following both LID and HID irradiation [4-6, 8, 28-30, 

38, 39, 42], insufficient data was available on the OA characteristics of LiF:Mg,Ti 

(TLD-100). The OA of “pure” optical grade LiF single crystals was measured in this 

work in order to obtain an independent estimate of the width and energy of the 

dominant F band with minimum interference from the dopant-related bands at 4.0 eV 

and 5.45 eV. The dose response of the OA bands in LiF:Mg,Ti was then measured 

following beta (LID) irradiation from 10 - 10
5
 Gy with deconvolution of the OA 

spectrum into the major bands at 4.0 eV, 4.77 eV, 5.08 eV (F band) and 5.45 eV. The 

extended range was important in order to fully establish the linear response at low 

dose-levels and to determine whether the OA response was in full saturation without 

further increase or decrease in the OA intensity.  

 

2.2 Conduction band/valence band kinetic modeling of the LiF:Mg,Ti 

system incorporating creation of defects in the irradiation stage 

I. Eliyahu, Y.S. Horowitz and L. Oster. Conduction band/valence band kinetic 

modeling of the LiF:Mg,Ti system incorporating creation of defects in the irradiation 

stage, Nucl. Instrum. Meths. B, 293  26-34 (2012) 

This paper reported on my initial efforts at the development of a comprehensive 

kinetic model for the irradiation/absorption stage of the LiF:Mg,Ti system with the 

intention of simulating the dose response of the major OA bands. The  emphasis was 

on the OA dose response of the F band at 5.08 eV, however, since the intent was also 

to model the TL recombination stage with the same set of kinetic parameters, the 

model also included what we believed were the appropriate trapping and luminescent 

centers necessary for the recombination stage. Such broad-based kinetic simulations 

had, to the best of my knowledge, never been reported in the literature although the 
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BGU group had previously developed simpler models for the absorption stage only 

[51]. Although the paper incorporated Fluorine vacancy/F center creation by the 

radiation it did not incorporate vacancy-interstitial recombination but rather a 

tunneling mechanism from F center excited states to V3 centers as suggested by 

Mayhugh [27] and Christy at al [26] as a likely mechanism for the creation of TL 

glow peak 5. The lack of vacancy-interstitial recombination forced me to adopt a 

somewhat unphysical formulation for the dose dependence of vacancy creation in 

order to simulate the linear/exponentially saturating dose response of the F band. In 

addition, careful/critical inspections of the suggested role of the participation of the V 

centers have revealed inconsistencies/flaws [56] which led me to abandon this 

approach. 

 

2.3 A kinetic model incorporating localized and delocalized 

recombination: Application to the TL dose response on photon 

energy 

I. Eliyahu, Y.S. Horowitz, L. Oster, and I. Mardor, A kinetic model incorporating 

localized and delocalized recombination: Application to the TL dose response on 

photon energy, J. Lumin, 145 600-607 (2014). 

Since my intention was to develop a kinetic model capable of simulating OA dose 

response (irradiation stage) and as well TL dose response (recombination stage) in the 

LiF:Mg,Ti system, it became obvious that the model must be capable of simulating 

the linear/supralinear TL dose response of composite peak 5. No other kinetic model 

had been successfully developed for this phenomenon, although, a considerable clutch 

of papers have appeared on TL and OSL localized/delocalized/semi-localized 

recombination [44-46, 57, 58]. But, these concentrated on the shape of the glow peaks 

and the particulars of the OSL decay.  

In the irradiation stage the developed model used nanodosimetric considerations to 

describe the electron-hole concentration, ne-h and electron-only concentration, ne, 

dose-filling rates of a spatially-correlated trapping center/luminescent center. This 

idea had previously been used by the BGU group to simulate linear/supralinear dose 

response in a nanodosimetric approach called the Unified Interaction Model (UNIM) 

[15, 25, 59] and was successfully employed in the kinetic model developed herein. 

The simulated behavior of ne-h/ne as a function of dose was consistent with the 
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structure/size of electron tracks and the onset and relative importance of intra-track 

and inter-track recombination.  

 

2.4 Nanodosimetric kinetic model incorporating localized and delocalized 

recombination:application to the prediction of the electron dose 

response of the peak 5a/5 ratio in the glow curve of LiF:Mg,Ti. 

I. Eliyahu, Y.S. Horowitz, L. Oster, S. Druzhyna and I. Mardor, Nanodosimetric 

kinetic model incorporating localized and delocalized recombination: application to 

the prediction of the electron dose response of the peak 5a/5 ratio in the glow curve of 

LiF:Mg,Ti, Radiation Measurements 71, 226-231 (2014). 

In this paper I extended the kinetic simulations to model the most difficult of the 

characteristics of the dose response of LiF:Mg,Ti, i.e., the ratio of glow peak 5a to 

glow peak 5 as a function of photon dose. In the TC/LC/UNIM model developed by 

Horowitz and collaborators, the locally trapped e-h is postulated to give rise to glow 

peak 5a (a low temperature satellite of glow peak 5) and the e-only populated TC/LC 

is postulated to give rise to peak 5 [60]. The dependence of 5a/5 ratio has been 

suggested as an ionization-density-dependent dosemeter and has recently been 

successfully employed as a discriminator in mixed α/γ radiation fields [61]. 

Evidence for the complexity of the LiF:Mg,Ti system can be seen in the fact that 

successful simulation of the dependence of 5a/5 on dose was achieved only by 

invoking the presence of band-tail states which allow thermally induced hopping 

leading to semi-localized recombination following thermal ejection  of the electron in 

the e-only configuration. These band-tail states have also been invoked to describe 

luminescence characteristics in infrared stimulated luminescence from various 

feldspars [62, 63]. The presence of these states in the LiF:Mg,Ti system has yet to be 

supported by more direct means of measurement so that their existence is still an open 

question. There may be other, yet unrevealed, mechanisms underlying the dependence 

of the 5a/5 ratio on dose. 
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2.5 Kinetic modeling of Fluorine vacancy/F center creation in 

LiF:Mg,Ti: Evaluating the factors leading to the lack of 

supralinearity in the optical absorption dose response. 

I. Eliyahu, Y.S. Horowitz, L. Oster, I. Mardor, S. Druzhyna and S. Biderman, Kinetic 

modeling of Fluorine vacancy/F center creation in LiF:Mg,Ti: Evaluating the factors 

leading to the lack of supralinearity in the optical absorption dose response, Nucl. 

Instrum. Meths. B. 343 15-25 (2015). 

This  paper  applied the kinetic model to simulate the linear/exponentially saturating 

OA dose response of the major OA bands following beta irradiation with, of course 

special emphasis on the F band. The model suggests a solution to the central question 

of the linear/exponentially saturating dose response of the F band even though 

Fluorine vacancies are being continually created during the irradiation.  

The model assumes vacancy creation proportional to D
a
. Values of a between 0.1 and 

0.9 were investigated [3, 5, 8, 30]. The model also calculates vacancy-interstitial 

recombination assuming a uniform distribution of vacancies and interstitials. 

Calculations of this nature have never been previously employed in earlier 

publications [3, 4, 30, 52-54]. The electron trapping characteristics of the created 

vacancies are assumed to differ somewhat from the vacancies originally present in un-

irradiated material. Vacancy-interstitial recombination (for separation distances less 

than dc = 36 Å) is shown to be the major mechanism leading to saturation in the dose 

response which begins above ~ 500 Gy. In order to explain the lack of supralinearity 

in the F center dose response the model assumes: 

i. The concentration of vacancies in un-irradiated material is somewhat higher than 

expected at ~10
23

 m
-3

. This may be due to the highly-doped, hot pressed, non-

crystalline nature of the samples. 

ii. The transition probability for electron capture into the initially present vacancies 

is ~ 40 times greater than into the created vacancies. These two factors are shown 

to marginalize the effect of the created vacancies at low dose resulting in the 

linear dose response.   
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2.6 Probing the Nanostructure of Helium and Proton tracks in 

LiF:Mg,Ti Using  Optical Absorption: Implications to  Track 

Structure Theory Calculations of Heavy Charged Particle Relative 

Efficiency  

I. Eliyahu, Y.S. Horowitz, L. Oster, L. Weissman, A. Kreisel, O. Girshevitz, S. Marino, 

I. Mardor and S. Druzhyna, Probing the Nanostructure of Helium and Proton tracks 

in LiF:Mg,Ti Using  Optical Absorption: Implications to  Track Structure Theory 

Calculations of Heavy Charged Particle Relative Efficiency ,Under Review in Nucl. 

Instrum. Meths. B. - see appendix A 

This paper (see appendix A) presents the application of conventional track structure 

theory to the calculation of protons and He ions induced optical absorption (ηpγ and 

ηαγ) according to the formulation given in equation 1.1 and using values of D(r) from 

Avila et al [18, 19] and the kinetic simulation of f(D) generated by LID beta rays as 

presented in Biderman et al. above. The TST calculations are compared with 

experimental measurements as shown in Table 2.1.   

 

Table 2.1. Experimentally measured ηm and calculated values of ηTST 

Particle OA bands 

(eV) 
      m 

Experimental  
 

TST 
      

     ηm/ηTST 

 

Protons 5.08 1.47±0.14  0.56±0.020 2.6±0.3 

He    5.08 0.75±0.07 0.38±0.015 2.0±0.2 

Protons 4.77 0.65±0.06 0.75±0.03 0.86±0.09 

He    4.77 0.43±0.04 0.52±0.03 0.82±0.01 

Protons 4.0 0.06±0.02 0.33±0.018 0.18±0.05 

He    4.0   < 0.02 0.16±0.012     < 0.12 

 

Several observations are worthy of discussion: 

1. F band: As could be anticipated the measured values of ηm are greater than the 

TST calculated values for the protons and He ions respectively. These results are 

primarily due to the fact that the TST calculations do not take into account 

enhanced creation (relative to LID radiation) of vacancies/F centers by the protons 

and He ions. The measured values of nFsat following proton and He ion irradiation 

are ~ 5.5 and 9.5 times greater respectively than following LID irradiation so one 

might have expected even greater values of ηm/ηTST. It is interesting to note that 
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the enhanced creation of vacancies/F centers by the HCPs relative to LID 

radiation (as evidenced by the order of magnitude higher values of nFsat) occurs 

even though there is very significant annihilation of Fluorine vacancies due to 

vacancy-interstitial recombination (VIR) in the HCP tracks. Eliyahu et al [see 

section 2.5] have used kinetic modeling of LID induced OA dose response to 

demonstrate that VIR occurs for distances less than ~ 40 Å in uniformly irradiated 

LiF:Mg,Ti. In the highly ionized/highly non-uniform HCP tracks the effect of VIR 

could be very significant indeed.  

2. The 4.0 eV band. Here, the discrepancy between TST and experiment is at its 

greatest as evidence that the 4 eV band is very weak  in  the proton OA spectra  

and is not observed at all in the He induced OA spectra. This may imply that the 

Mg-Ti trimer complex responsible for the TL of composite peak 5 is somehow 

largely destroyed/depopulated in the HCP track – perhaps by a thermal spike – 

perhaps by other mechanisms. It is interesting to note that the values of η 

measured via OA are much smaller than the TL values of η (peak 5) of ~ 0.3 and 

~ 0.1 for the protons and He respectively [25, 23 21]. This indicates that the loss 

in TL efficiency of peak 5 following HCP irradiation arises from the irradiation 

stage and that heating in the recombination stage somehow re-constructs the Mg-

Ti(OH) trimer believed responsible for TL peak 5.  

    

3. The 4.77 eV band: The values of ηm/ηTST close to unity seem to contradict the 

observation of increased values of Nmax following proton and He compared to LID 

irradiation. It is somewhat ironic that the band arising from a mainly unknown or 

at best controversial structure [64] gives the best agreement between TST and 

experiment. It may be that the 4.77 eV structure is more sensitive to the “thermal 

spike” [7] than the 5.08 eV band and coincidentally lowers the values of ηm/ηTST  

to a value close to unity.  
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3 Chronological order of papers, their connection 

and how they create a logical and continuous 

framework. 

The chronological sequence of the publications (shown above) is a natural 

consequence of their inter-connection. Publications 1 and 6 (see appendix A) report 

on experimental measurements. Publication 1 contains the core OA dose/fluence 

response data for the theoretical kinetic analysis. Publication 6 discusses the 

agreement or lack of it in the experimental and TST calculations of the OA relative 

efficiencies. .  

Publications 2-5 discuss the development of the kinetic models for both the irradiation 

and recombination stage. Publication 2 - preliminary attempt to model the irradiation 

stage; publications 3, 4 – development of kinetic models for the recombination stage. 

The idea here was that the kinetic model be capable of simulating both the irradiation 

stage (leading to OA data) and the recombination stage (leading to TL) in order to 

correctly interpret the LiF:Mg,Ti composite glow peak 5 system. Completed modeling 

of the recombination stage allowed a return to the irradiation stage for the final, more 

advanced, stage of the simulations (i.e., the incorporation of defect creation and 

vacancy-interstitial recombination in the irradiation stage). The final version of the 

model allows simulation of both the irradiation and recombination stage with the 

same set of kinetic parameters. Publication 6 (see appendix A) presents the 

application of conventional track structure theory to the calculation of protons and He 

ions induced optical absorption (ηpγ and ηαγ) according to the formulation presents the 

results of theoretical TST prediction of OA intensities (based on the measurements in 

publication 1) compared to experimental measurements following proton and He 

irradiations at three accelerators (SARAF, BINA and RARAF) and attempts to 

reconcile the differences between theory and experiment using the kinetic analysis 

developed in publications 2-5.  
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4 Experimental setup  

4.1 Details of irradiation facilities 

OA measurements were carried out following irradiation by 1.4 MeV protons and      

4 MeV He ions at three different accelerator facilities. The RARAF facility 

(Radiological Research Accelerator Facility) is situated at an off-campus site of 

Columbia University in Westchester NY [65]. The SARAF facility (Soreq Applied 

Research Accelerator Facility) is situated on the Soreq nuclear research center near 

Yavne [66-67]. The BINA facility (The Institute for Nanotechnology and Advanced 

Materials) belongs to Bar Ilan University and is situated in Ramat Gan [68]. The 

chosen energies correspond to those for which D(r) is known from the Monte Carlo 

track segment calculations of Avila et al [18-19].  Care was taken to ensure the same 

approximate HCP energies at the three accelerators. TLD-100 virgin samples of 

dimensions 3×3×0.89 mm
3
 were irradiated and each sample was used once. The 

important details of the irradiations are shown in Table 4.1. Fluence levels for the He 

irradiations were from 10
10

 cm
-2

 - 10
14

 cm
-2

 and from 2×10
10

 cm
-2

 to 10
14

 cm
-2

 for the 

protons. The lowest level of fluence was determined by the sensitivity of the OA 

spectrophotomer. Irradiations at fluence levels between 10
10

 cm
-2

 - 10
11

 cm
-2

 are in the 

no-track overlap regime and are necessary to determine the number of F centers in the 

individual proton and He tracks. The irradiations at the highest fluence of 10
14

 cm
-2

 

are necessary to determine the F center concentrations approaching saturation levels 

for the HCP irradiations. Near complete saturation was achieved at these levels of 

fluence. Irradiations at three accelerators were carried out in order to ensure that full 

OA - fluence measurements could be achieved in the limited time-frame of my PhD 

research. In addition it was considered that this would serve as an excellent 

check/verification of the accuracy of the estimated fluence - levels at the three 

facilities. The accuracy of the level of fluence is, of course, the most crucial parameter 

in the determination of the proton and He induced OA efficiency.   

 

 

 

 

http://nano.biu.ac.il/
http://nano.biu.ac.il/
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Table 4.1. Parameters of the irradiations in SARAF, BINA and RARAF.   

 

Accelerators Particles Energy (MeV)  Energy calculated/measured  via  Fluence (cm
-2

) Fluence 

calculated/measured  via 

Beam size (mm) 

SARAF Protons 1.37 ± 0.05  SRIM, silicon detector 1.9·1011 Code TRACK, 

Calibration with Si 

detector 

Defocused by gold 

foil 80 × 80 mm 

BINA Protons and He P - 1.41 ± 0.016  

He - 3.92 ± 0.02  

silicon detector P, He :  1·1011 ÷ 1·1014 Beam size and direct 

charge measurement 

Defocused by 

magnet lens  2.5 × 5 

mm 

RARAF Protons and He P - 1.53 ± 0.03  

He  - 4.0 ± 0.01  

SRIM, silicon detector P - 2·1010, 2·1011 

He – 0.96·1010, 4.8·1010 

calibration with the SSD 

detector and a LET gas 

counter 

Defocused by havar 

6.4 x 35 mm 
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4.2 SARAF Facility 

The SARAF accelerator is a high intensity CW and pulsed proton/deuteron facility of 

several mA current beam. In order to irradiate at the planned low fluence levels, the 

irradiations were carried out with a defocused proton beam. A low-intensity 

homogeneous beam was obtained using a relatively thick foil upstream to the 

samples. The beam broadening is created by proton multiple scattering within a gold 

foil. The foil was located in the diagnostic chamber station at the D-plate, while the 

sample was placed at the new irradiation station (figure. 4.1 left). The distance 

between the two stations was 7.05 m. The beam was stopped in a beam dump which 

also served as a reliable Faraday cup.  

 

 

 

 

 

 

Figure 4.1. Left - Sketch of the accelerator facility at SARAF, right - A sketch of the gold foil and the 

silicon detector position in the D-Plate  

 

A silicon detector and the gold foil were placed at 100 degrees and 20 degrees to the 

beam direction respectively (figure. 4.1 right). This was done to allow monitoring the 

beam intensity through the rate of the protons scattered to the silicon detector. Two 

sets of experiments were conducted, in each of them nine samples were placed at the 

sample holder and irradiated to a fluence of 1.9·1011 (cm-2), making a total of eighteen 

samples. The uncertainty in the fluence is estimated at ~ 15%, and results from the 

uncertainty in the beam profile.  

 

 

 

 

 

 

 

 



 

35 
 

4.3 BINA Facility 

A low-current intensity beam of several nanoamperes was obtained by using a 

defocused beam and an 8 mm collimator aperture. At each irradiation only one sample 

was placed in the sample holder. An electron suppressor was used before the sample 

holder, with a bias voltage of -1000V. The beam profile nominal dimensions were 

measured using a thin capton foil (figure 4.2).  

In order to calculate the fluence during the irradiation, a direct measurement of the 

total charge on the samples was carried out using a current integrator model (Ortec 

439). The uncertainty in the fluence, resulting from the uncertainty in the beam 

profile, was estimated at ~ 20%. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Sample holder at the BINA facility (left), The beam profile nominal dimensions measured 

using a thin capton foil at the BINA facility (right) 

 

 

4.4 RARAF Facility  

The energy spectrum of the HCPs was monitored by a silicon detector, and the 

fluence was measured via calibration with a solid state detector (SSD)  and a LET gas 

counter with measured apertures of diameter  ~0.003" and 0.005" 

The samples were positioned on an irradiation wheel with a Mylar dish centered on 

the beam exit havar window (figure 4.3). The SSD (positioned on an aluminum block) 

was located over the beam exit window, while a stepping motor was used to move it 

along the exit window for measuring the beam uniformity. The ionization chamber 

was used to measure the dose delivered to the samples, and the gas proportional 

counter measured the amount of energy deposited by each particle in a path length 

Beam  

Sample 
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equivalent to 6 um of tissue. The use of the ionization chamber and proportional 

counter was determined by the primary purpose of the RARAF facility to measure 

radiobiological effects of irradiation.  

Four samples were placed on a standard cell dish with a 6 um thick mylar bottom and 

a 35 mm inner diameter. The chips were held in place by a thin plate with an outer 

diameter of 35 mm and a ~ 6 × 6 mm square holes in the center, to position the TLDs 

in a 2×2 array. The dish was rotated across the narrow dimension of the charged 

particle beam (6.4 mm × 35 mm) at a rate based on the instantaneous beam current 

and the dose (fluence) to be delivered. The entire surface of each TLD was irradiated.  

 

 

 

 

 

 

 

Figure 4.3. The experiment set up (left). The samples at RARAF were positioned on an irradiation 

wheel with a Mylar dish centered on the beam exit havar window (right) 

. 
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4.5 OA measurement system 

The Optical absorption measurement was conducted using a spectronic GENESYS 5 

spectrometer manufactured by MILTON ROY Company. The instrument operation 

modes are: absorbance, % transmittance and concentration measurements within the 

wavelength range of 200 to 1100 nanometers, with an accuracy of ±1 nm
1
.   

The device has a split beam with two silicon diode detectors (figure 4.4). One detector 

is used for sample measurement and the other for reference measurements. The 

reference detector monitors any small source fluctuations. In addition this detector 

reduces polarization which makes the data smoother and consistent.    

The device has two optical lamps for scanning of the whole wavelength, one made of 

tungsten for the 360-1100 nm range, and the other made of deuterium for the 200 – 

360 nm range. The selection between the lamps is automatic. The light beam is 9 mm 

high and 2 mm wide, this minimizes sensitivities to small variation in the vertical 

position of the sample cell. The optical density (O.D) is defined as IIDO /log. 0 , 

were I0 is beam intensity before the sample, and I stands for intensity after passing 

through the sample.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. A Schematic diagram of the optics of the spectrophotometer 

 

 

 

 

                                                             
1 For technical specification, see Genesys manual. 
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4.6 Operation principle  

The optical density includes two elements: the dispersion in the crystal and the air, 

and the absorption by the atoms in the crystal. To perform an accurate measurement, 

background measurements of an unirradiated crystal are carried out (figure 4.5) which 

are subtracted from the irradiated sample measurements. (See figure 4.6). For each 

measured spectrum, deconvolution was performed using Peakfit v 4.12 software.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5. LID OA spectrum before background subtraction 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. LID OA spectrum following background subtraction. 

 

 

Figure 4.7 presents a typical OA spectrum of  irradiated samples. In the 

deconvolution of the various spectra, a Gaussian shaped band was employed with 

width and energy as known constant parameters determined from previous studies 
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[24, 32-34].  The same parameters were used in the deconvolution of the HID and 

LID induced OA spectra – only the intensities of the peaks were allowed to vary.  

 

 

 

 

 

 

 

  

 

 

 Figure 4.7. Typical deconvoluted OA spectrum of   irradiated samples. 
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Dose response of F center optical absorption in LiF:Mg,Ti (TLD-100)
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h i g h l i g h t s

� The energy and width of the F-band in LiF are estimated.
� OA dose response was extended to high levels of dose including deconvolution.
� Dose filling constants of the major OA bands were determined.
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a b s t r a c t

Optical absorption (OA) of nominally pure single crystal LiF following beta irradiation was measured in
order to estimate, the energy and width of the dominant F-band with minimum interference from
dopant-related bands. The OA dose response of LiF:Mg,Ti was measured to 30,000 Gy, a level of dose
sufficiently high to observe total saturation of the F band, which, we believe, reduces uncertainty in the
estimation of the dose filling constant. The dose filling constants for the OA bands associated with the
trapping center (4 eV) and competitive center (5.45 eV) responsible for the major dosimetric TL glow
peak 5 were also determined. The results of these studies will be used in the framework of a kinetic
model which includes the effects of radiation created defects and which will aid in the investigation of
the capability of Track Structure Theory to predict OA heavy charged particle (HCP) relative efficiencies.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

It has been demonstrated that track structure theory (TST) does
not adequately predict low energy proton and alpha particle TL
efficiencies in LiF:Mg,Ti or LiF:Mg,Cu,P (Horowitz et al., 2012). The
reasons for this are currently unknown. In an effort to reveal the
hidden variables affecting HCP induced radiation effects we have
undertaken an investigation into the capability of TST to predict
optical absorption (OA) HCP relative efficiencies. This approach
bypasses the heating/recombination stage in TL (Keleman, 1993;
Chernov et al., 2002; Bos and De Haas, 1998) and could be ex-
pected to probe more fundamental issues involving radiation
induced defects. F centers are the most prevalent of the radiation
induced defects in the alkali halides and the F center absorption

band at 5 eV is the dominant absorption band in the LiF:Mg,Ti
absorption spectrum. TST calculates HCP relative efficiencies by
integration of the radial dose with the TL efficiency (the normalized
dose response-measured experimentally by photon/electron irra-
diation) over the irradiated volume of the HCP track. Perhaps the
most questionable assumption in TST is that the radiation effects of
HCPs are governed entirely by the radiation effects of the secondary
electron spectrum liberated by the HCP slowing down. This
approach neglects the effects of radiation-created vacancies and
the likelihood that defect concentration per unit Gy is greater for
HCPs than for electrons due to nucleon-nucleus scattering. For
example, Perez et al. (1976) reported measured F center concen-
trations in LiF following alpha particle irradiations of various en-
ergies which were from 2 to 10 times higher than those predicted
by TST. Our long range plan is to construct a kinetic model (Eliyahu
et al., this conference, 2013; Eliyahu et al., 2012) which will take
into account the irradiation e creation of vacancies/F centers in
order to investigate their effect on F center dose response. Model
calculations which simulate various possibilities of the dose

* Corresponding author. SCE, Bialik-Basel Sts., Beer-Sheva 84100, Israel. Tel.: þ972
50 7523217; fax: þ972 8 6475758.
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response of F centers in HCP tracks will then be included into the
TST calculations. This, in order to determine whether the assump-
tion mentioned above can be the main reason for the lack of
agreement between TST calculations and experiments.

Measurement of the optical density by optical absorption (OA) is
one of the few direct means of obtaining information concerning
the various defect centers participating in the TL mechanism. OA
dose response allows the measurement of the dose filling rate of
the various centers in the radiation absorption stage, thus
providing important information concerning the occupation
probabilities of the various centers before the heating (recombi-
nation) process begins. Experimental measurements of the dose
response of the various OA bands in LiF:Mg,Ti show, usually, a linear
then exponentially saturating behavior given by:

I ¼ Imax$
�
1� expð�b�DÞ

�
(1)

where I is the optical density and b is referred to as the dose filling
constant associated with the cross-sections of the excitation and
relaxation mechanisms. Some of the conditions under which
linear/exponentially saturating behavior in OA dose response oc-
curs have been discussed by Weiss et al. (2008). The lack of
supralinearity represents a considerable simplification in the ac-
curate measurement of the OA dose response. Of even greater
importance, the experimentally measured values of the dose filling
constants, b, are independent of photon energy (Nail et al., 2006b)
which removes the requirement in TST-TL calculations of the
matching of the energy spectrum of the electrons generated by the
photons and the HCP. The relaxation of this constraint is the pri-
mary reason for the greater reliability of the test of TST modeling
using OA absorption.

2. Previously measured F band parameters

The measurement of the trapping parameters in LiF:Mg,Ti is
somewhat complicated by the complex nature of the OA spectrum
which consists of 6e7 overlapping OA bands. Previous stepped Im
e Tstop investigations using computerized deconvolution resolved
the OA spectrum into the following component bands at 3.24, 4.0,
4.35, 4.77, 5.08 (F band) 5.45 and 6.17 eV (Nail et al., 2006a). A
typical optical absorption spectrum from LiF:Mg,Ti following
90Sr/90Y beta irradiation (104 Gy) is shown in Fig. 1.

A survey of the literature indicates fairly good agreement for the
peak position of the F band in LiF:Mg,Ti with peak energies varying

from 4.91 eV (McKeever, 1984) to 5.1 eV (Bos and De Haas, 1998).
The lower value of 4.91 eV could be explained by non-inclusion of
the 4.77 eV band in the deconvolution of the OA spectrum. In these
investigations the width of the F band was reported between
0.77 eV (McKeever, 1984) to 0.9 eV (Rogalev and Chernov 1995). On
the other hand, with inclusion of the 4.77 eV OA band, Nail et al.
(2006a) reported a width of 0.57 eV for the F band. Our current
investigations indicate a slightly different width of 0.64 eV. There is,
however, considerable disagreement concerning the dose filling
constants of the F band measured by photon/electron irradiation
reported by various authors as shown in Table 1.

It can be seen that the OA data measured to relatively high levels
of dose suffers from the lack of deconvolution of the OA spectra. On
the other hand, the investigations which included deconvolution
into component bands were carried out to relatively lower dose
levels where the F band is not fully in saturation. The primary
motivation for the current work was therefore to carry out OA
measurements over as extended a dose range as possible and
including deconvolution of the OA spectra into its components. This
in order to decrease the uncertainty in the value of the F band dose
filling constant.

3. Materials and methods

TLD-100 (Thermo Fisher Scientific) used in this work consists of
LiF chips doped with approximately 170 mol ppm Mg and 10 mol
ppm Ti and of dimensions 3 � 3 � 0.9 mm3. The nominally pure
synthetic LiF single crystals (4 N) were purchased from MTI Cor-
poration and were of dimensions 3 � 3 � 0.4 mm3. Pre-irradiation
annealing was applied before all measurements and consisted of a
400 �C anneal for 1 h in a dry air followed by natural cooling
(average cooling rate of 75 �C min�1) to room temperature. The
irradiations were carried out with a 90Sr/90Y beta source at a dose
rate of approximately 0.13 Gy min�1. Alpha particle irradiations
were carried out in air, in close proximity to an 241Am at a fluence
rate of 2.5 �105 cm�2 s�1. The optical absorption (OA) spectra were
measured with a Genesis-5 UV/Visible wavelength spectropho-
tometer (Milton Roy Inc.) equipped with an IBM-PC. The OA spectra
were corrected for instrument baseline and the individual back-
ground of each unirradiated sample and deconvoluted using a
commercial “Peak-Fit” non-linear curve fitting program from Jandel
Scientific.

4. Results and discussion

In the present work, OA of nominally pure, optical grade, single
crystal LiF following beta irradiation (104 Gy) was measured, in
order to estimate the parameters (energy and width) of the
dominant F band with as minimal interference from the dopant-
related bands as possible (Fig. 2). The deconvolution analysis
resulted in an energy of 5.08 eV with a width of 0.64 eV for the F
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Fig. 1. Deconvoluted OA spectrum from nominally pure (4 N) LiF single crystal
following beta irradiation of 104 Gy.

Table 1
Dose filling constant of the 5 eV F band in LiF:Mg,Ti (TLD-100).

Reference Dose filling
constant (Gy�1)

Dose range
(Gy)

Deconvolution

Montano Garcia
et al. (2006)

2.9 � 0.5 � 10�4 290e8400 No

Nail et al. (2006b) 4.0 � 0.4 � 10�4 50e2500 Yes
Lakshmanan (1994) 1.3 � 0.3 � 10�4a 30e20,000 No
Zlotopolsky (2009) b 3.3 � 0.3 � 10�4 200e4000 Yes
Zlotopolsky (2009) c 2.9 � 0.6 � 10�4 200e4000 Yes

a Based on our analysis of the dose response data extracted from Fig. 5.
b Naturally e cooled material.
c Slow e cooled material.
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band. These values were used throughout in the deconvolution
analysis of the LiF:Mg,Ti dose response OA spectra. It should be
noted that the 4.0 eV band is not observed in the nominally pure LiF
spectrum and the intensity of the 5.45 eV band relative to the F
band is significantly lower than in the LiF:Mg,Ti OA spectra.

The OA bands at 3.24 eV and 4.0 eV have been attributed to (Mg-
Livac) dipoles and (Mg-Livac) trimers (McKeever, 1984), and have
been associated with TL glow peaks 2 and 5 respectively. The
5.45 eV band corresponds to the TL recombination stage competitor
and its identity is thought to be related to TieOH complexes
(McKeever, 1990). The same OA bands are observed following alpha
and beta irradiation as well as the 2.78 eV band which is obscured
somewhat in the low dose beta irradiations (Figs. 2 and 3). Pref-
erential population of the 2.78 eV OA band at high ionization
density and/or at very high dose levels using beta irradiation
(Figs. 2e4) suggest that this band may arise from a multiple (“two-
hit”) charge carrier trapping structure e F2 trapping centers (Oster
et al., 1997). Although the 4.77 eV OA band overlaps strongly with
the dominant F band there is good agreement in the literature
concerning its energy and width. Bos and De Haas (1998) reported
peak position and width (FWHM) of 4.75 eV and 0.48 eV respec-
tively compared to 4.77 eV and 0.44 eV reported herein. Nail et al.
(2006a) reported 4.78 eV and 0.48 eV respectively. The models that

exist for this band are controversial (McKeever and Horowitz, 1990;
Watterich et al., 1984), but all models connect it to the F-center
associated with different defects in the LiF lattice (for example
divalent impurities). Wood and Townsend (1992) have showed that
this band only appears at relatively high defect concentration and
thus may be related to distorted F centers that are forming in a
crystal lattice, damaged to the point of amorphicity, and interacting
with other defect centers.

OA dose response curves for various OA bands following beta
particle irradiation are shown in Fig. 5(aed). The parameters of all
the OA bands (width and energy) were kept fixed at all levels of
dose with values of the r2 correlation coefficient approaching unity.
The error bars in Fig. 5 represent the SD based on the average value
of tenmeasurements of each of the three samples used at each dose
measurement. All bands show varying degrees of linear/sublinear
behavior. The 4.77 eV band, however, maintains growth up to
higher levels of dose than the other OA bands. This suggests the
possibility that the 4.77 eV band arises from creation of new va-
cancies and their population by electrons during irradiation.
However conjecture requires further in-depth investigation and
confirmation since an OA band associated with irradiation created
vacancies might be expected to show supralinear behavior
(Mitchell et al., 1961).

Fig. 5 also illustrates the fit to the dose response of the 4.0 eV,
5.08 eV and 5.45 eV bands using a linear/exponentially saturating
function (1). The fits result in the values of the dose filling constants
b4 eV ¼ (5 � 0.6)$10�4 Gy�1, b5.08 eV ¼ (1.5 � 0.1)$10�4 Gy�1,
b5.45 eV ¼ (0.5 � 0.1)$10�4 Gy�1, b4.77 eV � 0.3$10�4 Gy�1. The
confidence intervals are calculated using MATLAB (www.
mathworks.com/help/curvefit/confidence-and-predictionbounds.
html) and are referred to as confidence bounds. They are computed
using the inverse of Student’s-t cumulative function. Table 2
demonstrates the importance of measurements to high levels of
dose where the optical density is clearly in saturation. For the F
band the calculated dose filling constant (analysis based on dose
levels to 30,000 Gy) is 2 times smaller than the calculated dose
filling constant using the same data but limited to 3000 Gy and
agrees (perhaps fortuitously) with our analysis of the data reported
by Lakshmanan (1994) which was measured to 20,000 Gy (but
without deconvolution). Analysis of the present data to 30,000 Gy
results in an error of 9.8%; fitting the data to 3000 Gy results in an
error on the dose filling constant of 28.5%. The present measure-
ments, extended to dose levels of 30,000 Gy, where saturation is
clearly observed, thus allow, we believe, a more dependable
determination the dose filling constants.
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Fig. 2. Deconvoluted OA spectrum from LiF:Mg,Ti (TLD-100) following beta irradiation
of 104 Gy.
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Fig. 3. Deconvoluted OA spectrum from LiF:Mg,Ti (TLD-100) following 5 MeV alpha
particle irradiation of 2$1011 cm�2.
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Fig. 4. Deconvoluted OA spectrum from LiF:Mg,Ti (TLD-100) following beta irradiation
of 3$104 Gy.
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5. Conclusions

The OA measurements reported herein result in the following
values for the dose absorption constants of the trapping, F and
competitive centers, responsible for the main dosimetric TL glow
peak 5 in LiF:Mg,Ti (TLD-100): b4 eV ¼ (5.0 � 0.6)$10�4 Gy�1,
b5.08 eV ¼ (1.5 � 0.1)$10�4 Gy�1, b5.45 eV ¼ (0.5 � 0.1)$10�4 Gy�1,
b4.77 eV � 0.3$10�4 Gy�1. The present measurements have been
carried out to higher levels of dose than in previous studies thus
enabling clear observation of the saturation levels of the F band and
the 4 eV band which we believe results in a more reliable/accurate
measurement of the dose filling constants. These OA dose response
results are currently being used in the framework of a kineticmodel
which simulates the linear/supralinear dose response of composite
peak 5 in LiF:Mg,Ti and the ratio peak 5a to peak 5, using as input
the concentration of electronehole occupied and electron only
occupied TC/LC spatially correlated pairs as a function of dose
(Eliyahu et al., this issue). In addition they will be used in an
investigation into the capability of a modified TST model to predict
OA HCP relative efficiencies.
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Table 2
OA dose filling constants for LiF:Mg,Ti (TLD-100).

OA band
eV

Dose filling constant [Gy�1]

Nail et al.,
2006a

Current measurements
50e30,000 Gy

Current measurements
50e3000 Gy

4.0 (10 � 1)$10�4 (5 � 0.6)$10�4 (7.2 � 0.2)$10�4

5.08 (4 � 0.4)$10�4 (1.5 � 0.1)$10�4 (2.7 � 0.7)$10�4

5.45 (1 � 0.1)$10�4 (0.5 � 0.1)$10�4 (1.3 � 0.2)$10�4

4.77 e (0.4 � 0.1)$10�4 (2.3 � 2)$10�4
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a b s t r a c t

A conduction band/valence band kinetic model is described for the irradiation stage of the thermolumi-
nescent LiF:Mg,Ti system. Unlike previous investigations the model incorporates creation of fluorine
vacancies via irradiation and their subsequent partial filling by electrons in the relaxation stage leading
to the creation of F centers. The radiation induced vacancies thus operate as additional competitors to the
4 eV electron trapping center (TC) associated with composite glow peak 5 in the glow curve of LiF:Mg,Ti.
With the appropriate choice of parameter-values the model successfully predicts the experimentally
measured, linear/exponentially saturating dose response of the optical absorption (OA) bands of the
4 eV TC and the 5.45 eV competitive center (CC) which serves as well as the recombination stage compet-
itor. The increased competition due to the creation of negative ion vacancies during irradiation is found to
lead to changes in the population dose response characteristics of the various centers taking part in the TL
mechanism. The implication of these changes on the relative thermoluminescence (TL) efficiency follow-
ing heavy charged particle (HCP) irradiation is discussed.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The calculation of HCP relative TL efficiencies, gHCP,c using track
structure theory (TST) is important to the reliable dosimetry of
complex/mixed radiation fields in order to establish a sound theo-
retical basis for the applied techniques and aid in the interpreta-
tion and analysis of dosimetric data. A major assumption of TST
is that the radiation effects of high linear energy transfer (LET)
HCPs arise exclusively from the dose deposited by the secondary
and higher order electrons generated by the HCP slowing down
[1,2]. The calculation of gHCP,c is carried out by integration over
the track volume of the radial dose, D(r), deposited by the electrons
multiplied by the TL efficiency experimentally determined by the
electron/photon dose response. Direct atomic displacements
(Frenkel defects) arising from HCP nucleus elastic scattering or
other radiation induced mechanisms specific to HCPs which lead
to the enhanced creation of F centers and other defects and to
the possible alteration of the TL mechanisms are usually assumed
to have a negligible effect compared to the radiation action of the
ejected secondary electrons. Aside from direct atomic displace-
ments, an additional example of a process leading to the increased

production of vacancies following HCP irradiation could be in the
mechanism proposed by Varley [3] of multiple ionization of the
halogen ion at high ionization density. This mechanism requires
that the halogen ion remain multiply ionized for a certain length
of time to initiate expulsion of the halogen ion to the interstitial
position. This would be far more likely following HCP irradiation
in which the slowing-down time has been estimated at 10�17 s
[4]. The irradiation time to reach kGy to MGy dose-levels (in order
to obtain high ionization density appropriate to multiple ioniza-
tion) in X-ray or gamma ray irradiation is usually of the order of
hours, i.e., �21 orders of magnitude greater. The validity of the ma-
jor premise of TST concerning the exclusive role of the radial dose
deposition by the secondary electrons has recently been investi-
gated and found significantly lacking in the calculation of low
energy (�1 MeV amu�1) proton and alpha particle relative efficien-
cies, gpc and gac, in the LiF:Mg,Ti and LiF:Mg,Cu,P TL systems
[5–7]. In fact the TST-predicted efficiencies are always very signif-
icantly lower than those experimentally measured. For example,
for the main glow peak of LiF:Mg,Cu,P at alpha particle energies
of 4.95 and 1.5 MeV, the TST calculated value for gac is �0.04
and 0.004, respectively compared to experimentally measured
values of 0.06 and 0.034. In LiF:Mg,Ti the discrepancies between
theory and experiment are smaller for peak 5 but for peak 7 (often
applied to HCP mixed field dosimetry [8]), the theoretical value of
gac (5 MeV) is a factor 2–5 smaller than the experimental value.
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The value of gpc is an order of magnitude smaller. The extent of the
validity of TST has consequence beyond the specific question of
radiation effects in LiF materials since it is used in the estimation
of the radiation action in many spheres of science, e.g., radiobiol-
ogy [9], spaceflight dosimetry [10] and could be of importance in
practical applications such as charged particle tumour therapy
[11] where the increased effectiveness of radiation action of HCPs
is taken into account in treatment planning.

2. Creation of fluorine vacancies/F centers

The creation of defects is known to occur following low ioniza-
tion density (LID) irradiation and is enhanced following high ioni-
zation density (HID) irradiation [12–14]. The most prevalent of the
radiation induced color centers are F and F2 centers – anion vacan-
cies which can capture one or two electrons, respectively. In gen-
eral, kinetic simulations at low ionization density of the glow
curve shape and other aspects of TL dosimetric systems reasonably
ignore the effects of the creation by the radiation of additional
vacancies and other defects because the radiation induced defects
do not reach significant levels of concentration until levels of dose
higher than those reached in most dosimetric applications. How-
ever, in the TST calculations of gHCP,c the levels of dose, D(r), at ra-
dial distances, r <�10 nm from the track axis, exceed 5000 Gy (the
approximate dose-level of full population of the TCs and CCs par-
ticipating in the TL mechanism) and reach values of MGy near
the track axis [15]. At these very high levels of dose the effect of
radiation induced vacancies may be important.

There are three parameters which govern the degree of partici-
pation of the radiation induced vacancies/F centers in the TL mech-
anism (Table 1): (i) the initial concentration, N0, of fluorine
vacancies in the un-irradiated sample (ii) the rate of creation of
vacancies. If one assumes a linear/exponentially saturating behav-
ior, the dose dependence can be described by a single parameter,
bV and (iii) the saturation concentration, N3. It is usually assumed
that the general features of vacancy/F center creation will be
roughly similar for all the alkali halides although there is some evi-
dence that defect production in LiF may be somewhat anomalous
[16]. It deserves mention that the rate of creation of F centers
and F center concentrations are easily measured experimentally
by optical absorption – not so, the rate of creation of vacancies

or vacancy concentrations. In the following an attempt is made
to cull from the literature estimates for the above mentioned
parameters.

In a study of F centers in KCl irradiated by 140 kVp X-rays [13],
their formation and growth was described as arising from two dis-
tinct processes: by the presence of negative ion vacancies in the
sample before irradiation and the formation of new vacancies dur-
ing irradiation. It was also maintained that there is a difference in
the cross-section rate for electron capture by the initial and by the
new vacancies and that this difference may arise due to the fact
that the vacancies initially in the lattice are bound to impurities
or vacancy clusters. The vacancy concentration of unirradiated
material, rate of creation and concentration at saturation will be
strongly dependent on sample growth and preparation parameters,
e.g., growth atmosphere, cooling rate from the melt, heat treat-
ments, deformation, impurity concentration and other factors.
For example, Hsu et al. [16] measured F center saturation concen-
trations following 137Cs gamma irradiation of �1.4 � 1023 m�3 in
LiF and �5.7 � 1023 m�3 in LiF doped with �500 ppm Mg. Lithium
Fluoride prepared for dosimetric applications is doped with �100–
400 ppm Mg and �10 ppm Ti. In investigations of the average en-
ergy required to create a fluorine vacancy in the alkali halides fol-
lowing beta, X-ray and gamma irradiations, Seitz [17] commented
that ‘‘The highly erratic nature of these results suggest that either
chance impurities or the mechanical history of the specimen plays
an enormous role in determining the efficiency of coloration at
room temperature’’. Montereali et al. [18] irradiating with 8 keV
Cu X-rays, have reported that at a saturation dose level of
�105 Gy the F center defect concentration was �1025 m�3 in LiF
whereas Durand et al. [19] have measured F center concentrations
irradiated by 45 kVp X-rays as high as 1026 m�3 in ‘‘pure’’ LiF. Seitz
[17] maintains that the maximum F center concentration obtained
by X-ray irradiation is �3 � 1025 m�3 in KCl and �5 � 1025 m�3 in
NaCl. Mitchell et al. [13] mention a value of 2 � 1022 m�3 as the
concentration of initial vacancies in Harshaw-grown KCl crystals.
This estimate was apparently based on extrapolation to zero dose
of the experimentally measured F center concentration. A concen-
tration of 1022 m�3 is of the order of 1% of the concentration of
Mg-based 4 eV-TCs in dosimetric LiF:Mg,Ti doped with
100 ppm Mg [20]. Based on this admittedly rather limited, some-
times contradictory information, we have adopted a range of

Table 1
Definition of parameters.

Center Name Symbol Center parameters Parameter value

LC – Luminescent center M1 Center concentration 1 � 1024 [m�3]
Am1 Electron trapping probability 5 � 10�23 [m3 s�1]
Bm1 Hole trapping probability 2 � 10�22 [m3 s�1]

NLC –Non luminescent hole center M2 Center concentration 1 � 1025 [m�3]
Am2 Electron trapping probability 1 � 10�25 [m3 s�1]
Bm2 Hole trapping probability 1 � 10�24 [m3 s�1]

TC1 – Trapping center low temperature N1 Center concentration 1 � 1023 [m�3]
An1 Electron trapping probability 1 � 10�22 [m3 s�1]

TC2 – peak 5 Trapping center N2 Center concentration 4 � 1023 [m�3]
An2 Electron trapping probability 1 � 10�22 [m3 s�1]

F – F center N0 Initial center concentration 1 � 1016 [m�3]
An3 Electron trapping probability 1 � 10�21 [m3 s�1]
N3 Concentration at saturation 1 � 1025 [m�3]
bv Dose filling constant 1 � 10�7 [Gy�1]
P Electron trapping probability to NLC 1 � 10�3 [s�1]

CC – Competitive center N4 Center concentration 1 � 1024 [m�3]
An4 Electron trapping probability 1.6 � 10-23 [m3 s�1]

TC3 – Catch all trapping center N5 Center concentration 1 � 1024 [m�3]
An5 Electron trapping probability 1.6 � 10�25 [m3 s�1]

X Production rate of electrons and holes 3.7 � 1020 [m�3 s�1]

I. Eliyahu et al. / Nuclear Instruments and Methods in Physics Research B 293 (2012) 26–34 27



values of 1016–1022 m�3 for the initial concentration of fluorine
vacancies in un-irradiated material and 1025–1026 m�3 for the
vacancy/F center concentration at saturation in the doped dosimet-
ric materials. The entry into saturation of the F band observed in
optical absorption (OA) measurements and other techniques could
arise from the formation of more complex centers at high dose at
the expense of the F center. Various types of F band dose response
characteristics have been reported in other alkali halides (pure and
doped) as well as LiF, including the possibility of supralinear
behavior at low dose levels, and various power-law relationships
which indicates a complicated somewhat unknown/complex
situation. For example, Montereali et al. [18] reported that the F
band absorption intensity is proportional to D0.77. Durand et al.
[19] discussed two distinct stages of generation of F centers:a stage
of rapid generation at low dose followed by a slow one propor-
tional to D0.5 – the first stage of generation appears to be due to
impurities in the crystals which suggests a special relevance to
heavily doped dosimetric LiF:Mg,Ti and LiF:Mg,Cu,P. Other authors
[21] have also suggested a coupling/spatial correlation between F
centers in alkali halides and the dopants. In this work we have
assumed a linear/exponentially saturating dose response for the
creation of vacancies. It will be shown that this leads to a multiplic-
ity of various types of dose response for the filling rate of the
vacancies leading to F centers.

3. Heavy charged particle induced vacancies

It has been theoretically estimated that low energy alpha parti-
cles (�1 MeV amu�1) produce between 50 and 200 displaced
atoms per incident particle compared to �2 � 10�3 for fully
absorbed incident gamma rays (Ec <3 MeV) in materials with
Z < 30 [12]. The potential for enhanced creation of stable fluorine
vacancies following HCP irradiation thus clearly exists. Studies of
HCP tracks in LiF have concluded that the high energy density leads
to saturation of isolated primary defects, and leads to a great num-
ber of other primary defects which are stabilized in the form of var-
ious aggregate centers (for example, F and F2 centers) in the
anionic and cationic sublattices [13]. It has also been demonstrated
that the aggregation of F centers into F2 centers is markedly influ-
enced by the energy and nature of the projectile and there exists
increasing F-center production as a function of the stopping power,
dE/dx, for 14 MeV alpha particles in LiF and other heavy ions. In
addition, TST calculations [14] based on estimated values of radial
dose using Fain’s classical model [22] indicated that F center crea-
tion by 4 MeV alpha particles in LiF exceeded predicted values
based on 60Co gamma ray F-center production dose–response by
a factor of �2–3. For higher energy alpha particles the increased
F center production reached values as high as 7–9 at low levels
of fluence where track overlap was minimal. It deserves mention,
however, that the ‘‘Quartz et Silice’’ LiF crystals used in this work
were pre-hardened by irradiation to a dose level of 105 Gy of
60Co gamma rays and then annealed for several hours at 500 �C.
The F center growth curve following 60Co irradiation was measured
over a limited dose region from 1 kGy to 0.5 MGy and was found to
be sub-linear over this dose range. The authors did not indicate the
method of the extrapolation to lower levels of dose which is neces-
sary for the TST calculation. In addition the values of D(r) cannot be
easily compared with the Monte Carlo calculations in condensed
phase LiF using TRIPOS-E which used a ‘‘track-segment’’ approach.
All of these details of the experimental and theoretical procedures
may significantly influence the interpretation of the results when
considering LiF dosimetric materials and suggest that further
investigations are necessary. Following alpha particle irradiation
to a fluence-level of 7 � 1012 cm�2 the F center concentration at
the Bragg peak was estimated at �7 � 1024 m�3, however, the in-

crease of concentration with fluence had not yet entered into sat-
uration and followed a creation law in the form D0.85. In any event,
for all particle types and energies, the TST calculated F-center con-
centrations based on 60Co gamma ray efficiency of F center produc-
tion are systematically lower than the experimentally measured
values – consistent with the assumption of enhanced vacancy/F
center production following HCP irradiation per unit energy depos-
ited in the sample.

4. F center participation in the LiF:Mg,Ti trapping and
recombination mechanisms

In the irradiation stage the creation of vacancies and subse-
quent population by electrons to create F centers serves as a
dose-dependent competitive mechanism to the trapping of elec-
trons by the TCs and other centers. It can also change the number
of vacant (active) hole-trapping LCs due to the electron–hole direct
recombination mechanism mediated by the transition probabili-
ties Am1 and Bm1 shown in Fig. 1. A proposed role of F centers in
the TL of LiF:Mg,Ti has been discussed both as participators/
enhancers [23] and competitors [24] to the luminescence recombi-
nation mechanism. In the model proposed by Mayhugh [23] for
LiF:Mg,Ti, the thermally liberated F center electrons recombine
with holes at V3 centers, transform to unstable Vk centers which
release holes which then recombine with electrons at activator
sites (e.g., Ti(OH)n centers). The F centers serve as electron reser-
voirs for the activator sites and thus are not the primary electron
trapping centers (TCs) but can contribute to the efficiency of the
TL process through this multi-stage reaction. Other models place
even greater emphasis on the role of F centers. For example, Saga-
stibelza and Rivas [25] have proposed a model whereby both Mg
and Ti impurities act as traps for interstitial halogen atoms which
are produced with F centers during irradiation. The TL is produced
when interstitials are thermally released from traps and recombine
with the F centers. It should therefore be obvious from this short
discussion that F centers can play a very significant role on the
4 eV – TC characteristics in both the irradiation/absorption stage
and the recombination stage of the TL mechanism in LiF:Mg,Ti –
this, even though the specific details of the F center participation
in the recombination stage are not fully clarified. Similar models
for LiF:Mg,Cu,P have not been described, however, it is reasonable
to suppose that F center participation in the absorption and recom-
bination mechanisms may exist in this material as well. It deserves
mention that alpha particle irradiation has a significant effect on
the emission spectrum in LiF:Mg,Ti [26]. Alpha particle irradiation
induces considerable red emission with possible additional emis-
sion bands centered at 650 nm and 665 nm aside from the main
emission band at �425 nm.

The primary motivation in this investigation has been a first at-
tempt at a qualitative/theoretical estimate of the role of enhanced
vacancy/F center production in the determination of gHCP,c. As pre-
viously mentioned, the need for this estimate comes from the
increasing evidence that TST in its current/conventional forms fails
to accurately predict relative proton and alpha particle TL efficien-
cies [5–7]. The model described herein is a more complex version
of our earlier kinetic models [27] in that it can simulate the effect
of negative ion vacancy and F center creation during irradiation on
the population dose response of the various centers taking part in
the TL mechanism giving rise to composite glow peak 5 in the glow
curve of LiF:Mg,Ti. In further kinetic studies of the recombination
stage, the model distinguishes between joint e-h population of
the TC/LC complex giving rise to peak 5a (a low temperature
component of peak 5) and electron-only population giving rise to
peak 5 [28]. This in order to create a more realistic framework
for the TL mechanism during heating which combines the effects
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of delocalized, semi-localized and localized (geminate) recombina-
tion in the TL mechanism of composite peak 5 and is capable of
predicting the linear/supralinear behavior of the dose response of
this material [29]. The demonstration of localized recombination
in the TL mechanism of composite peak 5 in LiF:Mg,Ti has sparked
renewed interest in the development of kinetic models incorporat-
ing localized and semi-localized transitions [30,31].

5. The kinetic model: irradiation stage

The details of the conduction band/valence band model are
shown in Fig. 1 and immediately below, the coupled differential
equations describing the traffic of electron and hole charge carriers
in the irradiation stage. These were solved numerically using the
second-order, modified Rosenbrock formula (matlab code 23s).
The excitation dose, D, is given by

D ¼ ½W � X � t��=m ð1Þ

where t is the total length of excitation time and X is the production
rate of the electron and holes. W is the average energy required to
produce an electron–hole pair and m is the sample mass. In these
simulations X was taken equal to 3.7 � 1020 [s�1 m�3] with initial
values of zero for the electron/hole population density of the traps
and centers in unirradiated material. For kinetic simulation of dose
response, the average energy required to produce an electron–hole
pair by low ionization density radiation in LiF was taken as 37 eV
(7).The relaxation period following the excitation is simulated by
setting X to zero and using the final values of the parameters at
the end of excitation as the initial values for relaxation.

dm1

dt
¼ �Am1 �m1 � nc þ Bm1ðM1 �m1Þ � nv

dm2

dt
¼ �Am2 �m2 � nc þ Bm2ðM2 �m2Þ � nv � P � n3

dn1

dt
¼ An1 � ðN1 � n1Þ � nc

dn2

dt
¼ An2 � ðN2 � n2Þ � nc

dn3

dt
¼ An3 � nc � ½ðN0 þ N3ð1� e�bv �DÞÞ � n3� � P � n3

dn4

dt
¼ An4 � ðN4 � n4Þ � nc

dn5

dt
¼ An5 � ðN5 � n5Þ � nc

dnv

dt
¼ X � nv � ½Bm1 � ðM1 �m1Þ þ Bm2 � ðM2 �m2Þ

dnc

dt
¼ X � nc � ½Am1 �m1 þ Am2 �m2:::

þ An1 � ðN1 � n1Þ þ An2 � ðN2 � n2Þ
þ An3 � ðN0 þ N3ð1� e�bv �DÞ � n3Þ:::
þ An4 � ðN4 � n4Þ þ An5 � ðN5 � n5Þ�

TC2 is intended to correspond to the 4 eV optical absorption
(OA) band identified with composite glow peak 5 in the glow curve
of LiF:Mg,Ti and CC is identified with the 5.45 eV electron trapping
competitive center. Aside from the F band at 5.0 eV these are the
dominant bands in the OA spectrum as shown in Fig. 2. The dose
response characteristics of these OA bands following electron/pho-
ton irradiation have been experimentally measured as linear/expo-
nentially saturating with dose filling constants, b, equal to

Fig. 1. The conduction band/valence band model in the irradiation stage. See Table 1 for a description of the various symbols.

Fig. 2. The optical absorption spectrum following gamma irradiation of LiF:Mg,Ti at
a 60Co gamma dose level of 200 Gy.
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0.8 � 10�3 Gy�1 (4 eV band), 4 � 10�4 Gy�1 (5 eV F band) and
1 � 10�4 Gy�1 (5.45 eV band) [32–34].The uncertainty on these
experimental values of b is �20%. The dose response of the inten-
sity of OA bands describes the relative population density of the
various centers as a function of dose. The calculation of the abso-
lute density can in principle be estimated using Smakula’s formula
as modified by Dexter, but requires a knowledge of the oscillator
strength, f, of the various bands which is not readily calculable
[35]. Christy et al. [36] mention a value of f = ‘�1 for the F center
in LiF whereas Perez et al. [14] assume f = 0.56. Application of
Smakula’s formula also requires knowledge of the refractive index
of the sample at the wavelength corresponding to the absorption
peak maximum which is not readily available for the hot-pressed
powdered samples used in our work. It deserves mention that
experimental measurements indicate that these dose filling rates
are not dependent on photon energy which has a special simplify-
ing significance in the application of TST to the calculation of HCP
induced OA in LiF:Mg,Ti [6]. It also deserves mention that the
experimental measurements of OA dose response [32–34] covered
only over a fairly limited dose range from 50 to 5000 Gy due to the
inherent limitations in the measurement of optical transmission so
that more complicated behavior at both lower and higher levels of
dose is certainly possible. The saturation level of radiation created
vacancies is given by N3 in eq’n 6 and it is assumed that the con-
centration of radiation created vacancies exponentially increases
to this saturation level with a dose filling constant bV. As previously
noted, the concentration of vacancies prior to irradiation, N0, is
small compared to N3 and to the concentration of the various other
centers (Table 1) so that the effect of creation of vacancies can be
expected to be significant only at the high levels of dose which oc-
cur in the cores of the HCP tracks. TC1 is intended to correspond to
low temperature electron trapping centers and TC3 and NLC are in-
tended as ‘‘catch-all’’ defects which describe the overall trapping
characteristics of the remaining electron and hole trapping centers
in the LiF:Mg,Ti system.

A description of the various defect states is shown in Table 1
along with the values of the parameters used in the simulations.
The model also incorporates direct recombination of F center
electrons to the hole center via geminate recombination with a
tunneling probability given by P. This recombination process must
be localized so that the probability depends on the distance be-
tween nearest-neighbor electron traps and hole centers as recently
described by Jain et al. [37]. In this formulation the assumption is
made that the defects are randomly distributed and that the
electron tunnels only to its nearest neighboring hole with the sug-
gested justification that the tunneling probability is exponentially
dependent on the electron–hole separation [38]. An additional
assumption is made that the probability can be well- approxi-
mated using the quantum mechanical tunneling equation through
a square potential barrier [39]. In the formulation described herein,
P should therefore be regarded as an average tunneling probability.
A similar tunneling process involving F center electrons has been
described by Mayhugh as part of the recombination process during
heating. Nearest neighbor probability distribution functions are
incorporated in our kinetic simulations of the recombination stage
[29] as well as in the nanoscopic treatment of TL dose response
using the Unified Interaction Model [40]. Using P = 0 indicating a
forbidden transition does have a significant effect on the LC
trapping characteristics at high levels of dose which can be re-
verted to the original behavior by the appropriate choice of the
LC trapping parameters. Christy et al. [36] also invoked F center
electron tunneling to the excited state of a center which absorbed
at �200 nm which they associated with trace Al impurities
(�1 ppm) in their samples. Similar levels of trace impurities of Al
and other elements have also been observed in dosimetric LiF:-
Mg,Ti [41]. This process was assumed by Christy et al. to act as a

catalyst in the TL electron–hole recombination mechanism. A tun-
neling mechanism was also included herein since our model will
be applied to the heating stage to describe TL processes as well
[29]. In the current simulations, however, the value of P at room
temperature is taken very low so that its effect on the trapping
characteristics of the TC and CC during irradiation is negligible.

6. Results

Using the values of the parameters shown in Table 1 leads to
dose filling of the TC2, CC, and F centers as shown in Figs. 3–5,
respectively. It deserves mention that these same values of n and
m are used as starting values of the simulation of the traffic of
charge carriers in the recombination stage and the simulations cor-
rectly predict the details of the linear/supralinear/saturation TL
dose response of composite peak 5 in LiF:Mg,Ti (TLD-100)
[28,29]. The simulated values of the dose filling constants are
bTC2 = 0.6 � 10�3 Gy�1, bcc = 1 � 10�4 Gy�1 in good agreement with
the experimentally measured values of the associated OA bands.
Somewhat similar results of the dose dependence of trap filling
in a model with competition but without trap creation have been
reported in the literature by Weiss et al. [42], Chen et al. [43]
and Bowman and Chen [44]. The current model with bv set equal
to zero (no trap creation) is similar to these models and as ex-
pected can also predict the dose response of the optical absorption
bands with modifications in the values of certain parameters. In
the simulations reported herein, bv represents the effect of the
creation of vacancies via HCPs and could therefore not be ne-
glected. The concentration of the populated/active LCs as a func-
tion of dose is not known by direct measurements. The
simulation results in an exponentially saturating dose response
with bLC = 0.4 � 10�4 Gy�1 as shown in Fig. 6. This value is approx-
imately one order of magnitude smaller than bTC2 so that the LCs
enter into saturation at much higher levels of dose which is in
agreement with the enhanced emission in the ‘‘red’’ following
HCP irradiation. The F center concentration, on the other hand,

Fig. 3. Kinetic simulation of the dose response behavior of n2 resulting in an
exponentially saturating dose response with bTC = 0.6 � 10�3 Gy�1 in good agree-
ment with the experimentally measured dose response characteristics of the 4.0 eV
OA band. The values used in the simulation are those shown in Table 1.
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increases linearly, then supralinearly over the dose range 10�2–
102 Gy and then linearly again at higher dose levels.

As previously stated one of the main motivations for these sim-
ulations was to determine the effect of enhanced vacancy/F center
creation on the population of the various centers nTC2, nCC and nLC

as a function of dose. The effect of increasing N3 by a factor of five
on the dose response filling characteristics of the TC2, CC and LC are
shown in Figs. 7–9, respectively. A factor of five was chosen as a
reasonable estimate of the degree of vacancy-creation-enhance-
ment at saturation following alpha particle irradiation compared
to gamma irradiation although it could be considerably higher or
lower. The relatively early entry into saturation of TC2 leads appar-
ently to a minimal effect of the vacancy/F center creation on n2

since the F center density approaches values close to n2 only at
high values of dose. A similar effect on nTC2, nCC and nLC as observed
a function of bV since bV determines the rapidity in which the con-
centration of F centers approaches saturation. Large order of mag-
nitude variations in N0, can also influence the population
concentrations as a function of dose. Inspection of Figs. 7–9 reveals
that the effect of the creation of vacancies is significant only at lev-
els of dose above �1000 Gy which supports the conclusion that va-
cancy-creation is not a significant player at low dose levels
common to many applications in environmental and personal
dosimetry. On the other hand its possible effect on the value of rel-
ative HCP TL efficiencies is also clearly demonstrated. For example,
at a level of dose of 5000 Gy an increase in N3 from 1025 m�3 to
5 � 1025 m�3 decreases the population of the TC by �10%, of the
CC by �40% and of the LC by �15%. At a dose value of 15,000 Gy
the population of the TC is almost unaffected but the populations
of the CC is decreased by �60% and the LC are increased by
�20%. Increased population of the CC implies decreased competi-
tive potential (there are less empty CCs which can capture elec-
trons) so that these effects on the (TC,CC) and LC population
densities lead to opposite trends in the HCP thermoluminescent
efficiency. The former resulting in a decrease in the TL signal, but
the latter resulting in an increase. Since the combined effect on
the (TC,CC) are somewhat greater than the effect on the LC these
results indicate that increased F center production in the HCP track

Fig. 4. kinetic simulation of the dose response behavior of n4 resulting in an
exponentially saturating dose response with bcc = 4 � 10�4 Gy�1 in good agreement
with the experimentally measured results for the 5.45 eV OA band. The values used
in the simulation are those shown in Table 1.

Fig. 5. Kinetic simulation of the dose response behavior of n3 corresponding to the
5.0 eV F band. Note the linear, then supralinear, then linear behavior of the dose
response. In the dose region between 50 and 5000 Gy the dose response is � linear
in good agreement with experimentally measured results for the OA dose
dependence of the F band. The values used in the simulation are those shown in
Table 1.

Fig. 6. kinetic simulation of the dose response behavior of m1 resulting in an
exponentially saturating dose response with bLC = 0.4 � 10�4 Gy�1. The values used
in the simulation are those shown in Table 1.
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would result in a decreased production of TL, i.e., to a decrease in
the values of gHCP,c. And thereby to an even greater discrepancy be-
tween the theoretical and experimentally measured values of gac

and gpc [5–7]. This ‘‘reach’’ for a definite conclusion should, how-
ever, be dampened by the possibility that the F center plays an
active catalytic role in the enhancement of the luminescence

Fig. 7. The population density as a function of dose of n2 corresponding to the 4.0 eV TC2-OA band for various values of N3.

Fig. 8. The population density as a function of dose of n4 corresponding to the 5.45 eV CC-OA band for various values of N3.

Fig. 9. The population density as a function of dose of m1 corresponding to the LC for various values of N3.
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efficiency due to an intermediate mechanism which is directly or
indirectly proportional to the release of electrons from the F center
during heating. Finally and also of considerable interest, is the
behavior of nF with N0 as shown in Fig. 10 demonstrating various
possible combinations of linear/sublinear/supralinear modes of
behavior. This could be the reason for the great variability in the
results reported by various authors on the OA dose response char-
acteristics of the F band in different investigated materials.

7. Conclusions

F centers can play a very significant role on the 4 eV TC and
5.45 eV CC dose filling characteristics in both the irradiation/
absorption stage and in the recombination stage of the TL mecha-
nism in LiF:Mg,Ti. In this investigation a kinetic model has been
constructed which incorporates vacancy/F center creation in the
irradiation stage which is successful in predicting the dose filling
rate of the 4 eV TC giving rise to peak 5 and the 5.45 eV TC which
serves as the competitor in the recombination stage. Enhanced
creation of vacancies/F centers by HCP irradiation decreases the
population density of the 4 and 5.45 eV electron TCs as a function
of dose. Since the 5.45 eV center acts as a competitive center in the
TL recombination stage its reduced population leads to increased
competition so that the reduced population of both these centers
will lead to a decreased TL signal. Due to the enhanced vacancy
creation in the HCP slowing down process the decrease in the TL
signal would be even greater if only the TC and CC are affected.
However, enhanced vacancy creation in these simulations leads
to an increase in the hole population on the LC as well as an
increase in the formation of F centers – the first and possibly also

the second of these effects will tend to increase the TL signal
generated in HCP tracks. The relative importance of these opposing
effects in the TST calculation of relative HCP TL efficiencies is
unfortunately somewhat beyond our current calculational ability
[45]. It is difficult, therefore, at our present state of knowledge to
determine whether vacancy/F center creation is the dominant
factor in the failure of TST to accurately predict g in both LiF:Mg,Ti
(6) and LiF:Mg,Cu,P (7). Another possibility for this failure is the
approximations used in the Monte Carlo Calculations of D(r) using
TRIPOS-E in condensed phase LiF [15] which could be a source of
significant error as described in [7]. However, it is clear that the
basic premise of TST, i.e., that the radiation effect created by HCPs
is due exclusively to the radiation action of the secondary
electrons, should be regarded as a first-order approximation only.
Further insight into the TST calculation of HCP induced radiation
mechanisms and relative efficiency may be achieved by the appli-
cation of TST to optical absorption. This, due to the relative simplic-
ity of the irradiation stage, i.e., the non-involvement in the
irradiation stage of the yet-unknown luminescence mechanism
and the lack of a dependence on photon energy of the OA dose
response [32]. These experiments and calculations are currently
underway.
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a b s t r a c t

A conduction band/valence band kinetic model for thermoluminescence (TL) dose response is described
which incorporates both localized and delocalized recombination mechanisms. The model is capable of
simulating the linear/supralinear behaviour of TL dose response and, as well, the experimentally
observed decrease of the supralinearity with decreasing photon energy. These characteristics are
observed in the dose response of the various peaks in the glow curve of LiF:Mg,Ti and in other TL
materials. In the irradiation stage, the model uses nanodosimetric considerations to describe the
electron–hole concentration, ne–h and e-only concentration, ne, filling rates with dose of a spatially
correlated trapping center/luminescent center (TC/LC) complex. The linear dose response arises from the
dominant role of the geminate/localized recombination at low dose. The supralinearity arises due to the
increased relative intensity of delocalized recombination at high dose coupled with a decrease in the
efficiency of the competitive processes with increasing dose. The dependence of the supralinearity on
photon energy is obtained by adopting different dose-filling-rates of ne–h and ne as a function of photon
energy. Specifically, for low dose-levels below �1–10 Gy, ne–h/ne is assumed to increase slowly/linearly
with dose and to increase slightly with decreasing photon energy below �100 keV due to the increasing
average ionization density of the electron tracks. For levels of dose above �10 Gy, the ratio increases
more rapidly in an exponential manner with later entry to maximum values with decreasing photon
energy. The demarcation dose of �1–10 Gy separating the linear from the exponentially increasing
behaviour of ne–h/ne corresponds to the approximate onset of supralinearity observed for composite peak
5 in LiF:Mg,Ti. This assumed behaviour for ne–h/ne is consistent with the structure/size of electron tracks
and the onset and relative importance of intra-track versus inter-track recombination.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Conduction band/valence band kinetic modeling based on
delocalized recombination has been very successful in describing
specific features of the thermoluminescence (TL) characteristics
and mechanisms in various TL materials [1,2]. It has not been as
successful in describing the linear/supralinear behaviour of the
dose response in LiF:Mg,Ti and other TL dosimetric materials
which exhibit similar dose response characteristics. It has been
concluded that the delocalized recombination model predicts that
one will get supralinear growth over the entire dose range, and
that evidently competition-during-heating kinetic modeling is

inadequate as it stands for describing the properties of LiF [3].
These characteristics of linear/supralinear behaviour and espe-
cially the dependence of the supralinearity on photon/electron
energy arise from the non-uniform spatial ionization density
characteristics following irradiation [4] which has been a constant
anathema to delocalized kinetic modeling from its earliest efforts
to date [5]. In this paper we describe a kinetic model based on the
combined action of both localized and delocalized recombination
mechanisms, which successfully treats the effects of ionization
density on dose response and may finally lay the anathema to rest.

Recent kinetic modeling of TL and optically stimulated lumines-
cence (OSL) systems has been driven by the realization that both
the mechanisms of localized and delocalized recombination are
likely to occur simultaneously [6–10]. The experimental demonstra-
tion of locally trapped electron–hole pairs leading to geminate/
localized recombination in the TL mechanism of composite peak
5 in LiF:Mg,Ti preceded and contributed to the development of
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these localized/delocalized (LDL) models [11–13]. The pre-history e.
g., [14–18] of the theoretical investigations describing localized
transitions has been amply described in various papers and does
not require further regurgitation. A common feature of the LDL
models is that the localized tunneling transition between the
trapped electron (donor) and hole (acceptor) is assumed to be
mediated by a discrete excited state of the electron trapping center.
In addition, ground state tunneling has been used in the explana-
tion of the power law decay behaviour of the decay of isothermal
luminescence [19,20]. The models are used to simulate the behavior
of glow peak shapes and decay curves in TL and OSL, respectively,
which are dependent on the relative strength of the various
transitions. A simplifying premise has been that the tunneling
probability from the donor to the acceptor is fixed. This assumption
is not supported by the power law decay of prompt isothermal
luminescence in various materials (e.g., [21,22]). The models also
assume that the localized transitions from the excited state of the
donor can reach/compete for the entire population of acceptor
holes. This implies that every trapped electron is near a spatially
coupled trapped hole which is likely to be valid only at extremely
high levels of dose. Jain et al. [23] have recently developed a
localized recombination model in which the distance between
donor and acceptor can vary based on the assumption of randomly
distributed defects. This model, assumes that: (i) There is no
physical coupling between the donor and the acceptor so that the
distribution of distances between donor trapping states and accep-
tor states (D–A) is entirely random, and (ii) Tunneling occurs only to
the first-nearest-neighbour an assumption which may be compro-
mised at high levels of dose. The assumption of entirely random D–
A distances ignores the possibly significant effects of ionization
density at the end of electron tracks. Finally, it deserves emphasis,
that the localized and delocalized TL models mentioned above have
been used in TL studies exclusively to simulate the behaviour of the
glow curve/glow peak characteristics (e.g., no. of peaks in the glow
curve, asymmetry/shape of individual glow peaks, temperature at
maximum intensity) under different experimental conditions, e.g.,
temperature profile of sample heating. In addition to glow curve/
glow peak characteristics, the dose response, especially the dose
values defining the region of strictly linear dose response and the
behaviour of the supralinearity as a function of various experimen-
tal and radiation field parameters is an important subject of kinetic
simulations which has been largely ignored in these LDL models.

LiF:Mg,Ti in its various forms is a widely used dosimetric TL
material employed in many applications and its dose response
behaviour has been extensively investigated experimentally. The
dose response of the main peak (commonly labeled peak 5) shows
linear/supralinear/saturation behaviour demonstrated schematically
in Fig. 1.

The dose response is linear over many decades of dose from the
lowest level measurable of �1 mGy to �1–10 Gy, then turns supra-
linear at dose levels above Dc. The TL efficiency in the supralinear
region, denoted by f(D) – the normalized dose response – is greater
than unity from �1 Gy to 10 Gy to a few thousand Gy, reaching a
maximum value, f(D)max of �3–5 at values of dose, Dm, of 200–
500 Gy following 60Co photon irradiation. The value of f(D)max is
approximately constant down to photon energies of �100 keV but
then decreases rapidly to �1.7 at 8 keV [24]. This ionization-density-
dependent behaviour of the supralinearity occurs for all the TL glow
peaks in LiF:Mg,Ti and is a feature of many TL materials which
exhibit linear/supralinear behaviour. The dependence of the suprali-
nearity on photon/electron energy/ionisation density has presented
an outstanding challenge over the years to the understanding of
radiation induced TL mechanisms. Prior to the development of the
Unified Interaction Model (UNIM) [24] no other models were capable
of describing this phenomenon, including kinetic models based on
interactive trap systems [25,26], purely absorption stage, so-called

radiobiological “multi-hit” models [27] and conventional atomic
‘valence band/conduction band’ kinetic models which assume a
totally uniform occupation density of the trapping centers (TCs)
and luminescent centers (LCs) following irradiation and therefore
cannot, be realistically related to the effects of ionization density
[4,5,28,29].

The UNIM is based on nanodosimetric considerations and spatial
correlation/coupling between the trapping centers (donors) and the
luminescent centers (acceptors) and has been successful in describ-
ing many of the features of the supralinearity and sensitization dose
response behaviour of LiF:Mg,Ti following photon/electron irradia-
tion [30–34]. The UNIM does not describe TL mechanisms in a kinetic
framework but rather simulates dose response based on nanoscopic
considerations leading to localized and delocalized recombination
mechanisms. Following irradiation, the spatially correlated TC/LC
complex is populated by an e-only, a hole-only, or an electron–hole.
The relative population of the e–h to the e-only complex is
determined by the ionization density. The four possible configura-
tions following irradiation are shown in Fig. 2.

Localized recombination (tunneling) between the electron–hole
gives rise to the linear dose response due to the absence of dose-
dependent competitive mechanisms. Supralinear dose response is due
to delocalized recombination which arises from release of electrons
from the e-only populated TC/LC, migration in the conduction band,
and the ensuing competitive mechanisms. With increasing dose, the
competitive efficiency decreases due to the decreasing distances
between nearest neighbour TCs and LCs and, as well, the increased
filling/deactivation of the CCs by electron capture. This involves an
implicit assumption that not all of the TCs and LCs are spatially
coupled. The nearest-neighbour probability distribution functions are
calculated assuming randomicity of the ionization events, similar to
the approach of Jain et al. [23]. Increasing ionization density leads to
increasing e–h population of the TC/LC complex (Fig. 2) which leads to
increased geminate recombination and to a decrease in the suprali-
nearity, measured by f(D)max. In previous applications of the UNIM it

Fig. 1. The TL signal F(D) as a function of dose and the normalized TL dose response
function, f(D), as a function of dose, illustrating linearity [f(D) ¼1], and suprali-
nearity [f(D)41]. Reprinted from Ref. [30].
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has been assumed that this relative concentration is independent of
dose—a significant over-simplification. It is the purpose of the present
paper to describe an LDL kinetic model which incorporates in the
irradiation stage dose-dependent capture of an electron–hole and e-
only in a TC/LC spatially coupled complex. The relative e–h to e-only
concentrations as a function of photon/electron energy and dose
are then adopted in the recombination stage as starting parameters
in order to simulate the dependence of the TL dose response on
ionization density. In future work, as a side-benefit, this nanoscopic
information could also be incorporated into the UNIM to improve the
physical basis of its predictive abilities and remove the above men-
tioned over-simplification.

2. The kinetic model

2.1. Irradiation stage

The details of the conduction band/valence band model for the
irradiation/relaxation stage are shown in Fig. 3 and immediately

below, the coupled differential equations describing the traffic of
electron and hole charge carriers leading to the population of the
various centers. These were solved numerically using the second-
order, modified Rosenbrock formula (Matlab Code 23s). The
excitation dose, D, is given by

D¼ ½W � X � t�=m ð1Þ
where t is the total length of excitation time and X is the production
rate of the electron and holes. W is the average energy required to
produce an electron–hole pair and m is the sample mass. In these
simulations X was taken equal to 3.7�1020 [s�1 m�3] with initial
values of zero for the electron/hole population density of the traps
and centers in un-irradiated material. For kinetic simulation of dose
response, the average energy required to produce an electron–hole
pair by low ionization density radiation in LiF was taken as 37 eV.
The relaxation period following the excitation is simulated by setting
X to zero and using the final values of the parameters at the end of
excitation as the initial values for relaxation. The irradiation stage
kinetics has been previously described including defect creation [35].
Defect creation (F centers) was found to significantly influence the
population of the various centers only at very high levels of dose. In
the present simulation, the defect creation is not included in order to
simplify matters and focus on the effects of localized/delocalized
recombination on dose response.

The total population of trapping centers, N2, giving rise to peak
5, is composed of a certain fraction of trapping centers, Ne–h, which
are spatially correlated/coupled to the luminescent centers, It is
these trapping and luminescent centers, in close proximity to one
another, which when populated by an e–h can give rise to
geminate recombination. The remaining fraction of TCs are
denoted by Ne. The fraction, Ne–h/N2 may be influenced by various
factors including methods of crystal growth, thermal treatments
such as cooling rate following the 400 1C pre-irradiation anneal
[36] and others.

Following irradiation, the ratio, ne–h/ne, of the density of e–h to
e-only populated complexes is given by

ne�h=ne ¼ a� ½1�e�βe�h�D�þb ð2Þ
where ne–h and ne are the densities of the e–h and e-only occupied
TC/LC following irradiation. The combined densities must, of
course, yield the total density of occupied TCs as given below

ne�hþne ¼ ntot ¼NTC2 � ð1�e�βTC2�DÞ ð3Þ

Fig. 2. Possible configurations of the TC/LC complex following irradiation: R
represents recombination centers and C represents competitive center. k* is the
fraction of processes leading to geminate recombination between a locally trapped
electron–hole without involvement of the conduction band (CB): The fraction 1-k* of
the trapped electrons in configuration I escape to the CB upon heating and b � (1-k*)
recombine locally and are not subject to competitive processes. The fraction (1-k*) �
(1-b) are subject to competitive processes. Reprinted from Ref. [30].

Fig. 3. The conduction band/valence band model in the irradiation stage. See Tables 1 and 2, for a description of the various parameters.
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These equations are employed to yield values of ne–h/ne which
are approximately constant up to a demarcation dose of �1–10 Gy
which is the threshold dose, Dc where supralinearity begins to
appear in the dose response of peak 5.

The parameters a,b and βe–h are assumed to depend on photon/
electron energy. The parameter “b” determines the ratio of ne–h/ne
at the lowest dose-levels; the dose filling factor βe–h controls the
rate of increase of the e–h populated TC/LC and is expected on
nanodosimetric grounds to decrease with decreasing photon
energy due to the onset of track interaction at higher levels of
dose at lower photon energies. The parameter “a” determines the
relative importance of the two terms.

It is important to point out that the value of Ne–h/N2 chosen in
the irradiation stage arises from and must be consistent with the
calculated population densities, ne–h and ne at saturation (full
population) as given by Eq. (4) below. In Fig. 3, me–h (a certain
fraction of m1) is the density of hole-occupied luminescent centers
which are spatially correlated with TC2. It follows therefore, of
course, that me–h is equal to ne–h.

Ne�h

N2
� ne�h

neþne�h
-D4103½Gy� ð4Þ

The dose filling constant, βTC2, of the 4 eV OA band associated
with glow peak 5 has been measured experimentally and the
kinetic parameters in the irradiation stage are constrained to yield
an exponentially saturating OA dose response with the appro-
priate value of βTC2 [35].

The behaviour of ne–h/ne (Eq. (2)) is intuitively reasonable and
based on nanodosimetric considerations. The dependence of the
supralinearity on photon energy is obtained by adopting different
dose-filling- rates of the ratio ne–h/ne as a function of photon
energy. The value of βe–h is chosen so that at low dose-levels below
�1–10 Gy, ne–h/ne increases slowly/� linearly with dose and
increases somewhat with decreasing photon energy below
�100 keV due to the increasing ionization density of the electron
tracks. For levels of dose above �1–10 Gy, the ratio increases more
rapidly in an exponential manner reaching maximum values at
dose level of �1000 Gy and beyond. With decreasing photon
energy, ne–h/ne reaches its maximum values at higher dose levels
due to the decreasing irradiated volume of the single electron
track. This assumed behaviour for ne–h/ne is consistent with the
structure/size of electron tracks and the onset of intra-track versus
inter-track recombination. Ab–initio calculations of the behaviour

of ne–h/ne as a function of dose and energy, and based on physical/
nanoscopic principles, would of course be highly desirable. These,
however, would require detailed knowledge of the structure of the
TC/LC complex giving rise to composite peak 5 as well as of the
low electron energy cross-section interactions with the constitu-
ents of the complex—these are currently unavailable. It also
deserves mention that there is a certain conceptual dissonance
between the merging of the CB/VB model and these nanoscopic
filling-rate concepts—the former assumes that in the irradiation
stage, the electron and holes are completely delocalized before
capture into their respective traps, whereas the latter assumes that
the electrons and holes are captured close to the energy-transfer
events responsible for their creation without involvement of the
CB/VB. Nonetheless, these concepts are not incompatible and
could be described by mechanisms such as quasi-localized recom-
bination [21–23].

The differential equations governing the traffic of charge
carriers in the irradiation stage are shown below.

dm1

dt
¼�Am1 �m1 � ncþBm1ðM1�m1Þ � nv ð5Þ

dm2

dt
¼�Am2 �m2 � ncþBm2ðM2�m2Þ � nv ð6Þ

dn1

dt
¼ An1 � ðN1�n1Þ � nc ð7Þ

dn2

dt
¼ An2 � ðN2�n2Þ � nc ð8Þ

dn4

dt
¼ An4 � ðN4�n4Þ � nc ð9Þ

dn5

dt
¼ An5 � ðN5�n5Þ � nc ð10Þ

dnv

dt
¼ X�nv � ½Bm1 � ðM1�m1ÞþBm2 � ðM2�m2Þ� ð11Þ

dnc

dt
¼ X�nc � ½Am1 �m1þAm2 �m2þAn1 � ðN1�n1Þ
þAn2 � ðN2�n2ÞþAn4 � ðN4�n4Þ…
þAn5 � ðN5�n5Þ� ð12Þ

The definition and values of the irradiation stage parameters
are shown in Tables 1 and 2 below.

Table 1
Irradiation stage parameters.

Center name Symbol Center description Value

LC—Luminescent Center M1 Center concentration 5� 1022½m�3�
Am1 Electron trapping probability 5� 10�24½m3 s�1�
Bm1 Hole trapping probability 2� 10�21½m3 s�1�

NLC—Non luminescent hole center M2 Center concentration 8� 1025½m�3�
Am2 Electron trapping probability 1� 10�25½m3 s�1�
Bm2 Hole trapping probability 2� 10�24½m3 s�1�

TC1—Trapping center low temperature N1 Center concentration 1� 1024½m�3�
An1 Electron trapping probability 5� 10�24½m3 s�1�

TC2—Peak 5 trapping center N2 Center concentration 1� 1023½m�3�
An2 Electron trapping probability 1:5� 10�22½m3s�1�

CC—Competitive center N4 Center concentration 5� 1024½m�3�
An4 Electron trapping probability 1� 10�23½m3 s�1�

TC3–Catch-all trapping center N5 Center concentration 5� 1024½m�3�
An5 Electron trapping probability 7� 10�25½m3 s�1�

X Production rate of electrons and holes 3:7� 1020½m�3 s�1�
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TC2 is intended to correspond to the 4 eV optical absorption
(OA) band identified with composite glow peak 5 in the glow
curve of LiF:Mg,Ti and CC is identified with the 5.45 eV electron
trapping competitive center. Aside from the F band at 5.0 eV these
are the dominant bands in the OA spectrum. The dose response
characteristics of these OA bands following electron/photon irra-
diation have been experimentally measured as linear/exponen-
tially saturating with dose filling constants, β, equal to
0.8�10�3 Gy�1 (4 eV band), 4�10�4 Gy�1 (5 eV F band) and
1�10�4 Gy�1 (5.45 eV band) [36,37]. The uncertainty on these
experimental values of β is �20%. The dose response of the
intensity of OA bands describes the relative population density
of the various centers as a function of dose.

2.2. Recombination stage.

The conduction band/valence band model for the recombina-
tion stage is shown in Fig. 4 and the additional parameters and
their values in Table 3. The differential equations describing the
traffic of the charge carriers during heating are shown below. Fig. 4
shows explicitly the separate population levels of the TC/LC
complex via joint e–h capture and e-only capture outlined in
Eqs. (2) and (3). Electron de-trapping leading to peak 5 proceeds
via (i) an excited state leading to geminate recombination (hν2)
and (ii) via the conduction band leading to de-localized recombi-
nation (hν1). Retrapping to the ground state is allowed but it is
assumed that into the excited state it is negligible. The values of E,

Fig. 4. The conduction band/valence band model in the recombination stage. See Table 3 for a description of the various parameters. The total concentration N2 of TC/LC
configurations corresponding to peak 5 have been populated in the irradiation stage according to ne–h and ne and Eqs. (2) and (3).

Table 3
Recombination stage parameters.

Center name Symbol Center description Parameter value

LC—Luminescent center AR
m1

electron trapping probability 5� 10�24½m3 s�1�
NLC—Non luminescent hole center AR

m2
electron trapping probability 1� 10�25½m3 s�1�

TC1—Trapping center low temperature Sn1 frequency factor 5� 1012½s�1�
E1 activation energy 1:05½eV�
AR
n1

electron trapping probability 5� 10�24½m3 s�1�
TC2—Peak 5 trapping center Sn2 frequency factor 1:3� 1013½s�1�

E2 activation energy 1:39½eV�
AR
n2

electron trapping Probability 1:5� 10�23½m3 s�1�
CC—Competitive center AR

n4
electron trapping probability 1� 10�23½m3 s�1�

TC3—Catch-all trapping center AR
n5

electron trapping probability 7� 10�25½m3 s�1�
Localized recombination Sg frequency factor 1� 1010½s�1�

Eg activation energy 1:08½eV�
Sgc frequency factor 1� 1013½s�1�
Egc activation energy 1:37½eV�
AR
n3

electron trapping Probability 5� 10�24½m3 s�1�

Table 2
Values of e–h filling parameters.

Symbol Parameter value f(D)max¼1
photon energy 2 keV

Parameter value f(D)max¼1.8
photon energy 8 keV

Parameter value f(D)max¼2.4
photon energy 50 keV

Parameter value f(D)max¼3.5
photon energy 1 MeV

The ratio
ne–h/ne

a 620�10�3 620�10�3 700�10�3 800�10�3

b 350�10�3 300�10�3 220�10�3 150�10�3

βe–h[Gy�1] 2�10�4 40�10�4 70�10�4 110�10�4
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s for TC1 were chosen to simulate the low temperature peaks
(commonly labeled 2–4) and the value of E¼1.08 eV for the
activation energy governing geminate recombination was chosen
to be somewhat lower than the activation energy leading to
thermal elevation of the electrons to the conduction band.
Although the parameters E¼2.1 eV and s¼1021 s�1 for peak 5 have
been estimated experimentally, these are known to be anoma-
lously high. Chen and Hag-Yahya [38] have proposed an explana-
tion for these high values based on competition between centers
when the real values of the parameters were E¼1.2 eV and
s¼2.5�1011 s�1. We have adopted values very close to these
values.

It is well known that the competitive center (CC) in LiF:Mg,Ti is
a “deep-trap” which is not depopulated at the temperatures
corresponding to the readout of peak 5 (e.g., o250 1C) and for
this reason during the recombination stage thermal elevation of
electrons from the CC is not allowed. It deserves mention that
additional complexity, for example, the possibility of geminate
recombination/tunneling from the e-only populated TC2 to the
population of LCs (M1,m1) (e.g., by band-tail states [20–23] was
avoided in order to test the predictive capability of the least
complicated as possible (e–h/e-only) capture model.

Finally, a word concerning the electron trapping probabilities
denoted by A and AR in the irradiation and recombination stages,
respectively. These can be different, in principle, due to various
factors (e.g., dependence of cross-section on temperature, ther-
mally induced alterations of the trapping structures). But, in the
simulations carried out herein, the values of these probabilities in
both stages were maintained identical.

The differential equations governing the traffic of charge
carriers in the recombination stage are shown below.

dm1

dt
¼�AR

m1 �m1 � nc�ne�h � Sg � eð�Eg=kTÞ ð13Þ

dm2

dt
¼�AR

m2 �m2 � nc ð14Þ

dn1

dt
¼�n1 � Sn1 � eð�ELT =kTÞ þAR

n1 � ðN1�n1Þ � nc ð15Þ

dne

dt
¼�ne � Sn2 � eð�ETC=kTÞ þAR

n2 � ðNe�neÞ � nc ð16Þ

dne�h

dt
¼�ne�h � Sg � eð�Eg=kTÞ�ne�h � Sgc � eð�Egc=kTÞ

þAR
n3 � ðNe�h�ne�hÞ � nc ð17Þ

dn4

dt
¼ AR

n4 � ðN4�n4Þ � nc ð18Þ

dn5

dt
¼ AR

n5 � ðN5�n5Þ � nc ð19Þ

dnc

dt
¼ n1 � Sn1 � eð�ELT=kTÞ þne � Sn2 � eð�ETC=kTÞ þne�h � Sgc � eð�Egc=kTÞ

�nc � ½AR
m1 �m1þAR

m2 �m2þAR
n1 � ðN1�n1Þ

þ⋯þAR
n2 � ðNe�neÞþAR

n3 � ðNe�h�ne�hÞ
þAR

n4 � ðN4�n4ÞþAR
n5 � ðN5�n5Þ� ð20Þ

3. Results of the modeling

Although the model incorporates a large number of variable
parameters, the search for a set of values which would predict
both the dose filling rates of the relevant OA bands in the
irradiation stage as well as the behaviour of f(D) as a function of

photon energy in the recombination stage was by no means trivial.
This was finally accomplished with the parameter values shown in
Tables 1–3. The results of the modeling are shown in Figs. 5–8.
Fig. 5 illustrates the dose dependence of the 4 eV and 5.45 eV OA

Fig. 5. Results of the irradiation stage kinetic simulation for the OA dose response
of the 4 eV (TC2) and 5.45 eV (CC) bands. The value of β is given in Gy�1.

Fig. 6. Results of the irradiation stage kinetic simulation for the concentration of
e–h occupied, and e-only occupied TC/LCs, ne–h and ne, respectively, as a function of
dose and chosen with parameter values to yield f(D)max¼3.5.

Fig. 7. The ratio of ne–h to ne as a function of dose chosen to predict f(D) for four
different values of f(D)max decreasing from 3.5 to 1 and corresponding to photon
energies decreasing from �100 keV (and above) to a few keV.

Fig. 8. f(D) as a function of dose for various values of f(D)max corresponding to
photon energies decreasing from �100 keV (and above) to �2 keV and resulting
from the ne–h/ne concentrations shown in Fig. 7 and Table 3.
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bands which are in agreement with experimentally measured
values. Fig. 6 illustrates the dependence of ne–h and ne on dose and
Fig. 7 their ratio as a function of dose. Fig. 8 shows the various
values of f(D) for photons of different energy. The values of f(D)max

of 3.5, 2.4, 1.8 and 1 correspond approximately to photon energies
above 100 keV, �50 keV, �10 keV and �2 keV, respectively [39].
The value of f(D)max �1 for keV electrons has been theoretically
predicted by the UNIM. On microdosimetric grounds one expects
that the initial value of ne–h/ne would increase with decreasing
energy (increasing ionization density) and this has been incorpo-
rated in the model. The significant increase of ne–h/ne with
increasing dose has been chosen to begin at a level of dose
corresponding approximately to the onset of supralinearity for
glow peak 5 in LiF:Mg,Ti and this would be expected to occur at a
level of dose when the intersection/overlap of the electron tracks
begins to be significant. In addition the maximum values of ne–h/ne
would be expected to occur at higher levels of dose as demon-
strated in Fig. 8. The slight shift in Dmax with decreasing photon
energy from �350 Gy to �500 Gy has not been clearly observed
in experimental data.

We also consider that the dependence of ne–h/ne on dose
should bear some resemblance to the behaviour of the relative
intensity of glow peak 5a to glow peak 5 in the glow curve of LiF:
Mg,Ti (TLD-100) as shown in Fig. 11 of Horowitz et al. [39]. That is,
5a/5 intensity is �constant up to a dose-level of 100 Gy followed
by a rapid increase from 100 Gy to 5000 Gy. Glow peak 5a is
believed to arise from geminate recombination between the
locally trapped e–h pair in the TC/LC complex giving rise to
composite peak 5 and peak 5 arises from an e-only trapped
configuration [11–13]. It is worthy of note that the values of Dc

and Dm equal to �1 Gy, and �300–500 Gy, respectively, agree
well with experimentally measured dose response curves. Inspec-
tion of Figs. 6–8 clearly reveal that significant supralinearity
observed at �10 Gy correlates with the departure from approx-
imate linear behaviour of the ratio ne–h/ne above 10 Gy. In addition
the entry into saturation of ne–h/ne at several hundred Gy corre-
sponds closely to the value of Dm observed in the dose response
curves. There also appears to be a close correlation between the
ratio of ne–h/ne at high dose compared to the same ratio at low
dose and f(D)max. This ratio increases with increasing photon
energy as does f(D)max. The values of the filling rate parameters
for the various photon energies are shown in Table 2.

It deserves emphasis that, unlike the situation with E and s
values which determine the shape of glow peaks and which have
been shown to be highly correlated, the parameters a, βe–h and b
are not strongly correlated—the dose filling factor βe–h is of
dominant importance in determining the behaviour of ne–h/ne
and consequently of f(D). If one increases βe–h the dramatic
changes in f(D) are demonstrated in Fig. 9. Increasing the value
of βe–h rapidly changes Dm from 300 Gy to 400 Gy to values as low
as 0.5 Gy. With these parameter values of βe–h we find it impos-
sible to obtain linear/supralinear behaviour of the dose response
resembling experimental measurements, certainly not by manip-
ulation of the parameters a,b and not even with manipulation of
the large number of variable parameters in the simulation. Fig. 10.

We have also studied the effect of the dose filling parameters of
the TC and CC in the irradiation stage on the filling rate of ne–h and
ne and on the consequent behaviour of f(D). For example, if one
adjusts the irradiation stage parameters of the TC and CC so that
the filling rates of these centers are a factor 2 higher than in the
previous simulation it was found possible to maintain the beha-
viour of f(D) (Figs. 6–8) by simply modifying the values of five of
the irradiation stage parameters as shown in Table 4 without
modification of the values of the ne–h/ne filling parameters. This
success adds to the generality of the demonstration of the
importance of the behaviour of ne–h/ne on the prediction of

linear/supralinear dose response and the behaviour of f(D) with
photon energy.

4. Conclusions

The capability of a kinetic LDL model to describe the linear/
supralinear behaviour of TL dose response and the dependence of
the dose response, i.e., f(D)max, on photon energy has been
demonstrated. The model adopts a nanodosimetric approach to
the e–h filling rates and e-only filling rates of a spatially correlated
TC/LC. In this work, a close to linear and then exponential filling
rate has been adopted for the e–h and e-only trapping configura-
tions. This is based on the expectation that at low levels of dose
the e–h concentration will be rather low due to the lack of track
interaction/overlap. The e–h concentration could be expected to

Fig. 9. f(D) as a function of dose for various values of “b” (Eq. (2)) using the values
of βe–h¼0.1 Gy�1 and a¼0.8. The range of values of the dose with f(D)41 is much
greater than measured experimentally.

Fig. 10. f(D) as a function of dose for various values of “a” (Eq. 2) using the values of
βe–h¼0.1 Gy�1 and b¼0.15. Here again the range of values in which f(D)41 is
greater than that observed experimentally.

Fig. 11. f(D) as a function of dose for various values of βe–h. Increasing the value of
βe–h rapidly decreases Dc and Dm to unrealistic values for peak 5. The value of β is
given in Gy�1.
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increase slowly at low dose levels. At higher levels of dose one
expects that the e–h concentration will increase markedly based
on the statistical probability of two energy transfer events in the
small volume defining the TC/LC complex. The predictive ability of
this modeling will be greatly increased when these relative e–h/e
concentration ratios can be calculated by Monte Carlo methods
applied to condensed phase LiF and other TL materials. This will
require detailed knowledge of low energy electron cross-sections.
Such calculations have been carried out in silicon [40] and it is our
understanding that they are being planned in LiF [41]. It deserves
emphasis that although the simulations carried out herein have
been applied to the dose response characteristics of composite
peak 5 in LiF:Mg,Ti, the conceptual basis of e–h and e-only filling
rates of a TC/LC complex could be applicable to all TL materials
which show a linear/supralinear behaviour coupled with a depen-
dence of the dose response on photon energy i.e., to many TL
materials.
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Table 4
Sensitivity of irradiation stage parameters.

Center name Symbol Center parameters Changed parameter value Original parameter value

TC1—Trapping center low temperature An1 Electron trapping probability 4� 10�24½m3 s�1� 5� 10�24½m3 s�1�
TC2—peak 5 Trapping center An2 Electron trapping probability 5� 10�23½m3 s�1� 1:5� 10�22½m3 s�1�
CC—Competitive center N4 Center concentration 3� 1023½m�3� 5� 1024½m�3�

An4 Electron trapping probability 7� 10�24½m3s�1� 1� 10�23½m3s�1�
TC3—Catch all trapping center An5 Electron trapping probability 4� 10�24½m3 s�1� 7� 10�25½m3 s�1�
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Nanodosimetric kinetic model incorporating localized and delocalized
recombination: Application to the prediction of the electron dose
response of the peak 5a/5 ratio in the glow curve of LiF:Mg,Ti
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h i g h l i g h t s

� A kinetic model of the LiF:Mg,Ti system has been developed.
� The model predicts the behavior of the dose response of the ratio of glows peaks 5a to 5.
� The model postulates different filling rates for the eeh and e-only configurations of the TC/LC defect structure.
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a b s t r a c t

A kinetic model combining both localized and delocalized recombination is described which is based on
different filling rates as a function of irradiation electron energy of a spatially correlated trapping center/
luminescent center (TC/LC) complex. Following irradiation and thermal de-trapping the locally trapped
electron-hole configuration is assumed to give rise to peak 5a and the e-only configuration to peak 5 in
the glow curve of LiF:Mg,Ti (TLD-100). The model is capable of simulating the linear/supralinear dose
response of composite peak 5, the dependence of the supralinearity on photon energy and the ratio of
the intensities of peak 5a to peak 5 as a function of dose. However, this is achieved only by invoking the
presence of band-tail states which allow thermally induced hopping leading to semi-localized recom-
bination in the recombination mechanism of the e-only configuration.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In a previous publication (Eliyahu et al., 2014) we have
described a kinetic model based on a mixture of localized/delo-
calized (LDL) recombination which was capable of predicting the
linear/supralinear dose response of composite peak 5 in LiF:Mg,Ti
(TLD-100) as well as the dependence of the normalized dose
response, f(D), on photon energy. Earlier kinetic models based
exclusively on delocalized recombination have been demonstrated
to be incapable of predicting these characteristics of TL dose
response (Weiss et al., 2008) The LDL kinetic model (Eliyahu et al.,

2014) is based on the experimental evidence demonstrating the
presence of glow peak 5a e a low temperature satellite of peak 5,
which arises from geminate recombination of a locally trapped
electron-hole in a spatially correlated trapping center/luminescent
center (TC/LC) configuration (Weizman et al., 2000) Peak 5 is
believed to arise from delocalized conduction band recombination
from a trapped electron-only configuration (Weizman et al., 2000,
1999). The dependence of the supralinearity on photon energy
was obtained by nanodosimetric considerations which assumed
that the relative concentration of the eeh populated TC/LC pair
(neeh) to the electron-only concentration TC (ne) is dependent on
electron energy/ionization density. In the kinetic model described
herein we have also attempted to simulate/predict the experi-
mentally measured behavior of peak 5a/5 intensity as a function of
electron dose following 90Sr/90Y beta irradiation (Horowitz et al.,
2011).
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2. The kinetic model

The total population of trapping centers, NTC2, giving rise to peak
5, is composed of a certain fraction of trapping centers, Neeh, which
are spatially correlated/coupled to the luminescent centers, It is
these trapping and luminescent centers, in close proximity to one
another, which when populated by an e-h can give rise to geminate
recombination. The remaining fraction of the TCs is denoted by Ne.

Following irradiation, the ratio, neeh/ne, of the density of eeh to
e-only populated TC/LC complexes is given by:

ne�h=ne ¼ a�
�
1� ebe�h�D

�
þ b (1)

The combined densities must, of course, yield the total density
of occupied TCs as given

ne�h þ ne ¼ ntot ¼ NTC2 �
�
1� ebTC2�D

�
(2)

The parameters a, b and beeh are assumed to depend on photon/
electron energy. Further information is given in ref (Eliyahu et al.,
2014) concerning the differential equations governing the trans-
port of charge carriers in the irradiation stage and the final values of
the parameters. The dose filling constant, bTC2, of the 4 eV OA band
associated with glow peak 5 has been measured experimentally. It
is important to point out that the value of Neeh/NTC2 chosen in the
irradiation stage must be consistent with the calculated population
densities, neeh and ne at saturation (full population) as given by
Equation (3) below. It follows therefore, of course, that meeh is
equal to neeh.

Ne�h
NTC2

z
ne�h
ne

/D > 103½Gy� (3)

The definition and values of the irradiation stage parameters
governing the population of the TC/LC complex (eeh and e-only)
are shown in Table 1 below. The irradiation stage parameters were

constrained to yield the experimentally observed dose filling rates
of the 4 eV optical absorption (OA) and 5.45 eV OA bands which are
the major OA bands associated with the TL mechanism of com-
posite peak 5.

2.1. Recombination stage

The conduction band/valence bandmodel for the recombination
stage is shown in Fig. 1 and the additional parameters and their
values in Table 2. The differential equations describing the traffic of
the charge carriers during heating are shown below. The TL in-
tensity is given by integration of Equation (4) from the numerical
solution. Equation (4) includes the contribution of all three
recombination mechanisms to the TL intensity of peak 5. Fig. 1
shows explicitly the separate population levels of the TC/LC com-
plex via joint e-h capture and e-only capture outlined in Equations
(1) and (2). Electron de-trapping leading to peak 5a proceeds via (i)
an excited state leading to geminate recombination (hn2) and (ii)
via the conduction band leading to de-localized recombination
(hn1). Retrapping to the ground state is allowed but it is assumed
that into the excited state it is negligible. Stepped post-irradiation
annealing has unfortunately been unable to detect differences in
the emission spectrum in the temperature range of peaks 5a and
peak 5. This is probably due to the relatively low intensity of peak
5a following low-ionization-density irradiation and perhaps due to
the multi-stage complexity of the emission (Biderman et al., 2002).
The values of E,s for TC1 were chosen to simulate the low temper-
ature peaks (commonly labeled 2e4). This means that this one level
is responsible for all three traps. The value of E ¼ 1.1 eV for the
activation energy governing geminate recombination was chosen
to be somewhat lower than the activation energy leading to ther-
mal elevation of the electrons to the conduction band. It is well
known that the competitive center (CC) in LiF:Mg,Ti is a “deep-
trap” which is not depopulated at the temperatures corresponding
to the readout of peak 5 (e.g.,<250 �C) and for this reason during

Table 1
Values of eeh filling parameters.

Symbol Parameter value f(D)max ¼ 1.8 photon energy 8 keV Parameter value f(D)max ¼ 3.3 photon energy 1 MeV

The ratio neeh/ne a 730$10�3 850$10�3

b 90$10�3 230$10�3

beeh [Gy�1] 50$10�4 45$10�4

Fig. 1. The conduction band/valence band kinetic model in the recombination stage.
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the recombination stage thermal elevation of electrons from the CC
is not allowed (McKeever SWS, 1990).

There are two very significant differences in the recombination
model presented herein and that described previously (Eliyahu
et al., 2014). These differences were necessarily introduced in or-
der to enable the accurate simulation of the 5a/5 peak area ratios
shown in Fig. 3. The first difference concerns the electron trapping
probabilities denoted by A and AR in the irradiation and recombi-
nation stages respectively. These can be different, in principle, due
to various factors (eg., dependence of cross-section on temperature,
thermally induced alterations of the trapping structures). In the
current simulations it was found necessary to allow the

recombination probabilities AR
m1 and AR

m2 to differ significantly
from the irradiation stage probabilities. The second difference
involved a significant addition to themodel. In order to predict both
the TL dose response linearity/supralinearity as well as the
dependence of 5a/5 on dose, it was necessary to introduce the
existence of band-tail states in the recombination process of peak 5
(the e-only configuration of the TC/LC composite) as shown in Fig. 1
which allows semi-localized recombination via thermally activated
hopping without competitive conduction banderelated effects
which lead to non-linear dose response. These states are believed to
arise by fluctuations in bonding angle throughout the crystal which
generate localized shallow states below the high mobility

Table 2
Recombination stage parameters.

Center name Symbol Center description Parameter value f(D)max ¼ 3 and 1.8

LC e Luminescent center AR
m1 Electron trapping Probability 5$10�21 [m3 s�1]

NLC e Non luminescent hole center AR
m2 Electron trapping Probability 1$10�22 [m3 s�1]

TC1 e Trapping center low temperature Sn1 Frequency factor 5$1012 [s�1]
E1 Activation energy 1.05 eV]
AR
n1 Electron trapping Probability 1$10�24 [m3 s�1]

TC2 e Peak 5 trapping center (Ne) Sn2 Frequency factor 1.3$1013 [s�1]
E2 Activation energy 1.39 [eV]
AR
n2 Electron trapping Probability 7.5$10�23[m3 s�1]

Sbt Frequency factor 1.5$1010 [s�1]
Ebt Activation energy 1.17 [eV]

CC e Competitive center AR
n4 Electron trapping probability 1$10�23 [m3 s�1]

TC3 e Catch all trapping center AR
n5 Electron trapping probability 4$10�24 [m3 s�1]

Localized recombination (Neeh) Sg Frequency factor 1$1010 [s�1]
Eg Activation energy 1.1 [eV]
Sgc Frequency factor 1$1013 [s�1]
Egc Activation energy 1.37 [eV]
AR
n3 Electron trapping probability 5$10�24 [m3 s�1]

For f(D)max ¼ 1.8 the band tail frequency factor (Sbt) is equal to 3.5$1010[s�1].

Fig. 2. The values of neeh/ne as a function of dose for two irradiation energies of 8 keV and 500 keV leading to maximum values of the supralinearity f(D)max of 1.8 and 3.3
respectively.

Fig. 3. Comparison of the theoretically simulated values of 5a/5 peak area ratios as a function of dose with the experimentally measured values.
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conduction band edge. In order to allow tunneling between the
continuum of these states the wave-function of the trapped elec-
trons must extend beyond the potential well boundaries. In the
Feldspars it is assumed that the density of the continuum is
exponentially variable in energy below the conduction band
(Poolton et al., 2002) The presence of these states has been studied
extensively in the luminescence of irradiated feldspars and has
been used to explain anomalous fading (Li and Li, 2013, Jain and
Ankjaergaard, 2011). In the Feldspars it is believed that there is a
specific excited state which is embedded in the band-tails which
then allows recombination via thermally-activated hopping among
the band-tails. In the model described herein the trapped electron
in the ground state is thermally elevated into the continuum of the
band tail states (the details of the energy distribution of the con-
tinuum are not essential to the modeling) and recombination
proceeds directly from the band-tail states to the recombination
center. In addition, as shown in Fig. 1 electrons can also be ther-
mally elevated from the ground state to the conduction band and
recombination follows migration in the conduction band. It de-
serves mention that physical evidence for the presence of band-tail
states in the luminescent mechanism of feldspars is certainly better
established than in the TL mechanism of composite peak 5. We
suggest the presence of band-tails as a possibility which when
incorporated into our TL model is capable of predicting the ioni-
zation density characteristics of composite peak 5. There may be
other possibilities governing the relative intensities of localized to

delocalized recombination which will be welcome as other alter-
natives when described.

The differential equations governing the traffic of charge carriers
in the recombination stage are shown below.

dm1

dt
¼ �AR

m1$m1$nc � ne�h$Sg$e
�Eg
kT � ne$Sbt$e

�Ebt
kT (4)

dm2

dt
¼ �AR

m2$m2$nc (5)

dn1
dt

¼ �n1$Sn1$e
�ELT
kT þ AR

n1$ðN1 � n1Þ$nc (6)

dne
dt

¼ �ne$Sn2$e
�ETC
kT � ne$Sbt$e

�Etb
kT þ AR

n2$ðNe � neÞ$nc (7)

dne�h
dt

¼ �ne�h$Sg$e
�Eg
kT � ne�h$Sgc$e

�Egc
kT þ AR

n3$ðNe�h � ne�hÞ$nc
(8)

dn4
dt

¼ AR
n4$ðN4 � n4Þ$nc (9)

Fig. 4. (a) The TL intensity arising from band-tail recombination hn1 (b) The TL intensity giving rise to peaks 2 and 5 via conduction band mechanisms hn1 (c) The TL intensity arising
from geminate recombination leading to peak 5a hn2 (d) Total TL glow curve intensity arising from all three recombination mechanisms.
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dn5
dt

¼ AR
n5$ðN5 � n5Þ$nc (10)

dnc
dt

¼ n1$Sn1$e
�ELT
kT þ ne$Sn2$e

�ETC
kT þ ne�h$Sgc$e

�Egc
kT

� nc$
h
AR
m1$m1 þ AR

m2$m2 þ AR
n1$ðN1 � n1Þ

þ AR
n2$ðNe � neÞ þ AR

n3$ðNe�h � ne�hÞ þ AR
n4$ðN4 � n4Þ

þ AR
n5$ðN5 � n5Þ

i

(11)

3. Results of the modeling

The results of the simulations are shown in Figs. 2e6. Fig. 2
shows the value of neeh/ne as a function of dose chosen to yield
normalized dose response with f(D)max ¼ 1.8 and 3.3 corre-
sponding to electron/gamma irradiation energies of 8 keV and

greater than w100 keV respectively. The low dose value of neeh/
ne ¼ 0.2 for 8 keV photons compared to w0.1 for the higher
energy photons is consistent with increased ionization density
with decreasing energy. The values of neeh/ne begin to increase at
a dose level of w10 Gy corresponding to the onset of supra-
linearity in the dose response of peak 5 and reach saturation
values of w0.4e0.5 at dose levels in excess of 103 Gy. Fig. 3 shows
the theoretically simulated dose response of the area-ratio of
peak 5a/5 measured following irradiation with 90Sr/90Y beta rays
of w500 keV average energy. The over-all agreement with the
experimental data is good although the 5a/5 ratio is over-
estimated at the highest levels of dose. The theoretically simu-
lated 5a/5 ratio at 8 keV is w20% greater than at 500 keV and this
difference is maintained for the two electron energies until their
values merge at high levels of dose (104 Gy). Confirmation of this
behavior requires dose response measurements at 8 keV which
are being planned. Fig. 4 shows the separate contribution to the
TL intensity of the various recombination routes and Fig. 5 shows
the total intensity of composite peak 5 deconvoluted into sepa-
rate contributions using a code based on first-order kinetics. The

Fig. 5. The total TL intensity glow curve deconvoluted via the Ben Gurion University computerized code (Horowitz and Youssian, 1995) based on first order kinetics. The TL model
described herein, however, is not, in principle, a first-order kinetic model since retrapping into the various TCs is allowed. The good fit based on first-order kinetics and a single TC/
LC model with the same resultant kinetic parameters close to the parameters of our more complex model and with nearly the same value of the 5a/5 area ratio could be interpreted
as a positive statement on the application of CGCD based on first-order kinetics to the TLD-100 glow curve.

Fig. 6. The theoretically simulated values of f(D) for 8 kev and 500 keV electron energies respectively.
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TL model described herein, allows retrapping into the various TCs
however the results of the kinetic simulations lead to retrapping
probabilities much smaller than the recombination probabilities,
i.e., the results are very close to first-order. The maximum tem-
perature of peaks 5a and 5 in our model therefore do not vary as
a function of dose. Deconvolution of the glow peaks using the
CGCD code (Horowitz and Yossian, 1995) based on a single TC/LC
e first order mechanism thus yields kinetic parameters (activa-
tion energies and Tmax) very similar to the model kinetic pa-
rameters as shown in Table 3.

4. Conclusions

A kinetic model including both localized and delocalized
recombination has been developed which is capable of simulating
the dependence of the ratio of the intensity of peak 5a to peak 5 as a
function of dose as well as simulating the behavior of the dose
response supralinearity as a function of photon energy. This capa-
bility is based on the adoption of different filling rates as a function
of electron/photon energy of the locally trapped e-h and e-only
trapped configurations .The different filling rates are consistent
with ionization density behavior in electron tracks of decreasing
energy. In addition, and in order to reduce the contribution of the e-

only trapping state to enhanced TL intensity (supralinearity) it was
found necessary to invoke the presence of band-tail states which
allow semi-localized recombination via thermally induced hopping
without the intervention of conduction band-mediated competi-
tive processes.
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a b s t r a c t

Kinetic model simulations of charge carrier transport following irradiation of LiF:Mg,Ti (TLD-100) includ-
ing Fluorine vacancy/F center creation by the radiation and dose-dependent vacancy-interstitial recombi-
nation are presented which describe the experimentally measured linear/exponentially saturating optical
absorption dose response of the electron trapping centers at 4.0 eV, 4.77 eV, 5.08 eV (F band) and 5.45 eV.
Linear/exponentially saturating dose response is commonly observed for centers which are not created by
the radiation. The creation of Fluorine vacancies by the radiation could therefore be expected to lead to a
supralinear dose response of the F center before the onset of saturation. Nonetheless, the dose response is
linear from 10 Gy to 500 Gy and can be fitted with a dose-filling constant b = 6.1 � 10�5 Gy�1 corresponding
to a 5% and 25% decrease from linearity at 103 Gy and 5 � 103 Gy respectively. The model attempts to
resolve a central question concerning the mechanisms leading to the linear/exponentially saturating dose
response of the F band even though Fluorine vacancies are being continuously created during the irradi-
ation. The electron-trapping characteristics of the created vacancies are assumed to differ somewhat from
the vacancies originally present in un-irradiated samples due to differences in their immediate environ-
ment. Vacancy-interstitial recombination for separation distances less than a critical distance, dc is dem-
onstrated to be significant for D > 500 Gy (dc = 36 Å) and is an important mechanism contributing to the F
center saturation at high dose-levels. The kinetic model accurately simulates the experimentally observed
F center dose response over the entire investigated dose range of 10–105 Gy under the following condi-
tions: (i) The concentration of vacancies initially present is unexpectedly high at �1023 m�3, possibly
due to the highly doped, non-crystalline and hot-pressed nature of the LiF:Mg,Ti samples. (ii) The transi-
tion probability, An4o, for electron capture into the initially-present vacancies is �40 times greater than
An4, the transition probability for the radiation-created vacancies. These two factors marginalize the effect
of the created vacancies at low dose resulting in a linear dose response.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Preamble

Unraveling the details of the mechanisms controlling the pro-
duction of thermoluminescence (TL) in LiF:Mg,Ti continues to be
a subject of interest [1]. LiF:Mg,Ti is the most widely used of the

TL dosimetric materials so the development of a robust theory of
its response to ionizing radiation is an important undertaking [2].
One of the outstanding questions is the role of F centers in the TL
mechanisms of composite glow peak 5, the dominant dosimetry
peak. Some kinetic models of TL have attempted to deal with the
effects of defect creation during the irradiation stage [3] since
these might be expected to participate in the TL mechanism (either
as competitors or enhancers). The most important of the radiation
created defects is the F center (an electron trapped at a Fluorine
vacancy) so that the creation of vacancies/F centers could be rea-
sonably expected to influence the sensitivity and the dose response
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of many, if not most, TL materials especially at high levels of dose.
This possibility was indeed suggested in early stages of the use of
LiF:Mg,Ti for dosimetry [4]. Since Fluorine vacancies can capture
electrons (in both the irradiation and recombination stages of the
TL process and thereby convert to F centers), the vacancies can
serve as competitors to the electron trapping centers. In the recom-
bination stage, competition during heating is believed to play an
important role in the linear/supralinear dose response of peak 5
in the glow curve of LiF:Mg,Ti [5]. Peak 5 is believed to arise from
electron release during heating from Mg-Livac trimers [6] coupled
to Ti-OH [7]. Others have also proposed that the F center may be
an important intermediary in the luminescent process. Christy
et al. [8] suggested a mechanism during the heating process in
which the F center electron in an excited state tunnels to a hole
captured by a trapping center associated with the 6.2 eV optical
absorption (OA) band. A rough estimate resulted in a maximum
separation of �20 Å for which this tunneling mechanism would
be effective. This suggests the possibility that a stable F center
can be created in the vicinity of the 6.2 eV trap and that the F cen-
ter plays a major role in the electron–hole recombination leading
to peak 5. Indeed it is possible (even likely) that both the compet-
itive and enhancing mechanisms are occurring simultaneously. At
very high levels of dose, the concentration of F centers exceeds the
concentration of TL producing trapping centers which suggests a
very significant role at these levels. The study of the high dose
behavior of TL materials is an important factor in the understand-
ing of heavy charged particle (HCP) induced TL where the dose
reaches levels of MGy near the HCP track axis [9,10]. Track struc-
ture theory (TST) relies on knowledge of the dose response up to
these high levels of dose in order to predict relative TL HCP effi-
ciencies [11]. The creation of Fluorine vacancies/F centers and their
stability may therefore play an important role in the TL mecha-
nisms of composite peak 5 and in the relative TL intensity of HCPs.
Further investigation into the possible effect of defect creation on
TL characteristics seems, therefore, a potentially worthwhile
endeavor, especially given the advent of powerful computational
methods which can deal with extremely complex systems. A large
number of coupled differential equations governing the traffic of
charge carriers in the irradiation and recombination stages can
be solved in a number of minutes which allows a detailed analysis
of the effects of the various parameters. In previous publications
we have incorporated spatially-correlated trapping center/lumi-
nescent center (TC/LC) defect mechanisms [12,13] in the modeling
in order to simulate the linear/supralinear TL dose response of
composite glow peak 5 and, as well, the dependence of the shape
of composite glow peak 5 (ratio of satellite peak 5a to major peak
5) as a function of dose. Prior to this work no kinetic models were
capable of predicting the linear/supralinear dose response or its
dependence on ionization density. In an earlier publication [14]
Fluorine vacancy creation was incorporated into the kinetic model-
ing but without the presence of TC/LC spatially correlated pairs or
vacancy-interstitial recombination. The present investigation
includes both of these mechanisms as well as more realistic simu-
lations of the dose dependence of the created vacancies. In addition
the vacancies present in the sample before irradiation and the
created vacancies are treated as entities in somewhat different
environments as has been suggested in the literature [15–19]
and proposed herein to result in different electron trapping
characteristics.

1.2. Radiation creation mechanisms

There is considerable consensus that F centers are formed by
ionizing radiation in alkali halides by two distinct processes [15–
19,22]. In one of them, negative ion vacancies initially present in
the crystal may trap electrons. In the other one, new vacancies

are created and these in turn may trap electrons and form addi-
tional F centers. Direct evidence for the existence of two processes
comes from the optical bleaching of the F centers which cannot be
fitted by a simple decay curve, but requires at least two decay con-
stants – suggesting that all the F centers may not be in the same
environment. It is now well-known that the exciton mechanism
for the creation of F centers dominates in LiF crystals [16,17,20].
At high levels of dose the creation of complex color centers and
aggregation of neighboring defects can lead to F2 or F3 centers
and other aggregates. Nuclear elastic collisions following HCP or
neutron irradiation can also displace the sample atoms due to their
heavier mass. Thus neutron and HCPs are capable of creating
higher concentrations of F centers compared to photon/electron
irradiation by approximately an order of magnitude [18]. Atomic
displacements in LiF crystals also lead to secondary electrons/ion-
izations followed by the exciton mechanism [20].

1.3. Vacancy concentration in un-irradiated material: F center
concentration at saturation in LiF:Mg,Ti (TLD-100)

It deserves mention that previous investigations (eg., [15–
19,21,22]) of F center formation have almost exclusively been car-
ried out on so-called ‘‘pure’’ single crystal LiF and other alkali
halides. The optical absorption dose response reported herein is
for heavily doped, non-crystalline, LiF:Mg,Ti (TLD-100) hot-pressed
chips prepared for applications in TL dosimetry. Two parameters in
the kinetic modeling discussed in the following are the concentra-
tion of Fluorine vacancies (No) in un-irradiated material and the
total vacancy concentration at saturation Nvsat. There is sparse
information in the literature on vacancy concentrations in un-irra-
diated alkali halides, however, at very high levels of dose when all
the vacancies have captured electrons Nvsat = nFsat (the concentra-
tion of F centers at saturation). It is generally assumed that the
concentration of vacancies in different forms of un-irradiated
material may vary by several orders of magnitude due to various
sample and growth factors. There is one mention in the literature
of No = �3 � 1022 m�3 in KCl [22] but this estimated value was
unsupported by evidence or explanation. Since the value of nFsat

in the alkali halides is �1024 m�3 to 1025 m�3 it can be implied that
Non Nvsat by �2–3 orders of magnitude in these materials.

On the other hand, F center concentrations can be measured
fairly accurately by measurement of the optical absorbance follow-
ing irradiation. A typical deconvoluted optical absorption spectra
of LiF:Mg,Ti is shown in Fig. 1 following gamma irradiation to a
dose-level of 103 Gy [23]. At the higher dose levels above 104 Gy
the relative intensity of the 4 eV band is greatly reduced due to
its early entrance into saturation. The relative intensity of the
3.24 eV and 4.45 eV bands is very weak at all levels of dose. Only
at 105 Gy, due to its preferred population at high ionization den-
sity, can one observe a weak F2 band at 2.78 eV. Accurate measure-
ment of OA below 10 Gy is limited by background absorbance.
Many studies of OA in the alkali halides have been limited to high
levels of dose of thousands of Gy or higher. In this investigation,
our previous OA measurements [23] were both re-evaluated at cer-
tain dose-levels and extended to lower levels of dose in order to
determine the behavior of the dose response as unambiguously
as possible. At least three of the trapping centers associated with
the various absorption bands are believed to bear an intimate rela-
tionship with the TL processes [24]. The band at 5.08 eV is associ-
ated with the F center in LiF:Mg,Ti and its experimentally
measured optical density (OD) as a function of dose is shown in
Fig. 2. The 4 eV OA band has been associated with the trapping cen-
ter leading to composite peak 5. The 5.45 eV OA band is believed to
be an electron trap which competes for electrons with the 4 eV
trapping center in the recombination/heating stage. The role of
the 4.77 eV band is unknown but may be an F center related
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structure [24]. The 6.2 eV band has been connected with Ti-OH or
Ti-O complexes and may serve as a luminescent center, however,
its measurement in these studies is strongly limited by instrumen-
tal factors. The OA bands observed in single crystal un-doped LiF
are identical to those observed in LiF:Mg,Ti except for the absence
of the 4.0 eV band which is believed to arise from Mg–Ti based tri-
mers [6]. The experimentally measured values of the optical den-
sity (OD) as a function of dose for all the measured OA bands can
be fitted by a linear/exponentially saturating function of the form

OD ¼ ODmax � ð1� exp�b�DÞ ð1Þ

where b is a dose filling constant.
The integrated absorption of an optical transition can be related

to the concentration of absorbing centers, N, the index of refrac-
tion, n, and the oscillator strength, f, by the Smakula formula [25]
modified by Dexter [26]

N � f ¼ 0:87 � 1017 � n

ðn2 þ 2Þ2

 !
� amax �W

¼ 4:7 � 1023½m�3� ðFor the F bandÞ ð2Þ

where amax is the maximum absorption, W is the full width at half
maximum of the absorption band. Smakula treats the F center as a
classical damped oscillator imbedded in the dielectric medium of
the host crystal and acted upon by the Lorentz local field. The oscil-
lator strength in LiF has been estimated to lie between 0.56 and 0.9

[27,28] so that it is possible to estimate the F center concentration.
Bate and Heer [29] have concluded that to within �5% the value of f
is 0.82 for the F band in LiF. In heavily doped LiF:Mg,Ti – (TLD-100)
(�100 ppm/w Mg and �10 ppm/w Ti) the value of f, however, could
be different due to the coupling of Mg or Ti complexes to its near-
est-neighbor positive ion vacancy and/or the hot-pressed, non-crys-
talline nature of the sample. The value of f for both the initial and
the radiation-created F centers in LiF:Mg,Ti, therefore, could be rea-
sonably expected to lie between the extremes of 0.56–0.9. Table 1
shows the measured values of the parameters of the various OA
bands and the range of concentrations at saturation due to the
uncertainty in f. For the OA bands at 4.0 eV, 4.77 eV and 5.45 eV,
for which there is no information on the oscillator strength, it was
assumed that 0.1 < f < 1. It is worth noting that at saturation the
value of Nf for the F center is an order of magnitude greater than
that of the 4 eV trapping center. This suggests an important role
for the F center in the TL mechanism of composite peak 5 especially
at the high levels of dose in heavy charged particle tracks.

The saturation concentration of F centers depends on the type of
radiation, the impurity state of the crystal and details of the crystal
growth and sample preparation procedure. For example, following
400 keV proton irradiation nFsat in KCl, KBr and NaCl at room tem-
perature is �1.5 � 1025 m�3 [18]. Following irradiation by swift
heavy ions lower concentrations are sometimes observed and
attributed to enhanced defect clustering [29–32]. Experiments
using X-rays, and gamma rays produce rather lower saturation den-
sities than low energy protons and He ions. For example, Mitchell
et al. [22] reported nFsat in KCl of 1024–1025 m�3. Montereali et al.
[32] reported nFsat � 5.5 � 1024 m�3 in LiF (f = 0.56) following 8 keV
X-ray irradiation. Bate and Heer [29] and Abu-Hassan et al. [27]
reported nFsat = 1.3 � 1024 m�3 following X-ray irradiation in LiF.
Hsu et al. [34] reported (Cs-137 gammas) nFsat = �1.4 � 1023 m�3 in
LiF and �5.7 � 1023 m�3 in LiF:Mg whereas Klempt et al. [35]
reported nFsat = �1.7 � 1024 m�3 in LiF.

It follows that it is quite difficult to produce more than
�5 � 1024 m�3 F-centers in alkali-halide crystals by low-ioniza-
tion-density (LID) X-ray or gamma irradiation. However, Baldac-
chini et al. [36] reached saturation concentrations as high as
7 � 1026 m�3 following irradiation with 3 keV electrons. This signif-
icantly higher value may be indicative of surface effects leading to
enhanced F center concentrations. Our own measurements of the F
center OA dose response in LiF:Mg,Ti (TLD-100) following gamma
irradiation results in nFsat = 5.3–8.5 � 1023 m�3 using the Smakula
formula with f = 0.56–0.9 and n = 1.395. The possible error due to
uncertainty in n for LiF:Mg,Ti hot-pressed/opaque samples is much
smaller than that due to the uncertainty in f. The value of
nFsat = 5.3–8.5 � 1023 m�3 in doped LiF is in good agreement with
the results reported by Hsu et al. [34] but somewhat lower than
other values reported in ‘‘pure’’ LiF. It may be that heavily doped
LiF can lead to lower values of nFsat although Hsu et al. [34] report
an opposite trend for LiF and LiF (500 ppm Mg). Thus our value of
nFsat following LID irradiation of 5.5–8.3 � 1023 m�3 is somewhat
lower by a factor 2–3 than �5 � 1024 m�3 in ‘‘pure’’ crystalline LiF.
This may be due to formation of complex centers involving the F
centers and the Mg/Ti based centers [33]. Following 4 MeV alpha
particle irradiation at a fluence of 1014 cm�2 we obtain a value of
nFsat = 5–9 � 1024 m�3, which is � an order of magnitude higher
than observed following electron/photon induced saturation. The
greater value of nFsat is of significance for the track structure theory
calculations of HCP induced optical absorption and HCP induced
TL, a subject which will be addressed in a future publication [37].
A value of nFsat = �1024 m�3 leads to an average separation of hal-
ogen vacancies of �100 Å (approximately 50 lattice sites) which
could be interpreted as the maximum possible critical distance,
dc, for vacancy – interstitial recombination. That is, at lesser
distances the vacancy-interstitials are unstable and recombine
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Fig. 1. Typical deconvoluted OA spectrum following irradiation to a level of dose of
1000 Gy. The peaks are assumed Gaussian in shape.

Fig. 2. Experimentally measured absorption coefficient as a function of dose for the
F band. The solid line is a fit using a linear/exponentially saturating function with
b = 6.1 � 10�5 Gy�1.
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following creation. Pooley [18] estimated dc = �20 Å. In the section
on vacancy interstitial recombination, calculations of nearest-
neighbor-distance probability distribution functions as a function
of Nv and based on uniform concentration densities are presented.
These are used to estimate the effect of vacancy-interstitial recom-
bination on the dose response of the created vacancies and nFsat.

1.4. F center dose response

As previously mentioned, it has been suggested [15–19] that
the initial and radiation created vacancies are not identical and
behave differently in various ways. This suggestion was partly
based on the multiplicity of types of experimentally measured F
center dose response curves. Many studies report a stage of rapid
generation followed by a slow one while others in KCl purified
by zone melting and NaCl in ultra-pure form have not. This has
suggested that the first stage is due to impurities in the as-grown
crystals and the second being more intrinsic (i.e., created by the
irradiation). Durand et al. [15] reported a D0.5 dependence for nF

between 5 � 1023 m�3 and 1 � 1025 m�3 in ultra-pure samples and
considered this behavior due to the radiation-created (intrinsic) F
centers. Montereali [32] reported nF proportional to D0.77 – how-
ever, the investigated dose range extended only � a factor 20
below saturation. One group [38] has reported linear/supralinear
behavior measured over a dose range of 3–1000 Gy for the F band
in doped NaCl (100 and 200 ppm Mg, 10 ppm Ti), however, the OA
spectra below 50 Gy are not shown. The absorbance at 50 Gy is
0.12 arbitrary units (AU); at 3 Gy the absorbance would be
�0.007 AU approximately a factor ten lower than that of unirradi-
ated material shown in their spectra. The conclusion regarding the
supralinear behavior is therefore essentially unsubstantiated.
Perez et al. [21] report sublinearity following irradiation by 60Co
gamma rays with nF estimated approximately proportional to
D0.8 up to 105 Gy in ‘‘pure’’ LiF followed by entrance into saturation.
Complete saturation was not observed even at 1 MGy. Finally,
nuclear magnetic resonance measurements of F center concentra-
tions in LiF [35] reported a D0.6 law over the entire range from
100 kGy to 5 MGy. This behavior indicated to the authors that at
higher densities the F centers agglomerate. It deserves mention
that supralinearity of an optical absorption band in doped LiF is
not an entirely unknown phenomenon. Inabe et al. [39] reported
that the dose response of the 5.45 eV band in LiF:Mg following X
ray irradiation showed a supralinear dependence proportional to
D1.2 over the measured dose range from 20 to 500 Gy following
X-ray irradiation. The supralinearity was more prominent follow-
ing 160 �C – 1 h than 80 �C – 1 h pre-irradiation annealing. In the
present work no pre-or post-irradiation was employed (except, of
course, for the 400 �C pre-irradiation anneal) so that the lack of
supralinearity observed herein cannot be considered in contradic-
tion to the Inabe et al. results, especially since LiF:Mg,Ti is known
to be extremely sensitive to thermal treatments both prior to- and
post-irradiation. In addition, Inabe et al. do not show the TL glow
curves of their LiF:Mg material so that possible differences in the
TL mechanisms due to the lack of Ti cannot be evaluated. The
intensity of the 5.45 eV band in the LiF:Mg material relative to

the 4.0 and 5.08 eV bands is much less than in LiF:Mg,Ti and the
pre-irradiation anneals are observed to further reduce the intensity
of the 4.0 and 5.45 eV bands. In any event, Inabe et al. do suggest a
possible mechanism for the observed 5.45 eV OA band supralinear-
ity. In their model, the 4.0 eV band is formed from a Mg2+ ion asso-
ciated with a cation vacancy pair (IV dipole) by trapping an
electron and the 5.5 eV band is formed from this center by trapping
an additional electron. A simple kinetic model is then used to dem-
onstrate that the enhanced supralinearity observed after the 160 �C
– 1 h treatment is due to a greater rate of conversion (compared to
the 80 �C – 1 h treatment). The underlying mechanism explaining
the dependence of the conversion rate on the thermal treatment/
dose level prior to irradiation is left unanswered but it is suggested
that it may be linked to the concentration of IV dipoles in the mate-
rial. It would certainly be of interest to study the behavior of the
relatively intense 5.45 eV band in LiF:Mg,Ti following similar
pre-irradiation annealing and to see whether these results can be
reproduced and further interpreted.

In summary, various authors have reported nF � D0.5�0.8. A com-
plicating factor involves the interpretation of the dose response
measured over a limited dose range. For linear/exponentially satu-
rating behavior the slope of the dose response curve (the derivative
with dose) begins with a constant value (in the linear region) and
decreases to zero (in the region of saturation). If a limited region of
dose (beginning near-slightly below or slightly above) the linear
region and below the fully saturated region) is analyzed, the results
can be interpreted as a ‘‘rapid rise’’ (sub-linear) followed by a rel-
atively slower rise until saturation. Indeed some papers have inter-
preted the change in slope as evidence for two types of F centers.
Thus measurement of the dose response in a limited dose range
prior to saturation, may lead to an interpretation that nF � Da with
various values of a less than unity. For example, if the experimental
data presented herein was analyzed over a truncated dose region
from 1000 Gy to 20,000 Gy it could be well-fitted by a D0.66 dose
response function.

Aside from difficulties of interpretation due to limited ranges of
dose, the dose response curve may be influenced by several factors:
(i) The vacancies may become bound as clusters, thereby directly
forming more complex centers such as the M centers and R centers.
Durand et al. [15], however, maintained that in all cases, the num-
ber of complex centers (M,R,N2.) at saturation was much less than
the number of F centers. The concentration of M centers was 8% of
the number of F centers – which suggested to him that these back
reactions cannot be the main cause of saturation. In our own
results (Fig. 1) even at 105 Gy the intensity of the M band at
2.78 eV is very weak compared to the F band. Of course, there
may be clustering reactions which lead to products undetectable
by optical absorption. (ii) There may be radiation induced bleach-
ing leading to a decrease in F center intensity at high dose. (iii)
Vacancy-interstitial recombination may occur at high levels of
dose. (iv) Plastic deformation and heat treatments may also
strongly affect the growth curve.

1.5. Vacancy interstitial recombination

It deserves re-emphasis that all the OA major bands observed in
the absorption spectrum of LiF:Mg,Ti exhibit a linear/exponentially
saturating response over the dose range investigated of 10 Gy–
105 Gy as shown in Fig. 2 for the F band [23,24]. The extended
range of measurement of four orders of magnitude minimizes
errors of interpretation and clearly establishes the linear/exponen-
tially saturating behavior. This behavior is the usual consequence
of trap filling rates when new identical traps are not being created
by the radiation, although even under this restriction supralinear
behavior is theoretically possible under certain conditions of
competition between traps [40]. In the case of the F band, since

Table 1
Characteristics of optical absorption centers.

OA
band
(eV)

Width
(eV)

a – Maximum
absorption
coefficient (cm�1)

Nmax�f
(m�3)

Nmax range (m�3) b (Gy�1)

4.0 0.84 9.1 6 � 1022 6 � 1021 � 6 � 1022 5.6 � 10�4

4.77 0.44 49.1 1.7 � 1023 1.7 � 1022 � 1.7 � 1023 4.8 � 10�5

5.08 0.64 95.2 4.7 � 1023 5.2 � 1023 � 8.5 � 1023 6.1 � 10�5

5.45 0.75 30.7 1.8 � 1023 1.8 � 1022 � 1.8 � 1023 3.5 � 10�5
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vacancies are being continuously created by the radiation, it would
be reasonable to expect a region of supralinear dose response at an
early stage before clustering and vacancy-interstitial recombina-
tion becomes dominant. An important issue is, therefore, the ques-
tion of the mechanisms leading to the linear behavior and the
saturation in the F center dose response even though vacancies
are being continuously created.

Pooley [18] and Hughes and Pooley [41] proposed a saturation
mechanism involving recombination of vacancies and interstitials
which explained the kinetics and temperature dependence of the
saturation concentration. It was suggested that the most likely

cause of saturation is that interstitials which are formed nearer
to a vacancy than a certain critical distance, spontaneously recom-
bine thereby annihilating both defects. The level of saturation at
room temperature suggested a prohibited volume of �2000 halo-
gen sites. Within this volume, defined by � ten nearest-neighbor
distances, (i.e., �20 Å) vacancies will recombine with interstitials.
This proposal was supported by the temperature dependence of
the kinetics governing the formation of F centers and M centers.
They concluded that the recombination is thus not governed by
random diffusion and cannot be regarded as a back reaction in a
normally accepted sense. Durand et al. [15] discussed Fluorine
vacancy/interstitial recombination in detail and proposed a model
in which F center creation under irradiation was proportional to
D0.5. They suggested that the formation of vacancy-interstitial pairs
can only lead to stable F or F2 centers if the interstitials are
removed by trapping at impurity or other dislocations. It was also
observed that during irradiation pulses one can observe transient
color centers which rapidly disappear following irradiation and
this was interpreted as proof of recombination with interstitials.
Compton [42] observed that in KCl and KBr the concentration of
F centers continues to increase several microseconds after the
end of the irradiation pulse and then disappear spontaneously after
a few seconds. They suggested that it is quite probable that these F
centers are destroyed by trapping of mobile H centers. Other
experiments were said to support this proposal [43,44].

In this paper we present the results of kinetic simulations which
are used to investigate in detail the factors governing F center dose
response in LiF:Mg,Ti, specifically the effect of vacancy creation
and vacancy-interstitial recombination. It deserves mention that
vacancy-interstitial recombination can be influenced by creation/
diffusion/ mechanisms involving other defects which are not con-
sidered in this analysis which is based on a uniform distribution of
created vacancies and interstitials. Nonetheless we believe that the
analysis presented herein is a first step in the right direction which
convincingly demonstrates the importance of vacancy-interstitial
recombination in the determination of saturation in the F center
dose response. In parallel, the simulations are shown to be capable
of predicting the dose response of the other OA bands with the
same set of kinetic parameters used in the simulation of the F
center dose response.
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Fig. 3. Conduction band/valence band model governing the traffic of charge carriers in the irradiation stage.

Table 2
Irradiation stage parameters.

Description Symbol Value
(m3 s�1)

LC – luminescent hole center Am1 5 � 10�24

Bm1 7 � 10�22

NLC – nonluminescent center Am2 1 � 10�25

Bm2 1 � 10�24

TC1 – trapping center 3.24 eV An1 5 � 10�24

TC2 – trapping center 4 eV An2 1:4 � 10�22

TC3 – trapping center 4.77 eV An3 1:1 � 10�23

TC4 – trapping center 5.08 eV created Fluorine vacancy An4 2 � 10�24

TC40 – trapping center 5.08 eV, initial Fluorine vacancy An40 8 � 10�23

TC5 – competitive center 5.45 eV An5 8 � 10�24

TC6 – catch all trapping center An6 7 � 10�25

Value
(m�3)

LC – luminescent center M1 2:5 � 1023

NLC – nonluminescent center M2 8 � 1025

TC1 – trapping center 3.24 eV N1 1 � 1023

TC2 – peak 5 Trapping center 4 eV N2 7:7 � 1022

TC3 – trapping center 4.77 eV N3 2 � 1023

TC40 – trapping center 5.08 eV initial Fluorine vacancy N0 1:1 � 1023

TC5 – competitive center 5.45 eV N5 2:2 � 1023

TC6 – catch all trapping center N6 1:1 � 1026
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2. The kinetic model

The conduction band/valence band energy level diagram
describing the irradiation stage is shown in Fig. 3 and immediately
below the coupled differential equations describing the traffic of
charge carriers during irradiation. These were solved numerically
using the second-order, modified Rosenbrock formula (matlab
code 23s). The excitation dose, D, is given by

D ¼ ½W � X � t�=m ð3Þ

where t is the total length of excitation time and X is the production
rate of the electron and holes. W is the average energy required to
produce an electron–hole pair and m is the sample mass. In these
simulations X was taken equal to 3.7 � 1020 [s�1 m�3] with initial
values of zero for the electron/hole population density of the traps
and centers in unirradiated material. For kinetic simulation of dose
response, the average energy required to produce an electron–hole
pair by low ionization density radiation in LiF was taken as 37 eV.
The relaxation period following the excitation is simulated by set-
ting X to zero and using the final values of the parameters at the
end of excitation as the initial values for relaxation. The values of
the electron and hole trapping probabilities into the various centers,
Ai and Bi respectively, are shown in Table 2 and lie within the range
10�25 m3 s�1 to 10�22 m3 s�1. These are, of course, inaccessible to
direct measurement but lie within the range of generally accepted
values [3]. Similarly, the available concentrations, Mi and Ni of the
hole and electron trapping centers cannot be directly measured
except for those which appear in the OA spectra, i.e., the 4.0 eV,
4.77 eV and 5.45 eV centers. Their values have been set at the
approximate experimentally measured values of nsat.

The parameter bRD in Eq. (11) simulates the effects of radiation
damage to the luminescent center which leads to a decrease in TL
intensity of composite peak 5 at levels of dose above �104 Gy as
experimentally observed. Its value in the current simulations is
10�5 Gy�1. All the major experimentally observed OA bands are
included in the simulations as electron trapping states. TC1 is
intended to simulate the charge trapping characteristics leading
to the low temperature glow peaks in TLD-100. TC2 represents
the combined trapping characteristics of the spatially-correlated
TC/LC leading to composite peak 5. The separation into e-only
and e-h capture is not indicated explicitly in Fig. 3, but the param-
eters are identical to those employed in the simulation of linear/
supralinear TL dose response [12–13]. TC6 is a ‘‘catch-all’’ center
representing all the centers not observed in the OA spectrum. LC

represents the luminescent center and NLC the combined action
of all the non-radiative centers.

2.1. Vacancy creation

The dose dependence of the created and initial vacancies is
given by Eqs. (4) and (5) respectively. The factor Da in Eq. (4)
describes the initial process of vacancy creation a certain fraction
of which, calculated by d1 and d2, are annihilated by vacancy inter-
stitial recombination. The variable parameters in Eqs. (4) and (5)
are B, a, dc and No. These are varied in the kinetic simulations in
order to predict the experimentally measured dose response of
the various OA bands with the same values for all the bands. If
not for clustering and other radiation damage mechanisms it could
be expected that Nvc would be proportional to D1 but values of
a > 0.4 lead to strong supralinearity in the F center dose response,
behavior which is not observed experimentally.

Nvc ¼ B � Da � ½ð1� d1ðD;dcÞÞ � ð1� d2ðD;dc ÞÞ� ð4Þ

Nvo ¼ N0 � ½ð1� d1ðD;dcÞÞ � ð1� d2ðD;dcÞÞ� ð5Þ

N0 is the concentration of vacancies in un-irradiated material. As
previously mentioned, No is inaccessible to direct measurement
and only one estimation has been mentioned in the literature of
3 � 1022 m�3 in KCl [22]. It is therefore treated as a variable param-
eter. Nvo is the concentration of original vacancies as a function of
dose. Nvc is the concentration of created vacancies at dose D and
is assumed proportional to Da. The simulations were carried out
in the range 0.2 < a<0.9 in order to investigate the effect of various
radiation induced reaction channels such as agglomeration of F cen-
ters into F2, M and R centers, and various other clustering processes
perhaps influenced by dislocations, other forms of radiation dam-
age, etc. B (m�3 Gy�a) is a variable constant used to adjust the
vacancy concentrations. The value of B is 9 � 1022 for the simulations
with a = 0.4. The simulations failed to fit the experimental data for
other values of a.

It should be obvious to the reader that the dose dependence of
the created vacancies need not be equal or even similar to the F
center OA dose response, since the Fluorine vacancies must capture
electrons in competition with the other centers.

2.2. Vacancy interstitial recombination

d1 and d2 represent the fraction of vacancy-interstitial pairs
destroyed by recombination as calculated below (Eq. (6))

Fig. 4. The nearest-neighbor-distance PDFs, P1 and P2 for NV = 1024 m�3.
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di ¼
R dc

0 Pi � dRR1
0 Pi � dR

ð6Þ

The values of di are calculated from the nearest-neighbor-dis-
tance-probability distribution functions, Pi, which describe the
distance between the vacancy and interstitial as a function of
Nv = Nvc + Nvo as shown in Eqs. (4) and (5) with Nv = n. It is
assumed that the vacancies and interstitials are uniformly dis-
tributed. The integral of PidR from 0 to1 is unity. The calculation
of the nearest-neighbor probability distribution functions pro-
ceeds in the following manner [45]. For the first-nearest neighbor
PDF

P1dR ¼ nC14pR2dRf1� ð4=3ÞpR3gn�1 ð7Þ

where nC1 is the number of ways to choose a single center from n
centers, 4pR2dR is the probability of a single center lying within
the shell from R to R + dR and [1 � (4/3)pR3]n�1 is the probability
of all the other centers falling outside of R + dR. In the limit of
n ?1 we obtain

P1dR ¼ 4 � n � p � R2 � dR � e�4
3pR3n ð8Þ

For the second nearest neighbor PDF:

P2dR ¼ f½nC2�=2gf4pR2dRgfð4=3ÞpR3gf1� ð4=3ÞpnR3gn�2 ð9Þ

where {[nC2]/2} is the number of ways to choose two centers from n
centers; {(4/3)pR3} represents the probability of the first center fall-
ing within {(4/3)pR3}; 4pR2dR represents the probability that the
second center lies within a shell between R and R + dR and
{1 � (4/3)pR3}n�2 is the probability of all the other centers falling
outside of R + dR. Again, in the limit of n ?1 we obtain

P2dR ¼ 16
3
� n2 � p2 � R5 � dR � e�4

3pR3n ð10Þ

Fig. 4 shows an example of a nearest-neighbor-distance proba-
bility distribution functions (PDF) for Nv = 1024 m�3. It is assumed
that in the process of recombination there is no distinction
between the initial and the created vacancies. Also indicated is a
shaded region defined by dc which defines the fractional values
of d1 and d2. Fig. 5 illustrates the behavior of d1 as a function of
Nv for various values of dc. A value of dc = 25 Å indicates a relatively
insignificant role for vacancy-interstitial recombination between
Nv = 1022 m�3 and 1024 m�3 but above this value vacancy-intersti-
tial recombination can play a significant, even dominant, role as a
mechanism leading to saturation in F center dose response.

dm1

dt
¼ �Am1 �m1 � nc þ Bm1ðM1 � e�bRD�D �m1Þ � nv ð11Þ

dm2

dt
¼ �Am2 �m2 � nc þ Bm2ðM2 �m2Þ � nv ð12Þ

dn1

dt
¼ An1 � ðN1 � n1Þ � nc ð13Þ

dn2

dt
¼ An2 � ðN2 � n2Þ � nc ð14Þ

dn3

dt
¼ An3 � ðN3 � n3Þ � nc ð15Þ

dnFðvcÞ

dt
¼ An4 � ðNvc � nFðvcÞÞ � nc ð16Þ

dnFðvoÞ

dt
¼ An4o � ðNvo � nFðvoÞÞ � nc ð17Þ

dn5

dt
¼ An5 � ðN5 � n5Þ � nc ð18Þ

dn6

dt
¼ An6 � ðN6 � n6Þ � nc ð19Þ

dnv

dt
¼ X � nv � ½Bm1 � ðM1 � e�bRD�D �m1Þ þ Bm2 � ðM2 �m2Þ� ð20Þ

dnc
dt ¼ X � nc � ½Am1 �m1 þ Am2 �m2:::

þAn1 � ðN1 � n1Þ þ An2 � ðN2 � n2Þ þ An3 � ðN3 � n3Þ
þAn4 � ðNvc � nFðvcÞÞ þ An4o � ðNvo � nFðvoÞÞ
þAn5 � ðN5 � n5Þ þ An6 � ðN6 � n6Þ�

ð21Þ

3. Materials and methods

TLD-100 (Thermo Fisher Scientific) used in this work consists of
LiF doped with approximately 170 mol ppm Mg and 10 mol ppm Ti
of dimensions 3 � 3 � 0.9 mm3.

At the higher levels of dose thinner samples (0.15 mm) were
employed to accommodate the limitations of the spectrometer.
The nominally pure synthetic LiF single crystals (4 N) were
purchased from MTI Corporation and were of dimensions
3 � 3 � 0.4 mm3. Pre-irradiation annealing was applied before all

Fig. 5. The value of d1 as a function of Nv for various values of dc.
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measurements and consisted of a 400 �C anneal for 1 h in a dry
atmosphere followed by natural cooling (average cooling rate of
75 �C min�1) to room temperature. The low dose irradiations were

carried out with a 90Sr/90Y beta source at a dose rate of approxi-
mately 0.13 Gy min�1. Higher dose levels were obtained using a
60Co source at a dose rate of 1 Gy min�1. The optical absorption

Fig. 6. Kinetic simulation of the OA dose response of the 4.0 eV, 4.77 eV and 5.45 eV bands with the parameters shown in Table 2.

Fig. 7. Kinetic simulation of the OA dose response of the F band with a = 0.4,
dc = 36 Å, No = 1.1 � 1023 m�3 and An40 = 8 � 10�23 m3 s�1, An4 = 2 � 10�24 m3 s�1. The
effect of vacancy-interstitial recombination is also shown.

Fig. 8. Kinetic simulations of the 5.08 eV dose response demonstrating the effect of
dc. Note the very significant dependence of nFsat on dc. The decrease in nFsat for the
high values of dc is not observed experimentally.
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(OA) spectra were measured with a Genesis-5 UV/Visible wave-
length spectrophotometer (Milton Roy Inc.) equipped with an
IBM-PC. The OA spectra were corrected for instrument baseline
and the individual background of each unirradiated sample and
deconvoluted using a commercial ‘‘Peak-Fit’’ non-linear curve fit-
ting program from Jandel Scientific. At the lowest dose levels of
10 Gy and 50 Gy repeated measurements on the same sample were
carried out in order to improve signal to background. The esti-
mated errors (1 SD) are shown on the figures illustrating the con-
centrations as a function of dose.

4. Results of kinetic simulations

It proved possible to simulate the optical density as a function
of dose of the three OA bands at 4.0 eV, 4.77 eV and 5.45 eV with
the same values of the parameters as shown in Table 2. The results
of the simulations are shown in Fig. 6. Simulation of the linear/
exponentially saturating response of the 5.08 eV F band proved
to be another matter (Fig. 7). With identical trapping probabilities
of electron capture for the initial and created vacancies, i.e., An40 =
An4, no combinations of Nvc � Da (a > 0), 25 Å < dc < 100 Å and
1020 m�3 < No < 1022 m�3 yielded a linear/exponentially saturating
dose response. The range of values of No was chosen to be consis-
tent with suggestions in the literature that No is 2–3 orders of mag-
nitude less than nFmax. A region of significant supralinearity was
always observed at low dose levels from 10 to 500 Gy with the
degree of the supralinearity strongly decreasing with lower values
of the parameter ‘‘a’’ but never reaching strictly linear behavior.
Allowing different charge–trapping probabilities, however, leads
to linear response from 10 to 500 Gy as shown in Fig. 7 with
An40 = 8 � 10�23 m3 s�1 (initial vacancies) and An4 = 2 � 10�24 m3 s�1

(created vacancies). The unequal values of A may be due to the dif-
ferent physical environments of the initial and created vacancies.
Vacancy-interstitial recombination is a dominant factor in the
determination of the dose of entry into sub-linearity/saturation
and the value of nFsat as shown in Fig. 8. The effect of vacancy inter-
stitial recombination on the F center dose response with dc = 36 Å
is shown in Fig. 7. The five simulations in Fig. 8 show the simulated
F center concentrations as dc (the variable controlling vacancy-
interstitial recombination) is varied from 50 Å (bottom curve) to
45 Å to 40 Å to 36 Å and finally to 30 Å (upper curve). The decrease
with dose for the three highest values of dc is NOT observed exper-
imentally. Let us consider the most extreme situation to explain
the decrease in nF. Fig. 5 shows an F center concentration of
�1021 m�3 for dc = 50 Å at 105 Gy. Without vacancy interstitial

recombination using Eq. (4), BD0.4 at 105 Gy = 9.1022 � (105)0.4 =
9 � 1024 m�3. At a concentration of 9 � 1024 m�3, d1 = 0.98
(Fig. 5) and d2 = 0.94. This results in a combined reduction due to
vacancy-interstitial annihilation of (1 � d1)(1 � d2) = 0.0012. That
is, the concentration of vacancies (available to create F centers) is
now reduced to 9 � 1024 � 0.0012 = 1.08 � 1021 m�3 as shown in
Fig. 5. The contribution to nF from the initially present vacancies
at 105 Gy is negligible (Fig. 10).

The simulations show that a choice of dc = 36 Å accurately sim-
ulates the experimentally observed dose response shown in Fig. 7
and this is indeed the way in which it was determined that the
appropriate value of dc was 36 Å. It is important to point out that
above D � 500 Gy, in the sub-linear region, the F center dose
response could also be interpreted to be proportional to Da

(0.5 < a < 0.8) as previously inferred in some of the literature
[15–19]. This emphasizes the importance of measurements and
theoretical simulations at low dose-levels to fully evaluate the
behavior of the dose response and the effect of the created vacan-
cies. In addition to the choice of An40 – An4 it was also necessary to
adopt a value of No = 1.1 � 1023 m�3 which is somewhat higher than
the only other value reported in the literature of 3 � 1022 m�3 in
pure/crystalline KCl [22]. The higher value could be explained
by the nature of the LiF samples used herein, highly doped,

Fig. 10. The concentration of initial and radiation created vacancies as a function of dose with and without vacancy-interstitial recombination (dc = 36 Å).

Fig. 9. The effect of No on the F center dose response. Smaller values of No leads to
greater supralinearity.
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polycrystalline, hot-pressed LiF:Mg,Ti. The effect of the value of No

on the F center dose response is shown in Fig. 9. Smaller values of
No increase the effect of the created vacancies leading to increased
supralinearity. Fig. 10 shows the concentration of initial and cre-
ated vacancies with and without interstitial recombination.
Although the created vacancies outnumber the initial vacancies
at dose levels above a few Gy their sublinear increase with dose
(D0.4) and the smaller value of An4 relative to An40 results in the val-
ues of nvo and nvc as shown in Fig. 11a and their ratio in Fig. 11b.
The behavior of nvo is linear/exponentially saturating as expected
for a type of defect not created by the irradiation. On the other
hand, nvc is supralinear but its influence on the combined (experi-
mentally measured 5.08 eV absorption) is negligible since even at
500 Gy, the ratio of nvo/nvc = 4 and nvo is beginning entry into sat-
uration. The supralinear behavior of nvc is thus offset by the entry
into saturation of nvo resulting in the linear dose response. It
deserves mention that the changing ratio of nvo/nvc might have
been expected to lead to a slowly varying width or energy of the
5.08 eV band as a function of dose due to the different nature of
the initially-present and created vacancies. Unfortunately the com-
plex OA spectra with intense satellite bands at 4.77 eV and 5.45 eV
which strongly overlap the 5.08 eV F band does not allow observa-
tion of such behavior.

5. Conclusions

Kinetic simulations have been carried out in order to investigate
the mechanisms leading to the linear/exponentially saturating
dose response of the 5.08 eV (F band) in LiF:Mg,Ti (TLD-100). The
simulations include radiation-created Fluorine vacancies of con-
centration proportional to Da and vacancy – interstitial recombina-
tion, for critical separation distances which are estimated using
nearest-neighbor-distance probability distribution functions. It is
demonstrated that these two combined mechanisms cannot yield
linear/exponentially saturating dose response in the F center OA
dose response due to the continual creation of the vacancies so that
additional mechanisms are required to suppress the effect of
vacancy center creation at low dose-levels. A suggested solution
is in the combined action of: (i) the presence of an unexpectedly
high value of original vacancies, No = 1.1 � 1023 m�3 in the un-
irradiated material and (ii) different charge trapping probabilities
of the original and created vacancies with An40	 An4. These two
mechanisms lead to purely linear/exponentially saturating F center
dose response as measured experimentally. The underlying reason
for the high value of No, compared to previous assumptions regard-
ing the values of No in single crystal, ‘‘pure’’ LiF, could be the nature
of the LiF:Mg,Ti samples which are highly doped, non-crystalline

Fig. 11. (a) The concentration of F centers due to electron capture in initial vacancies, nvo, and created vacancies, nvc. nvo is linear/exponentially saturating, nvc is supralinear.
(b) The ratio of nvo to nvc as a function of dose. Their concentration becomes equal at 4000 Gy where saturation effects are already in ‘‘full-force’’.
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and hot-pressed. The difference in the charge trapping probabili-
ties for the original and created vacancies could be due to the dif-
ferent physical environment in which the vacancies are immersed.

It deserves emphasis that the kinetic model described herein is
a general physical model which can be applied to materials for
which optical absorption dose response data is available and for
which there is reason to believe that the created and originally
present vacancies have somewhat different trapping characteris-
tics (a common premise for the alkali halides). The specifics of
the model described herein are quite complex (6 trapping centers)
however this number can be modified according to the observed
number of OA bands in the OA spectrum. In addition, some of
the characteristics of the model have been adapted to suit the TL
recombination stage, for example, radiation induced damage of
the luminescent center. Again, this can be easily modified if such
information is unavailable. In conclusion, the kinetic framework
of the model is a general one – certainly applicable to the alkali
halides and most likely applicable to other groups of materials.
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6 Discussion and Conclusions 

6.1 Kinetic Modeling  

The kinetic model developed in this research incorporated several features which had 

never, to the best of my knowledge, been previously employed in kinetic modeling of 

thermoluminescence. A mixture of localized and delocalized recombination was 

shown capable of simulating linear/supralinear dose response in general and in 

particular the peculiarities of composite peak 5 in which the supralinearity and the 

glow curve shape of composite peak 5 depend on photon energy. To emphasize – 

without the incorporation of spatially-correlated TC/LC systems, kinetic models failed 

to predict linear/supralinear TL dose response and the dependence of the 

supralinearity on photon energy (ionization density) [44-46, 57, 58, 69, 70].  The only 

model previously capable of simulating these features of TL dose response (perhaps 

the most crucial parameter governing the performance of dosimetric detectors) was 

the Unified Interaction Model (UNIM) developed by Horowitz and collaborators [15, 

21, 59, 60] and based on spatially/correlated TC/LC pairs and nanodosimetric 

considerations governing the e-h and e-only population of the TC/LC configuration. 

The kinetic model developed herein (publications 2-5) incorporated the following new 

features: 

i. Radiation creation of Fluorine vacancies/F centers.  

ii. Vacancy-Interstitial recombination.  

iii. Spatially correlated TC/LC system governing the characteristics of composite 

glow peak 5 in the TL of LiF:Mg,Ti (TLD-100).  

iv. Dependence of the relative population of the e-h and e-only TC/LC pair on 

photon energy-ionization density. 

v. Incorporation of band-tail states to allow semi-localized recombination of 

electron release from the e-only populated TC/LC configuration. 

The conduction band/valence band energy diagram is shown in section 1.10 for both 

the irradiation stage (employed to model OA dose response) and the recombination 

TL stage (employed to model TL dose response and the shape of composite glow 

peak 5).  
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The model has been used simulate the linear/exponentially saturating of the dose 

response of the OA bands observed following LID irradiation as shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Kinetic simulation of the OA dose response of the various bands following LID irradiation 

(a) 4.0 eV, (b) 4.77 eV, (c) 5.08 eV and (d) 5.45 eV 

 

The simulations propose a solution to the previously unresolved question of the linear 

dose response of the F center even though vacancies are being continuously created 

by the radiation. The linear response is achieved by (i) The concentration of vacancies 

initially present is unexpectedly high at ~ 10
23

 m
-3

,  possibly due to the highly doped, 

non-crystalline and hot-pressed nature of the LiF:Mg,Ti samples. (ii) The transition 

probability, An4o, for electron capture into the initially-present vacancies is ~ 40 times 

greater than An4, the transition probability for the radiation-created vacancies. These 
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two factors marginalize the effect of the created vacancies at low dose resulting in a 

linear dose response. Figure 6.2 shows the concentration of initial and created 

vacancies with and without interstitial recombination. Although the created vacancies 

outnumber the initial vacancies at dose levels above a few Gy their sublinear increase 

with dose (D
0.4

) and the smaller value of An4 relative to An40 results in the values of 

nvo and nvc as shown in figure 6.3 (right) and their ratio in figure 6.3 (left). The 

behavior of nvo is linear/exponentially saturating as expected for a type of defect not 

created by the irradiation. On the other hand, nvc is supralinear but its influence on the 

combined (experimentally measured 5.08 eV absorption) is negligible since even at 

500 Gy, the ratio of nvo/nvf = 4 and nvo is beginning entry into saturation. The 

supralinear behavior of nvf is thus offset by the entry into saturation of nvo resulting in 

the linear dose response. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. The dependence of vacancy concentration on dose with and without vacancy interstitial 

recombination. 
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Figure 6.3.  Right: The dependence of F center concentration on dose: (nFvo – capture of electrons into 

originally present vacancies, nFvc – capture of electrons into created vacancies). Left- the ratio of nFvo 

to nFvc as a function of dose. 

 

In addition I use the results of the kinetic modeling of the irradiation stage to resolve 

the disagreement between theory and experiment in the evaluation of ηαγ and ηpγ. See 

following section on TST. A byproduct of my research has been the development of a 

model capable of simulating the linear/supralinear behavior of the TL dose response 

of composite peak 5 as a function of photon energy as shown below.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Kinetic simulation of the linear/supralinear behavior of the TL dose response of composite 

peak 5. Upper curve (60Co); lower curve (8 keV x-rays)  
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As well as the dependence of the ratio of glow peak 5a to 5 as a function of photon 

dose. 

 

 

 

 

 

 

 

 

 

 Figure 6.5. Comparison the theoretically simulated values of 5a/5 as a function of dose with the 

experimentally measured values. 

 

The simulation of linear/supralinear dose response has been accomplished by 

adopting a model describing the relative e-h population to the e-only population       

(ne-h/ne) of the TC/LC pair as a function of photon energy and choosing model 

parameter values consistent with nanodosimetric understanding of the changes in the 

size and ionization density of secondary electron tracks with photon energy. The 

dependence of (ne-h/ne) on photon energy was not incorporated into the UNIM – a 

significant over-simplification which has now been incorporated into a new 

formulation of the UNIM using the parameters of the kinetic analysis. A first-ever 

example of constructive synergism between kinetic and nanodosimetric modeling 

[71]. 
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6.2 Heavy Charged Particle Radiation Physics 

This research follows work at BGU which demonstrated the apparent failure of TST 

to accurately predict relative TL intensities in LiF:Mg,Ti [21] and LiF:Mg,Cu,P [23]. 

Nonetheless, objective difficulties did not allow a definite conclusion for several 

reasons: (i) In LiF:Mg,Ti track structure theory applied to TL requires that the LID 

secondary electron spectrum used to measure f(D) (equation 1.1) is matched in energy 

to the secondary electron spectrum generated by the HCP in question. For protons and 

He ions this presents nearly insurmountable problems due to the low electron energies 

required (Figure 6.6). 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Monte Carlo calculations of:  Left –secondary electron spectrum following 1.43 MeV 

proton irradiation of LiF. Right - secondary electron spectrum following 4 MeV He irradiation of LiF. 

Radiation Protection Dosimetry (2012), Vol. 150, No. 3, pp. 359–374 

 

Even if ultra low energy electron irradiation were available the likelihood of dead 

layers/skin effects [50] due to the short range of ~ 1000 Å of even the highest energy 

electrons would render the results of dubious conclusional value. In LiF:Mg,Cu,P, the 

requirement of matching is not necessary since the TL dose response is not dependent 

on photon energy. On the other hand, LiF:Mg,Cu,P is relatively opaque. Sample self-

absorption corrections are necessary but are difficult to estimate correctly [23]. In 

addition, for both materials, the glow curve becomes exceedingly complex at high 

levels of dose, new intense peaks appear and their maximum temperature is not stable 

with dose. Deconvolution of the glow curve to obtain the intensity of the glow peak in 

question becomes increasingly inaccurate at high levels of dose above ~ 10
4
 Gy. For 

these reasons, it was decided to carry out the ultimate test of the applicability of TST 
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to HCP radiation effects using the measurement of optical absorption which has 

several important advantages over TL as reviewed below: 

1. The dose response of the OA bands does not depend on photon energy [24] so that 

matching the spectra is not required.  

2. The OA dose response of the various OA bands is linear/exponentially saturating 

with no hint of supralinearity. The experimental measurement of f(D) is therefore  

simpler and can be carried out with greater precision. This reduces the error in the 

calculation of η. 

3. Although consisting of several OA bands, the OA spectrum is much simpler than 

the TL glow curves and does not significantly increase in complexity at very high 

dose.  The F2 band even though it appears at high levels of dose is well separated 

from the F band envelope and the other OA bands. The deconvolution errors are, 

therefore, greatly reduced compared to TL especially at high levels of dose. 

4. The different OA bands present an opportunity to test TST for two types of 

trapping structures; (i) the F band for which vacancies/F centers are being created 

by the irradiation. (ii) The 4.0 eV band – associated with TL glow peak 5 – and 

believed to arise from Mg-Ti complexes can be reasonably assumed not to be 

created by the radiation [72-74]. 

5. Application to the irradiation stage avoids likely complications in the 

heating/recombination stage. In the course of heating the TL may be accompanied 

by association-dissociation reactions in the ionic sub-system. In particular by the 

formation of Mg-Vc trimers [75]. The possibility that the reactions during heating 

are not the same following HCP and electron/photon irradiation is thereby 

avoided.  
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6.3 TST calculations and experimental measurements  

The results of the experimental measurements of HCP induced OA of the F band are 

shown below as a function of fluence. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Experimentally measured absorption coefficient for the F band as a function of proton 

fluence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. Experimentally measured absorption coefficient for the F band as a function of He fluence 
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Figure 6.9. F band He absorption coefficient normalized to the fluence. Note the entry into saturation 

at fluence levels above ~ 1011 cm-2 due to track overlap. 

 

                   

 

 

 

 

 

 

 

Figure 6.10. F band proton absorption coefficient normalized to the fluence. Note the entry into 

saturation at fluence levels above ~ 1011 cm-2 due to track overlap. 

 

A comparison of the TST calculations and experimental measurements is shown 

below. 

Table 6.1. Experimentally measured ηm and calculated values of ηTST 

Particle OA bands 

(eV) 
      m 

Experimental 

TST 
      

     ηm/ηTST 

 

Protons 5.08 1.47±0.14 0.56±0.020 2.6±0.3 

He    5.08 0.75±0.07 0.38±0.015 2.0±0.2 

Protons 4.77 0.65±0.06 0.75±0.03 0.86±0.09 

He    4.77 0.43±0.04 0.52±0.03 0.82±0.01 

Protons 4.0 0.06±0.02 0.33±0.018 0.18±0.05 

He    4.0   < 0.02 0.16±0.012     < 0.12 
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m is calculated from equation (1.8) using the ratio IHCP/Iγ normalized to deposited 

energy in the low fluence regime (no track overlap). I is the intensity (peak height) of 

the OA band. It does not require the use of TRIM to estimate particle range or the 

Smakula formula to estimate F center concentration.  

ηT is calculated from equation (1.1) via integration of fF(D)D(r) over the HCP track. 

fF(D) is the F band normalized dose response following LID irradiation. 

1. F band: As could be anticipated the measured values of ηm are greater than the 

TST calculated values for the protons and He ions respectively. The lack of 

agreement is primarily due to the fact that the TST calculations do not take into 

account enhanced creation (relative to LID radiation) of vacancies/F centers by 

the protons and He ions. The measured values of nFsat following proton and He ion 

irradiation are ~ 5.5 and 9.5 times greater respectively than following LID 

irradiation so one might have expected even greater values of ηm/ηTST. It is 

interesting to note that the enhanced creation of vacancies/F centers by the HCPs 

relative to LID radiation (as evidenced by the order of magnitude higher values of 

nFsat) occurs even though there is very significant annihilation of Fluorine 

vacancies due to vacancy-interstitial recombination (VIR) in the HCP tracks. 

Eliyahu et al [see section 2.5] have used kinetic modeling of LID induced OA 

dose response  to demonstrate that VIR occurs for distances less than ~ 40 Å in 

uniformly irradiated LiF:Mg,Ti. In the highly ionized/highly non-uniform HCP 

tracks the effect of VIR could be very significant indeed.  

2. The 4.0 eV band. Here, the discrepancy between TST and experiment is at its 

greatest as evidenced that  the 4 eV band is very weak  in  the proton OA spectra  

and is not observed at all in the  He  induced OA spectra. This may imply that the 

Mg-Ti trimer complex responsible for the TL of composite peak 5 is somehow 

largely destroyed/depopulated in the HCP track – perhaps by a thermal spike – 

perhaps by other mechanisms. It is interesting to note that the values of η 

measured via OA are much smaller than the TL values of η (peak 5) of ~ 0.3 and 

~ 0.1 for the protons and He respectively [25].  This indicates that the loss in TL 

efficiency of peak 5 following HCP irradiation arises from the irradiation stage 

and that heating in the recombination stage somehow re-constructs the Mg-

Ti(OH) trimer believed responsible for TL peak 5.  
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3. The 4.77 eV band: The values of ηm/ηTST close to unity seem to contradict the 

observation of increased values of Nmax following proton and He compared to LID 

irradiation. It is somewhat ironic that the band arising from a mainly unknown or 

at best controversial structure [76,77] gives the best agreement between TST and 

experiment. It may be that the 4.77 eV structure is more sensitive to the “thermal 

spike” [7] than the 5.08 eV band and coincidentally lowers the values of ηm/ηTST   

to a value close to unity.  

 

6.4 Modification  of fLID(D) due to enhanced HCP creation of F centers 

An important question is - Can one modify the track structure calculations of ηTST 

using a more realistic kinetic simulation of f(D) by taking into account enhanced 

vacancy/F center creation by the HCPs [see section 2.5] The relevant parameters in 

the kinetic analysis which control the concentration of Fluorine vacancies/F centers as 

a function of dose in the kinetic analysis are given below  

 

)],(1[( 1

4.0

cvc dDDBN     (6.1)                    

)],(1[( 100 cv dDNN    (6.2)                           

Nvc is the concentration of created vacancies, δ1 is the first nearest neighbor 

probability distribution which is a function of dose, D, and dc, the critical distance 

under which vacancies and interstitials recombine. No is the concentration of initial 

vacancies in the un-irradiated material and Nvo is their concentration as a function of 

dose. In the kinetic calculations [section 2.5] used to simulate fLID(D) a value of          

a = 0.4 and B = 9×10
22

 m
-3

Gy
-a

 was employed which yielded a linear/exponentially 

saturating response with NFsat = 6.3 × 10
23

 m
-3

 as shown  in Figure 6.1. A family of 

simulated curves of NF (D) with increasing values of nFsat is shown in Figure 6.11 

which could represent the enhanced vacancy/F center creation in the He and proton 

tracks. Table 6.2 demonstrates the dependence of ηTST on NFsat. It can be seen that a 

value of NFsat ~ 2.35 × 10
24

 m
-3

 for the He ions and 6.78 × 10
24

 m
-3

 for the protons 

results in agreement between TST and experiment (yellow marked). These values are 

approximately 4 (He ions) and 10 times higher (protons) than the value of NFsat = 6 × 

10
23

 m
-3

 measured by the LID irradiation. Vander Lugt [37] reported that F center 

concentrations were fairly uniform over the track volume thus the increase in nFsat can 

best be viewed as an estimate of the average effect of enhanced F center creation over 
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the entire track. In any event, the agreement ηm = ηTST obtained by an increase of NFsat 

supports the general conceptual framework/reasoning: i.e., (i) For the F band, the 

discrepancy between experimental measurements and theoretical TST calculations is 

due to enhanced vacancy/F center creation by the HCPs and (ii) Increase in NFsat by a 

reasonable factor in the kinetic simulations can remove this discrepancy.  

 

Table 6.2. Theoretical calculation of ηTST and the Corresponding NFsat. 

 

 

particle NFsat TST 
 
 
 

H 

5.5·1023 0.53 

1.39·1024 0.72 

2.74·1024 0.93 

4.42·1024 1.14 

6.04·1024 1.31 

6.78·1024 1.45 

7.85·1024 1.69 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11. Kinetic simulations of the F center dose response for proton and He in the HCP tracks 

due to enhanced creation of vacancies. 

 

 

 

 

particle NFsat TST 
 
 
 
 

He 

5.7·1023 0.37 

1.38·1024 0.57 

2.35·1024 0.78 

2.72·1024 0.84 

4.37·1024 1.12 

5.96·1024 1.37 

7.75·1024 1.79 

8.80·1024 2.16 
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6.5 Conclusions concerning applicability of TST 

1. The proton and He particle induced OA investigations consolidate and finalize the 

conclusion that for the F centers enhanced creation of defects by the HCPs cannot 

be ignored in the TST formalism. The kinetic modeling allows new insight into 

the possible methods to improve TST by the inclusion of defect creation in the 

formalism.  

2. On the other hand, the very low values of ηm/ηTST for the 4.0 eV band of <0.12 

and 0.18 for the He ions and protons respectively indicate that unknown 

mechanisms are active in the HCP tracks which either destroy this center or 

depopulate it during irradiation. Local heating during irradiation (thermal spike) 

could be one mechanism. The OA values of ηpγ = 0.06 and ηHeγ < 0.02 are 

significantly lower by ~ factor 5 than the TL values for composite peak 5 of 0.3 

and 0.1 respectively. This tends to support the conclusion that the “thermal spike” 

is de-populating the peak 5 center during irradiation rather than permanently 

destroying it.  

3. The value of ηm/ηTST ~ 0.8 for the 4.77 eV band requires considerable speculation. 

The increased values of NFsat following HCP irradiation compared to LID 

irradiation indicate that, like the 5.08 eV band, it is being created by the 

irradiation. The lower value of ηm/ηTST compared to the 5.08 eV band might then 

be explained by a greater sensitivity to thermal de-population during irradiation 

[78, 79]. 
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In conclusion my research has resulted in the following advances: 

1. The development of a conduction band/valence band kinetic model capable of 

predicting linear/supralinear dose response in TL systems, and the dependence of 

the supralinearity on electron/photon energy. The model is based on spatially 

correlated trapping centers and luminescent centers leading to geminate 

recombination. The model solves a long-standing conundrum concerning the 

underlying reasons for dose response linearity in TL systems. 

2. This same model is also capable of simulating the shape of composite peak 5 

(ratio of peak 5a to peak 5) in the glow curve of LiF:Mg,Ti as well as the 

dependence on dose of the 5a/5 ratio. This is accomplished by nanodosimetric 

considerations which are based on the relative e-h/e-only population of the TC/LC 

structure giving rise to peak 5. The model thereby strengthens and advances our 

understanding of the important role of TC/LC correlated structures and geminate 

recombination in TL systems. 

3. The proton and alpha particle induced OA investigations consolidate and finalize 

the conclusion that enhanced creation of defects by the HCPs cannot be ignored in 

the TST formalism. The kinetic modeling allows new insight into the possible 

methods to improve TST by the inclusion of defect creation in the formalism. On 

the other hand, the extreme lack of disagreement for the 4.0 eV band demonstrates 

that, at least for some trapping structures, TST is woefully inadequate. 

4. The kinetic modeling which includes vacancy creation and vacancy interstitial 

recombination provides new insights into the complex mechanisms taking place in 

HCP tracks and, again, for the first time, suggests possible mechanisms for the 

lack of supralinearity in F band OA dose response.   
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8 Appendix A: Probing the Nanostructure of Helium 

and Proton tracks in LiF:Mg,Ti Using  Optical 

Absorption: Implications to  Track Structure 

Theory Calculations of Heavy Charged Particle 

Relative Efficiency. Under Review in Nucl. 
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ABSTRACT 

A major objective of track structure theory (TST) is the calculation of heavy charged particle 

(HCP) induced effects. Previous calculations have been based exclusively on the radiation 

action/dose response of the released secondary electrons during the HCP slowing down.  The 

validity of this presumption is investigated herein using optical absorption (OA) 

measurements on LiF:Mg,Ti (TLD-100) samples following irradiation  with 1.4 MeV protons  

and 4 MeV He ions at levels of fluence from       10
10

 cm
-2
 to 2.10

14
 cm

-2
. The major bands in 

the OA spectrum are the 5.08 eV (F band), 4.77 eV, 5.45 eV and the 4.0 eV band (associated 

with the trapping structure leading to composite peak 5 in the thermoluminescence (TL) glow 

curve). The TST calculations use experimentally measured OA dose response following  low 

ionization density (LID) 
60

Co photon  irradiation over the dose-range 10-10
5
 Gy for the 

simulation of  the radiation action of the HCP induced secondary electron spectrum.  

Following proton and He irradiation, the saturation levels of concentration for the F band and 

the 4.77 eV band are approximately one order of magnitude greater than following    LID 

irradiation indicating enhanced HCP creation of the relevant defects. Relative HCP OA 

efficiencies, ηHCP, calculated by TST, are compared with experimentally measured values, ηm, 

at levels of fluence from 10
10

 cm
-2

 to 10
11

 cm
-2

 where the response is linear due to negligible 

track overlap. For the F band, values of    ηm/ηHCP=2.0 and 2.6 for the He ions and protons 

respectively arise from the neglect of enhanced Fluorine vacancy/F center creation by the 

HCPs in the TST calculations. It is demonstrated that kinetic analysis simulating LID F band 

dose response with enhanced Fluorine vacancy creation, and incorporated into the TST 

calculation, can lead to values of  ηm=ηHCP. On the other hand, the values of ηm/ηHCP for the 

4.0 eV band are much less than unity at 0.18 for the protons and < 0.12 for the He ions. These 

very low values suggest that the 4.0 eV trapping structure is either destroyed or de-populated, 

perhaps by local heating/thermal spike/Coulomb explosion, during the HCP slowing down. 

These HCP induced processes are believed to be absent or greatly reduced during LID 

irradiation. The large deviations of ηm/ηHCP from unity for both the F band and especially the 

4.0 eV band demonstrate that conventional TST, which attempts to predict HCP induced 

radiation effects from the exclusive action of the released secondary electrons, is woefully 

inadequate.  

  

1. Introduction 

The effects of HCP irradiation involve complex issues mainly due to the deposition of the 

HCP energy in tracks of micron dimensions leading to extremely high levels of dose ≥ 1 MGy 

near the ion path. In addition, the heavy mass and short time scale of the deposited energy 

leads to the enhanced creation of various types of defects (e.g., Fluorine vacancies/F centers, 

F2 centers, etc…) which can agglomerate to even more complex defects at high levels of 
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dose/fluence [1-8]. The radial dose distribution, D(r), varies approximately as r
-2
 close to the 

ion path and extends out to distances of ~1000 Å for 4 MeV He ions and to ~1500 Å for 1.4 

MeV protons in condensed phase LiF as shown in Figure 1 [9-10]. It is convenient to consider 

two radial zones, a high-energy density region labeled the “core” and a peripheral region of 

lower ionization density called the “halo”. The high energy density in the core region is 

largely responsible for the formation of complex defects, whereas the damage in the larger 

halo is believed to be more similar to the effects induced by LID radiation. The distinction 

between the “core” and “halo” is somewhat arbitrary and can vary according to the radiation 

effect in question and the chosen criterion. In the system described herein the F center 

concentrations following LID irradiation begin entry into saturation at a dose-level of ~5×10
3
 

Gy corresponding to the dose at radial distances of  ~50 Å and ~ 90Å for the protons and He 

ions respectively. On the other hand, the concentration of the 4.0 eV band enters into 

saturation at ~800 Gy corresponding to radial distances of ~ 100 Å and ~150 Å for the 

protons and He ions respectively. Thus, a core of greater radial dimensions is indicated for the 

4.0 eV center if concentration saturation is the chosen criterion. These determinations of the 

“core” and “halo” radii assume, of course, that the center concentrations are not influenced by 

HCP induced processes not activated by LID irradiation. For example,   a thermal spike 

model of possible relevance to this investigation has been suggested [7] in which there is local 

heating in a cylindrical zone of radius ~ 20 Å along the ion path, followed by a rapid quench. 

Mechanisms such as Coulomb explosion or local heating which could take place above 

certain dissipation – energy - thresholds following heavy ion excitation could affect defect 

populations in LiF and such mechanisms are still a subject of on-going investigations in 

various materials [8].   

TST has been used to estimate HCP induced radiation effects in the TL of several materials of 

dosimetric importance with varying degrees of reported usefulness [11-18]. The calculations 

are based on the premise that the radiation effect is induced exclusively by the released 

secondary electrons and that it can be estimated by measurement of the same radiation effect 

generated by the LID radiation. In addition, it was generally assumed that there was no need 

to match the secondary electron energy spectrum generated by the HCP slowing down with 

the LID induced secondary electron spectrum. Other possible HCP induced radiation 

mechanisms, e.g., enhanced creation of various defects due to their heavier mass or short time 

scale of energy deposition are ignored entirely and are assumed to be of minor importance.   

Models of track structure have also been widely applied to radiation damage effects in DNA 

and various biological end-effects [19]. This is a more difficult endeavor due to the complex 

nature of the DNA molecule, the interaction of the ionized surround with DNA during 

irradiation [20] and the presence of a significant intensity of sub-ionization energy electrons 

(uncharted territory due to their difficulty of measurement) which may influence the observed 
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radiation end-effect [21]. TST in radiobiological applications continues to evolve with current 

emphasis on nanodosimetry and clusters [22-24].  

 

A modified form of TST [MTST] was developed [11] for the calculation of relative HCP TL 

efficiencies, ηHCP,γ,  in a solid state system such as LiF:Mg,Ti in which the normalized dose 

response, fδ(D) following LID radiation is energy dependent. In this case MTST requires 

matching of the secondary electron energy spectrum created by the HCP with the electron 

energy spectrum used to experimentally measure fδ(D). The calculation of ηHCP,γ  is shown 

below in equation 1. 

 

                                                                        

 

(1) 

 

 

D(r,z) is the radial dose at penetration distance z and fδ(D) is defined in equation 2.
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ηHCP,γ is the relative efficiency averaged over the entire HCP track but  the efficiencies in the  

“core” and “halo” can be separately determined. Wγ and WHCP are the average energy required 

to produce an e-h pair by gamma and HCP radiations and their ratio has been previously 

estimated at ~ 1.1 for low energy protons and He ions. ηδγ equals unity for the purposes of this 

investigation. F(D)* is the intensity of the radiation effect at low dose in the region of linear 

response and F(D) is the intensity of the radiation effect at dose D. Further information 

concerning the derivation of equation (1) is available elsewhere [11]. This definition of fδ(D) 

is appropriate when there is a region of linear dose response at dose D*, otherwise, alternate 

methods to evaluate ηHCP,γ must be employed using F(D) only. fδ(D) is dependent on 

electron/photon energy for the glow peaks of LiF:Mg,Ti and other TL materials in which the 

TL dose response is supralinear [(f(D) >1] at certain levels of dose [25]. For composite glow 

peak 5 in LiF:Mg,Ti, irradiated by gamma rays of energy >100 keV, f(D) >1  between   

approximately 1-3000 Gy reaching maximum values of ~ 3-5 at 300-500 Gy. Below Eγ=100 

keV, fδ(D)max decreases to values of ~1.5 for Eγ = 8 keV. Experimental measurements below 8 

keV have not yet been carried out due to the unavailability of appropriate irradiation facilities 

and technical difficulties. The requirement of energy matching places very stringent 

requirements on the electron energy required to measure fδ(D) for low energy protons and He 

ions since the maximum energy of the secondary electrons generated by these HCPs is 2-3 
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keV and the average energy is     ~ 1 keV as shown in Figure 2.  The maximum energy can be 

roughly estimated from the formula 

 

                                                Emax = (4me/M) EHCP                          (3) 

 

where M is the mass of the HCP, me is the mass of the electron and EHCP is the HCP energy. 

Investigations of HCP induced damage to DNA have also concluded that energy-spectra-

matching is imperative for TST calculations of HCP-induced biological end-points [26,27].  

 

2. Radial Dose in Condensed phase LiF 

For application to biological systems D(r) has been calculated by both analytical and Monte 

Carlo methods in water or tissue-equivalent gas [28,29]. Prior to the calculations of D(r) in 

the LiF condensed phase [9,10] approximate scaling techniques were used evaluate D(r). 

However, the water-vapor to solid-LiF density-scaling overlooks the well-known fact that the 

energy-loss spectrum in the condensed phase is harder, due to the suppression of low-lying 

single-particle excitations and the manifestation of a collective (plasmon-like) excitation at 

energies much above the characteristic absorption peaks of the system.  Kalef-Ezra and 

Horowitz [11] reported agreement between TST calculations and experimental measurements, 

however, several difficulties (e.g., scaling to estimate D(r) in condensed phase LiF, 

inadequate matching of the spectra used to measure fδ(D) to the HCP generated secondary 

electron spectra and near-isotropic geometry of the incident alpha particle fluence) suggests in 

retrospect that the agreement was largely coincidental and due to a cancellation of errors. 

Later calculations of D(r) (Figure 1) in condensed phase LiF using a track segment Monte 

Carlo approach [9,10] were carried out using TRIPOS-E ,a coupled electron-ion transport 

code. Although there were approximations in this approach, especially in the cut-off energies 

of the secondary electron tracks [30],   these calculations of D(r) in the condensed phase are 

the only estimates currently available. The radial dose is extremely non-uniform, decreasing 

by over 8 orders of magnitude from MGy levels of dose near the track axis to 10
-2

 Gy at ~ 

1000-1500 Å which corresponds to the maximum range of 2-3 keV electrons in LiF. For 

values of r >100 Å, D(r) decreases far more rapidly than r
-2

 as determined in some 

measurements/calculations in gas/liquid phases.  

Unlike the situation in gases, direct experimental verification of radial dose profiles in 

condensed matter is, of course, currently impossible due to the nanoscopic dimensions of the 

track. However, Olko et al [31] in a microdosimetric analysis of the TL response of 

LiF:Mg,Cu,P (LiF:MCP) detectors came to the conclusion that 20% of the entire energy of 

5.5 MeV alpha particles penetrating LiF was deposited with local dose levels exceeding 

0.5×10
5
 Gy. The percentage of the total absorbed energy as a function of radial distance for 
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the various segments calculated by integration of D(r)   is shown in Figure 3. For both  HCPs, 

over 50%  is deposited in the first 50 Å  for all the segments corresponding  to average dose-

levels of ~10
5
 Gy and ~ 0.25×10

5
 Gy for the He ions and protons respectively.  

 

3. Previous Applications of TST to HCP induced  TL in LiF materials 

 The Monte Carlo calculations of radial dose [9,10] have allowed a more realistic comparison 

of TST calculations of relative HCP TL efficiency with experimental measurements in 

LiF:Mg,Ti and this time around it was demonstrated that there was significant disagreement 

between the two [32]. The values of fδ(D) at the required average electron energy of ~1 keV 

were estimated by extrapolation from experimental measurements at higher energies using the 

Unified Interaction Model - UNIM [25,32]. For the 1.4 MeV protons a calculated value of 

0.15 for composite peak 5 was obtained compared to the experimental value of 0.3, a 50% 

discrepancy. For the He ions a somewhat smaller discrepancy of ~ 35% was obtained. The 

relative efficiency of the strongly supralinear high temperature glow peaks 7-9 were under-

estimated by ~ an order of magnitude! Extrapolation of the values of  fδ(D) to the ultra-low 

electron energies required by MTST of course introduces a degree of uncertainty in the results 

which is difficult to evaluate. Unfortunately, the option of  ultra-low energy electron 

irradiation [33] is also problematic due to the likelihood of dead layers/skin effects in the 

shallow penetration depths of such low energy electrons. Because of these  difficulties, a later 

study was carried out  in LiF:MCP which does not exhibit energy-dependent-supralinearity in 

the dose response so that matching of the electron spectra is unnecessary [30]. The results 

showed that  the values of the TST calculated relative efficiencies for 1.43 MeV protons were 

between 0.056 to 0.087 (the spread in values arising from uncertainty in the measurement of 

fδ(D)) compared to 0.15 measured experimentally. For the alpha particles even greater 

discrepancies were observed. Here also, however, problems of accuracy were encountered. 

Due to the opaque nature of the LiF:MCP samples, self-absorption and planchet reflection 

corrections are necessary but are difficult to estimate accurately [30]. In addition, at high 

levels of dose, the glow curve becomes increasingly complex with the appearance of intense  

high temperature peaks which strongly overlap with the main dosimetric peak,  leading to 

possibly significant deconvolution-related errors in the estimate of the glow peak intensities. 

These uncertainties in the TL measurements, coupled with possible uniquely HCP induced 

reactions in the recombination/heating stage, have motivated the current OA study in 

LiF:Mg,Ti  as  an “ultimate test” of the applicability of TST to HCP radiation effects. OA is a 

direct measurement of the center concentration following irradiation if the oscillator strength 

(equation 4) is known, and  has several important advantages over TL as outlined below: 

1. As in the TL of LiF:MCP, the dose response of the OA bands does not depend on photon 

energy [34] so that matching of  the electron spectra is not required.  
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2. The dose response of the various OA bands is linear/exponentially saturating with no hint 

of supralinearity. The experimental measurement of fδ(D) is therefore simpler and can be 

carried out with greater precision. This reduces the error in the calculation of η. 

3. Although consisting of several overlapping bands, the OA spectrum is simpler than the 

TL glow curves and does not significantly increase in complexity at very high dose. The 

F2 band which does appear at high levels of dose is well separated from the F band 

envelope and the other OA bands. The deconvolution errors are, therefore, significantly 

reduced compared to TL especially at high levels of dose. 

4. The different OA bands present an opportunity to test TST for two types of trapping 

structures; (i) the F band for which vacancies/F centers are being created by the 

irradiation. (ii) The 4.0 eV band, associated with TL glow peak 5 and believed to arise 

from Mg-Ti complexes, can be reasonably assumed not to be created by the radiation 

[35,36]. 

5. Application of TST to the irradiation stage only avoids likely complications in the 

heating/recombination stage. In the course of heating the TL may be accompanied by 

association-dissociation reactions in the ionic sub-system. In particular by the formation 

of Mg-Vac trimers [37]. Thus one circumvents the possibility that reactions during 

heating are not  the same following HCP and electron/photon irradiation. 

 

In the only  previous investigation of TST applied to HCP induced F band OA in   LiF, pre-

hardened single crystal samples were irradiated with high energy 56 MeV He ions and 28 

MeV deuterons at ion fluences between 10
10

 - 10
14

 cm
-2

 [38]. The measured response curves 

were proportional to D
0.85 

over the entire fluence-range indicating significant track overlap 

apparently due to the greater track extension for these higher energy ions compared to the low 

energy protons and He ions studied herein. The TST calculations were further compromised 

by the use of values of D(r) extracted from scaled electron ranges in collodion and water. In 

addition, the F band 
60

Co dose response was measured above 10
3
 Gy only and was interpreted 

as sublinear over the entire dose range with no linear region at low dose. Notwithstanding 

these issues, it was concluded that the measured number of F centers in the He ion tracks was 

2-3 times greater than the calculated TST values due to the premise that only   secondary 

electron energy deposition was of importance in the calculations of the F center production.  

 

4. Calculation of Defect Center Concentrations 

The integrated absorption of an optical transition can be related to the concentration of 

absorbing centers, N(D), the index of refraction, n, and the oscillator strength, f, by the 

Smakula formula as shown in equation 4 [39]. Smakula treated the F center as a classical 
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damped oscillator imbedded in the dielectric medium of the host crystal and acted upon by the 

Lorentz local field. 

                                                                                                            (4)

 

 

 The absorption coefficient, α(D),   in cm
-1

 is  defined in the Beer-Lambert law [40] as 

                 

                                               α = OD/[loge × d]        (5) 

 

and αmax is the maximum value of the absorption coefficient at dose D for the particular OA 

band in question. The OD is the optical density given by log (Iin/Iout) and is dimensionless. Iin 

and Iout represent the light intensity impinging on and exiting the sample respectively. d is the 

irradiation depth of penetration given by the thickness of the sample for high energy LID 

irradiations (eg., 
60

Co/
137

Cs photons, 
90

Sr/
90

Y electrons). For the proton and He irradiations, d 

is the HCP range which can be calculated using TRIM [41]. W is the full width at half 

maximum of the absorption band in eV.  

The Beer-Lambert law requires that the attenuation medium be homogeneous in the 

interaction volume. This requirement is clearly not fullfilled for HCPs so that in the 

calculation of N, equations 4 and 5 should be regarded as approximations following HCP 

irradiation. Nonetheless, its use is widespread in the HCP induced OA literature.   The error 

involved due to the non-uniformity is difficult to estimate but for HCPs which are stopped in 

the sample, as in the present case, we do not believe it seriously compromises the calculation 

of the relative OA efficiencies. Bate and Heer [42] have concluded that the value of f is 0.82 

to within ~5% for the F band in LiF although values between 0.56 and 1.0 have been used in 

the literature. In any event, the value of f does not impact the experimental measurement of η 

unless its value is somehow altered in the environment of the  HCP track. For the other OA 

bands in the LiF OA spectrum no data/information is available so that only the value of N·f 

was estimated by Eliyahu et al [43] as shown in Table 1. 

 

5. Measurements of  OA in LiF  

A typical deconvoluted OA spectrum following 
60

Co irradiation of LiF:Mg,Ti (TLD-100) to a 

dose-level of 1000 Gy  is shown in Figure 4. The major OA bands are at 5.08 eV (F center), 4 

eV (associated with the trapping center of composite glow peak 5), 4.77 eV (unknown 

structure-sometimes suggested as F center-related [44]) and 5.45 eV (believed to be a 

competitive center in the heating/recombination stage giving rise to TL glow peak 5) [45]. 

The maximum F center concentration, NFmax, at saturation following LID irradiation is ~ 6 × 

10
23

 m
-3

 using f = 0.82 [43]. Following HCP irradiation of single crystal LiF, NFmax is 
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significantly greater. The many possible reasons for the enhanced production of vacancies/F 

centers following HCP irradiation are discussed elsewhere [1-8, 38, 42, 46-49, 51-53]. In 

single crystal LiF following LID irradiation only the 5.08 eV and 4.77 eV OA bands are 

observed confirming that the 4.0 eV and 5.45 eV OA bands are dopant-related. Vander Lugt 

et al [46] measured F center concentrations for 3 MeV He ions in LiF for levels of fluence 

from 5·10
10

 cm
-2

 to 5·10
13

 cm
-2

. F center profiles measured by etching were consistent with 

the calculated ratios of penetration depths using stopping powers by Williams et al [47] and 

Lindhard et al [48]. Perez et al [38] also reported that the F center concentration as a function 

of penetration depth was closely correlated to the stopping power and estimated that 4500 F 

centers are created per 
3
He ion. Abu-Hassan and Townsend [49], however, argued that F 

center colouration extends deeper into the crystal than the projected ion range. Bos et al [50] 

measured the OA spectrum following irradiation of single crystal LiF:Mg,Ti  by  alpha 

particles of 30 keV energy at levels of fluence from 4.6·10
15

 cm
-2

 to 4.6·10
16

 cm
-2

. The very 

low energies of the  secondary electron spectrum (Emax ≈ 30 eV) precludes TST analysis since 

most of the electrons are in the sub-ionization regime. One interesting but unexplained result 

of this investigation was that the 4 eV and the 5.45 eV bands associated with the Mg,Ti 

dopants were not observed.  

 

6. Optical absorption dose response in LiF 

Many measurements of F band OA dose response have been carried out on single crystal, 

“pure” LiF following LID irradiation over limited ranges of dose of one to two orders of 

magnitude before full saturation. In this range of levels of dose, the F center dose response is 

sub-linear and proportional to D
a
 (0.5 < a < 0.8) [51-53]. Other   measurements on LiF:Mg,Ti 

samples were carried out without deconvolution of the OA spectra [54]. The Ben Gurion 

University (BGU) group has measured the OA of LiF:Mg,Ti samples over an extended dose-

range from 10 Gy - 10
5
 Gy. The dose response of the absorbance, α, of all the major bands are 

linear/exponentially saturating [43, 55] with  

 

                                   α = [(αmax)sat [1- exp(
-βD

)]         (6)  

 

where β is the “dose-filling constant” and (αmax)sat is the maximum value of α at saturation in 

the dose response. For the measurements reported herein, carried βF = 6.1 ± 0.6 × 10
-5
 Gy 

-1
 

for the F band as shown in Figure 5.   
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7. Experimental Measurement of ηHCP,β and NHCP. 

At levels of fluence, ffL ≤ ~10
11

 cm
-2

, for which track- overlap/saturation effects are not 

significant for the HCPs studied herein, the fluence response is linear and ηpγ,  ηHeγ, NHe and 

Np can be experimentally measured using equation (7) and equation (8) respectively. NHCP 

(NHe, NP) represents the number of F centers in the HCP track. 

 

                                                                                                                               (7)  

 

 

 

IHCP is the measured intensity of the radiation effect following irradiation by the HCPs to a 

particle fluence ffL.  Etot is the total energy deposited by the HCPs. For OA measurements, I is 

the OD given by log(Iin/Iout).  EHCP is the HCP energy [eV], Iγ the measured intensity of the 

radiation effect following beta or gamma irradiation to a dose-level, Dγ [J/kg], m is the sample 

mass, d is the sample thickness [cm], A is the irradiated area of the sample equal ideally to the 

geometric area [cm
2
] and C is the conversion factor from eV to Joule. it is important to point 

out  that since the measured values of IHCP and Iγ are normalized to absorbed energy (and not 

to dose) the calculation of  ηHCP,γ does not require estimation of the HCP penetration depth.      

NHCP (NHe and Np) can also be measured experimentally in the no-track-overlap regime 

according to equation (8).  

 

                  NHCP = [ NF.V ]/ [ffl. A] = [NFAd*]/[ffl.A] = NFd*/ffl                              (8) 

 

Where N is the concentration of F centers calculated using the Smakula formula at a fluence- 

level of ffl, V is the irradiated volume equal to Ad* and d* is the penetration depth. Since the 

absorption coefficient in the Smakula formula used to calculate N is given by α = OD 

/[loge×d*], the value of NHCP also does not depend on d*. A  significant blessing given the 

possibility that the F centers are created at depths somewhat greater than the penetration depth 

due to exciton or electron  diffusion.  

 

8. Details of irradiation Facilities 

OA measurements were carried out following irradiation by 1.4 MeV protons and 4 MeV He 

ions at three different accelerator facilities. The Radiological Research Accelerator Facility 

(RARAF) is situated at an off-campus site of Columbia University in Westchester New York. 

The SARAF facility (Soreq Applied Research Accelerator Facility) is situated on the Soreq 

nuclear research center near Yavne. The Institute for Nanotechnology and Advanced 
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Materials (BINA) is in Bar Ilan University, Ramat Gan, Israel.  Care was taken to ensure the 

same HCP energies at the three accelerators. TLD-100 virgin samples of dimensions 

3×3×0.89 mm
3
 were irradiated and each sample was used once. The samples were pre-

irradiation annealed at 400
o
C for one hour and then cooled naturally to room temperature by 

removal from the oven. No post-irradiation anneal was applied. The important details of the 

irradiations are shown in Table 2. Fluence-levels for the He irradiations were from 10
10

 cm
-2

 – 

1.5·10
14

 cm
-2

 and from 2 × 10
10

 cm
-2

 to 2·10
14

 cm
-2

 for the protons. Irradiations at fluence-

levels between 10
10

 cm
-2

 - 10
11

 cm
-2

 are in the no-track overlap regime appropriate for the 

TST calculations which require isolated/non-interacting tracks. The irradiations at the highest 

fluence of 10
14

 cm
-2

 determine the F center concentrations near saturation. Complete 

saturation was achieved for the protons and near-complete saturation for the He ions at these 

levels of fluence. The irradiations at three accelerators were carried out in order to ensure that 

complete OA-fluence response could be measured in the time-frame of the project. In 

addition it was considered that this would serve as a reliable check/verification of the 

accuracy of the measured fluence and irradiated-sample-areas at the three facilities.  
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8.1 SARAF Facility 

The SARAF accelerator is a high intensity continuous wave and pulsed proton facility with a 

several mA current beam. The  irradiations  were  carried out  with a defocused low-intensity 

homogeneous beam obtained using a relatively thick foil upstream to the samples. The beam 

broadening is created by proton multiple scattering within a gold foil. The foil was located in 

the diagnostic chamber station at the D-plate, while the sample was placed at the new 

irradiation station at a distance of  7.05 m (Figure 6).  The beam was stopped in a beam dump 

which serves  as a Faraday cup. A silicon detector and the gold foil were placed at 100 

degrees and 20 degrees to the beam direction respectively (Figure 7). This allows monitoring 

of  the beam intensity through the rate of the protons scattered to the silicon detector. Two 

irradiations were carried out on nine samples irradiated to a fluence of 1.9·1011 (cm-2). The 

uncertainty in the fluence is estimated at ~16%, and arises from the non-uniformity in the 

beam profile.  

 

8.2 BINA Facility 

A low-current intensity beam of several nanoamperes was obtained by using a defocused 

beam and an 8 mm collimator aperture. At each irradiation only one sample was placed in the 

sample holder. An electron suppressor was used before the sample holder, with a bias voltage 

of -1000V. The beam profile nominal dimensions were measured using a thin capton foil 

(Figure 8). Fluence measurements were carried out using a current integrator. The uncertainty 

in the fluence, resulting from the non-homogeneity in the beam profile, was estimated at ~ 

20%. 

 

8.3  RARAF Facility 

Both the energy spectrum of the HCPs and the fluence were monitored by silicon detectors 

and in addition a LET gas counter with accurately measured apertures of diameter 0. 076 mm 

and 0.127 mm. The samples were positioned on an irradiation wheel with a Mylar dish 

centered on the beam exit havar window (Figure 9). The silicon detector (positioned on an 

aluminum block) was located over the beam exit window, while a stepping motor was used to 

move it along the exit window for measuring the beam uniformity. An ionization chamber 

was used to measure the dose delivered to the samples, and the gas proportional counter 

measured the amount of energy deposited by each particle in a path length equivalent to 6 um 

of tissue. Four samples were placed on a standard cell dish with a 6 um thick mylar bottom 

and a 35 mm inner diameter. The chips were held in place by a thin plate with an outer 

diameter of 35 mm and a ~ 6 × 6 mm square holes in the center. The dish was rotated across 

the narrow dimension of the charged particle beam (6.4 mm × 35 mm) at a rate based on the 
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instantaneous beam current and the dose (fluence) to be delivered. The entire surface of each 

sample was irradiated. The uncertainty in the fluence measurement is estimated at 3%. 

 

9. OA measurement system 

The optical absorption measurements used a spectronic GENESYS 5 spectrometer 

manufactured by MILTON ROY which allows measurement of absorbance within the 

wavelength range of 200 to 1100 nanometers, with ±1 nm resolution. A split beam with two 

silicon diode detectors (Figure 10) allows sample and reference measurements. The reference 

detector monitors small source fluctuations and reduces polarization resulting in smoother 

spectra and more consistent measurements. Two optical lamps for scanning are employed of 

tungsten (360-1100 nm) and deuterium     (200 – 360 nm) with automatic selection between 

the lamps. The light beam dimensions are 9 × 2 mm which minimizes small variations of 

sensitivity in the vertical position of the sample cell.  

 

10. Data Analysis 

The optical density is influenced by both photon absorption and scattering in the sample and 

the air paths. The latter can be estimated by measurement of an   unirradiated sample (Figure 

11a) which when subtracted from the spectrum of the  irradiated sample yields the OD due to 

absorption only (Figure 11b). Deconvolution of the OA spectrum into component peaks is 

carried out using Peakfit v 4.12 software based on Gaussian peak shapes. Figure 4 shows a 

typical OA spectrum following   irradiation. The deconvolution of the  LID and HCP 

induced OA spectra was carried out with the same widths and energies of the OA bands and 

only the intensity of the bands were allowed to vary.   

 

 

11. Experimental Results 

Typical deconvoluted OA spectra following proton and He ion irradiation in the linear fluence 

response regime are shown in Figures 12 and 13 respectively. Note the very low intensity of 

the 4.0 eV band compared to the LID induced OA spectrum. The  5.45 eV OA band was not 

observed at low fluence so  its relative OA efficiency could not be measured. The intensity of 

the 4 eV band in the proton induced spectrum could be evaluated to  within ~ 35% (1 SD). In 

the He induced spectrum only an upper limit of its intensity could be estimated. At  high 

levels of fluence (10
12

-10
14

 cm
-2

) the 4 eV band is not observed and is apparently obscured by 

the tails of the 4.77 eV and 5.08 eV bands due to its  early entry into saturation. These bands 

were also not observed in  high fluence 30 keV alpha particle irradiations [50].  The F band  

fluence response following proton and He particle induced OA is shown below in Figures 14 

and 15 respectively and for the 4.77 eV band in Figures 16 and 17 respectively. The response 
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curves for the F band are  linear up to ~ 4.10
11

 cm
-2

  and ~ 5.10
10

 cm
-2

 respectively and for the 

4.77 eV OA band up to 2 × 10
12

 cm
-2

 and ~ 10
11

 cm
-2

 respectively. The consistency of the 

results of the measurements at the different accelerators is well within the limits of the stated 

uncertainties in the fluence. The relatively early saturation for the protons compared to the He 

ions for both OA bands is somewhat  unexpected given that the saturation core radii for the 

protons and He ions were estimated at ~50 Å and ~ 90 Å respectively. Since saturation in 

HCP-fluence response occurs mainly from core-core  and to a lesser degree core-halo overlap,  

this behavior suggests that the radial distribution of the F center concentrations in the proton 

and He tracks is substantially different from the concentrations based on the estimation of NF 

from D(r). Indeed, vacancy-interstitial recombination and/or defect agglomeration may 

drastically reduce the F center concentration near the track axis and the highest levels of 

concentration may occur at higher radial distances, thereby altering the  fluence level of  entry 

into saturation. This possibility will be modeled in a future publication [56]. Using the TRIM-

calculated ranges of 23 μm and 14 μm, the “equivalent” or average dose at a fluence of 10
14

 

cm
-2

 is 3.6 MGy and 17 MGy for the  1.4 MeV protons and 4 MeV He ions respectively. 

Using equation (8) with f = 0.82 yields NHe = 5900   and Np = 3930 or 1475 and 2800 F 

centers per MeV for the He ions and protons tracks respectively. The higher value per MeV 

for the protons is probably due to greater frequency of  vacancy-interstitial recombination and 

defect agglomeration in the He track due to the higher levels of radial dose. Eliyahu et al [43] 

have estimated that following uniform irradiation vacancy-interstitial recombination occurs 

for critical distances, dc,  less than ~ 40 Å.  Similar values of dc in the HCP tracks would 

strongly limit F center production in the track cores.      Vander Lugt [46] estimated from 

experimental measurements that 4500 F centers are  generated in a 3 MeV He track in LiF 

using f =1 and W = 0.7 eV.  Using  the values adopted  herein of  f = 0.82 and W = 0.64 eV 

would increase this value to NHe =  5150. Since the He energies are different by ~ 25%, the 

two estimates are in good agreement. It is possible to estimate NHe and Np in a “TST 

calculation” by integration of N(r) over the track volume where N(r) is calculated using the 

values of D(r) and the LID measured values of α(D). This calculation yields NHe = 1200 and 

Np = 900.  The ratio (5900/1200) = 4.9 (He ions ) and (2800/900) = 3.1  (protons) again 

demonstrates the enhanced creation of vacancies/F centers  compared to LID irradiation as 

also demonstrated by the higher values of NFsat following HCP irradiation shown in Table 3. 

The values  of  Nsat for the 4.77 eV OA band following HCP irradiation are also an order of 

magnitude greater than following LID irradiation using f = 0.82 for the oscillator strength 

which indicates defect creation for this band as well. This seems to support the suggestion 

that the 4.77 eV  band is indeed an F center related structure. Another rather unlikely 

explanation is that the value of the oscillator strength for the 4.77 eV band is sufficiently large 

to reduce the HCP induced values of Nmax to the LID induced values. A search of the literature 
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for the possible range of   known/calculated values of oscillator strengths in the alkali halides, 

however, does not support this possibility.   

 

12. Comparison of calculated, ηTST, and experimental measurement, ηm, of ηpγ and ηHeγ   

A comparison of the TST calculations with the results of the experimental measurements of 

ηmpγ and ηmHe,γ   is  shown below in Table 4. m  is calculated from equation (7) using the ratio 

ODHCP/ODγ normalized to deposited energy in the low fluence no–track-overlap regime. ηTST 

is calculated from equation (1) via           integration of fδ(D)D(r) over the HCP track volume 

where fδ(D) is shown in Figure 5. The quoted errors in ηTST arise almost entirely from the 

uncertainty in the determination of the dose filling constants which are estimated at ~10% 

(1SD). The  calculation of ηTST is not very sensitive to the details of the Monte Carlo 

calculated  values of D(r). For example, reducing the value of D(r) to 1.5 × 10
5
 Gy near the 

track axis and extending D(r) to higher values of r to conserve the deposited energy in each 

segment (Figure 18) increases ηTST for the He ions by only 10% from 0.38 to 0.43.  The large 

differences between ηm and ηTST cannot therefore be due to uncertainties in the evaluation of 

D(r) unless these are very large indeed. The TST calculated values of  η  

For the core and halo using saturation as the defining criterion as previously described are 

shown in Table 5. As expected the values of η in the halo for both the 5.08 ev and 4.0 eV 

bands are close to unity but in the core they are significantly less than unity due to the very 

high levels of dose, above the levels of saturation resulting in “wastage” of dose. In addition, 

the core-values of η for the 4.0 eV band are significantly lower than for the 5.08 ev band due 

to the rapid entry into saturation of this band.   

i. F band: The values of ηm are greater than ηTST because the TST calculations do not take 

into account enhanced creation of vacancies/F centers by the protons and He ions relative 

to LID radiation. The measured values of nFsat following proton and He ion irradiation are 

~ 5.5 and 9.5 times greater respectively than following LID irradiation so one might have 

expected even greater values of ηm/ηTST. This enhanced creation occurs even though there 

is very significant annihilation of Fluorine vacancies due to vacancy-interstitial 

recombination (VIR) in the HCP tracks. Eliyahu et al [43] have used kinetic modeling of 

LID induced OA dose response to demonstrate that VIR occurs for distances less than ~ 

40 Å in uniformly irradiated LiF:Mg,Ti. In the highly ionized/highly non-uniform HCP 

tracks the effects of VIR are difficult to estimate but could be very significant indeed 

leading to strongly depressed values of NF near the track axis.   

ii. The 4.0 eV band. Here, the discrepancy between ηTST and ηm is at its greatest as 

demonstrated by the very weak 4 eV band intensity in both the proton and He  OA 

spectra. This may imply that the Mg-Ti(OH) trimer complex responsible for the TL of 

composite peak 5 is somehow largely destroyed or de-populated in the HCP track – 
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perhaps by a thermal spike – perhaps by other mechanisms. It is interesting to note that 

the values of ηm measured for OA are much smaller than the TL values of ηpγ ≈ 0.3 and 

ηHeγ ≈ 0.1 [30,32]. This indicates that the loss in TL efficiency of peak 5 following HCP 

excitation arises from the irradiation stage and that heating in the recombination stage 

somehow re-constructs and/or re-populates the defect  responsible for TL peak 5.  

iii. The 4.77 eV band: The values of ηm/ηTST are close to unity and seem to contradict the 

observation of increased values of Nmax following proton and He  compared to LID 

irradiation. It is somewhat ironic that the band arising from a mainly unknown or at best 

controversial structure [58] gives the best agreement between TST and experiment. It 

may be that the 4.77 eV structure is more sensitive to the “thermal spike” [59,60] than the 

5.08 eV band which coincidentally lowers the values of ηm/ηTST  to a value close to unity.  

 

13. Simulation of fδ(D) including enhanced HCP creation of F centers 

The possibility that a kinetic simulation of fLID(D) incorporating enhanced vacancy/F center 

creation by the HCPs could remove the discrepancy ηm ≠ ηTST was investigated.  The relevant 

equations in the kinetic analysis [43] which control the concentration of Fluorine vacancies/F 

centers as a function of dose are given below:  

 

                                                                (9)
 

                                                               (10)
 

 

Nvc is the concentration of created vacancies, δ1 is the first nearest neighbor probability 

distribution function which is a function of dose, D, and dc, the critical distance under which 

vacancies and interstitials recombine. No is the concentration of initial vacancies in the un-

irradiated material and Nvo is their concentration as a function of dose. In the kinetic 

calculations [43] used to simulate fδ(D) a value of a = 0.4 and B = 9×10
22

 m
-3

Gy
-a
 was 

employed which yielded a linear/exponentially saturating response with NFsat = 6.3 × 10
23

 m
-3

 

as shown  in Figure 5. A family of curves of NF (D) with increasing values of NFsat is shown 

in Figure 19 which simulate the enhanced vacancy/F center creation in the He and proton 

tracks. Table 6 demonstrates the dependence of ηTST on NFsat. It can be seen that a simulated 

dose response with NFsat ~ 2.35 × 10
24

 m
-3

 for the He ions and ~6.8 × 10
24

 m
-3

 for the protons 

results in agreement between TST and experiment. These values  are ~ 4 and 10  times higher 

for the He ions and protons respectively compared to  NFsat = 6 × 10
23

 m
-3

 measured for the 

LID irradiation. The increase in nFsat can best be viewed as an estimate of the average effect of 

enhanced F center creation over the entire track.  In any event, the agreement ηm = ηTST 

obtained by an increase of NFsat supports the general conceptual framework/reasoning: i.e., (i) 

For the F band, the discrepancy between the experimental measurements and the theoretical 

)],(1[( 1

4.0

cvc dDDBN 

)],(1[( 100 cv dDNN 
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TST calculations is due to enhanced vacancy/ F center creation by the HCPs and (ii) Increase 

in NFsat by a reasonable factor in the kinetic simulations can remove this discrepancy. 

  

14. Conclusions  

1. The results of the proton and alpha particle induced OA F band relative efficiencies 

consolidate and finalize the conclusion that enhanced creation of Fluorine vacancies by 

the HCPs cannot be ignored in the conventional TST formalism. The kinetic modeling 

allows new insight into the possible methods to improve TST by the inclusion of defect 

creation in the formalism.  

2. On the other hand, with respect to the 4.0 eV band, the very low values of  ηm/ηHeγ of  ≤ 

0.12 and ηm/ηpγ  = 0.18 indicate that certain mechanisms are active in the HCP tracks 

which either destroy this center and/or depopulate it during irradiation. Local heating 

during irradiation (thermal spike) could be one possibility. The OA values of ηpγ = 0.06  

and ηHeγ ≤ 0.02 are significantly lower by ~ a factor 5 than the TL values for composite 

peak 5 of 0.3 and 0.1 respectively.  This  tends to support the conclusion that the “thermal 

spike”, if indeed it is the responsible mechanism, is de-populating the peak 5 center 

during irradiation  rather than permanently  destroying it.  

3.  The value of ηm/ηTST ≈ 0.8 for the 4.77 eV band requires an explanation/speculation 

which combines the opposite effects of defect creation and thermal de-population. The 

increased values of NFsat following HCP irradiation compared to LID irradiation indicate 

that, like the 5.08 eV band, it is being created by the irradiation. Kinetic analysis similar 

to that employed for the 5.08 eV band would increase the value of ηm/ηTST to ~2.  The 

observed value of  0.8 might then be explained by a greater sensitivity to thermal de-

population during irradiation than the F band [59,60].  

4. The earlier entry into saturation of the proton OA fluence response suggests that vacancy 

–interstitial recombination, agglomeration into higher order complexes and diffusion 

processes significantly affect the F center radial concentrations – leading to greater radial  

extension of the cores of the  proton tracks. Modeling of this anomalous fluence response 

behavior will be attempted in a future publication.  

In summary, conventional TST which assumes that the HCP radiation effect is created by the 

secondary electrons only fails significantly in the calculation of HCP F band induced OA due 

to the enhanced vacancy/defect creation by the HCPs. Other mechanisms (eg., thermal 

spikes/Coulomb explosion) present during HCP irradiation but not during LID irradiation lead 

to an order of magnitude underestimate in the proton/He particle intensity of the 4 eV OA 

band. In this case – conventional TST fails woefully.      
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Figure 1. Radial dose for 1.43 MeV protons and 4 MeV He ions track segments 

calculated by Monte Carlo. (reproduced with permission from Avila et al [9,10]). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Secondary electron spectrum from 1.43 MeV protons (right) and 4 MeV He 

ions (left). 
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Figure 3. Percentage of total energy deposited as a function of radial distance, He 

(upper), protons (lower). 

 

 

 

 

 

 

 

 

 

 

Figure 4. Typical LID induced OA spectrum at 1000 Gy (reproduced from Eliyahu et 

al [43]) 
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Figure 5. Dose response of the major OA bands following LID irradiation 

(reproduced from Eliyahu et al [43]). 

 

 

 

 

 

 

 

 

 

Figure 6. Sketch of the accelerator facility at SARAF 
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Figure 7. A sketch of the gold foil and the silicon detector position in the D-Plate. 

 

 

 

 

 

 

 

 

 

Figure 8. The beam profile nominal dimensions measured using a thin capton foil at 

the  BINA facility (right). Sample holder at the BINA facility (left). 

 

 

 

 

 

 

 

Figure 9. Experimental set-up at RARAF (left). The samples at RARAF were positioned on 

an irradiation wheel with a Mylar dish centered on the beam exit havar window (right).  

 

 

 

 

 

Figure 10. Schematic diagram of the optics of the spectrophotometer. 
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Figure 11. (a) LID OA spectrum before background subtraction, (b) following background 

subtraction.  

 

 

 

 

 

 

 

 

 

 

Figure 12. OA spectrum following proton irradiation in the no-track-overlap fluence regime. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. OA spectrum following He ion irradiation in the no-track-overlap fluence regime. 
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Figure 14. Experimentally measured absorption coefficient for the F band as a function of 

proton fluence. 

 

 

 

 

 

 

 

Figure 15. Experimentally measured absorption coefficient for the F band as a function of He 

fluence. 

 

 

 

 

 

 

 

 

Figure 16. Experimentally measured absorption coefficient for the 4.77 eV band as a function 

of proton  fluence. 

 

 

 

 

 

 

 

 

Figure 17. Experimentally measured absorption coefficient for the 4.77 eV band  as a 

function of He fluence. 
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Figure 18. Altered values of D(r) to estimate effect on ηTST. 

 

 

 

 

 

 

 

 

 

 

Figure 19. Kinetic simulations of the F center dose response in proton tracks due to enhanced 

creation of vacancies.  

 

Table 1. Characteristics of Optical Absorption Centers  following LID irradiation  

OA band  Width  αmax  Nmax 

(eV) (eV) (cm-1) (m-3) 

4.0  0.84 4  Nmax·f=2.6·1022 

4.77  0.44 49  Nmax·f=1.7·1023 

5.08  0.64 95 5.78·1023 

        5.45      0.75   30  Nmax·f =1.75·1023      

 

Table 3. Comparison  of Optical Absorption  following  LID and HCP irradiation 

OA band Width αmax (LID) αmax (He) αmax (p) Nmax(LID) Nmax(He) Nmax(p) 

(eV) (eV) (cm-1) (cm-1) (cm-1) (m-3) (m-3) (m-3) 

4.77 * 0.44 94 637 300 2.05·1023 2.66·1024 2.25·1024 

5.08 0.64 49 904 520 5.78·1023 5.50·1024 3.16·1024 

* Estimation of Nmax using f =0.82 
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Table 4. Experimentally measured ηm and calculated values of ηTST 

 

Particle OA bands 

(eV) 
      m 

Experimental  
 

TST 
      

     ηm/ηTST 

 

Protons 5.08 1.47±0.14 0.56±0.020 2.6±0.3 

He    5.08 0.75±0.07 0.38±0.015 2.0±0.2 

Protons 4.77 0.65±0.06 0.75±0.03 0.86±0.09 

He    4.77 0.43±0.04 0.52±0.03 0.82±0.01 

Protons 4.0 0.06±0.02 0.33±0.018 0.18±0.05 

He    4.0   < 0.02 0.16±0.012     < 0.12 

 

Table 5. The calculated values of ηTST in the core and halo.                  

Particle OA bands 

(eV) 
      (core) 

 
(halo) 

      

Core Range  

Protons 5.08 0.47 1.08 0-50 Å 

He    5.08 0.26       1.10 0-90 Å 

Protons 4.0 0.21 1.13 0-100 Å 

He    4.0 0.09 1.13 0-150 Å 

 

Table 6. Theoretical calculation of ηTST and the Corresponding NFsat. 

 

 

 

 

 

 

 

particle NFsat TST 
 
 
 
 

He 

5.7·1023 0.37 

1.38·1024 0.57 

2.35·1024 0.78 

2.72·1024 0.84 

4.37·1024 1.12 

5.96·1024 1.37 

7.75·1024 1.79 

8.80·1024 2.16 

particle NFsat TST 
 
 
 

H 

5.5·1023 0.53 

1.39·1024 0.72 

2.74·1024 0.93 

4.42·1024 1.14 

6.04·1024 1.31 

6.78·1024 1.45 

7.85·1024 1.69 
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 הבעת תודה

בהקשבה , בסבלנות, יגאל הורביץ שהנחה אותי בבקיאות רבה' ובראשונה לפרופברצוני להודות בראש 

לאוניד ' לפרופו. וענווה( לעיתים קרובות המיילים שלו גרמו לנו לצחוק אדיר) בפתיחות ובהרבה הומור

 . על כך אני מודה להם בכל לבי. להצלחת עבודה זו שהקדיש והזמן אוסטר על העזרה הרבה הידע

 

העידוד ות לעטרה הורביץ על הכנסת האורחים המדהימה והטעימה בביתכם במשך השנים ברצוני להוד

 . העצות לאורך הדרךו

 

 .  דובי אריה על נכונותו וזמנו שאפשרו את ביצוע עבודה זו' לפרופ

 .על ההנחיה בשורק ועל הערותיו המאירות והענייניותישראל מרדור ' לדר

 

בחלק הניסויי של העבודה העזרה הרבה שהושיטו לי התמיכה ועל  שלמה בידרמן' ולדר ניה'דרוזלסופיה 

  . תמיד היו נכונים לעזור בכל דבר, במעבדה

 

יקרים שהקדישו מזמנם ומומחיותם להצלחת חברים ביצוע הניסויים בשורק התאפשר תודות לשני 

' דרו ,ת ביצוע הניסויץ אפשרו אמאיוניסיונו בהפעלת ה שרעיונותיו מקצועיותולאו ויצמן ' לדר, הניסויים

אני חב . במהלך השנים אוזן קשבת לבעיות שונותבו גם מצאתי וכן אריק קריזל שביצע את דינמיקת הקרן 

 . להם תודה עמוקה

 

 BINAאולגה גירשביץ ברצוני להודות מקרב לב על שאפשרה את ביצוע הניסויים הרבים במאיץ ' לדר

 .  מצליחים ללא מסירותה מקצועיותה ונכונותה ניסויים אלו לא היו, באוניברסיטת בר אילן

 

לסטיב מרינו מאוניברסיטת קולומביה על המקצועיות הדקדקנות והזמן הרב שהקדיש לביצוע הניסויים 

 . ב"בארה RARAFבמאיץ 

 

ההתעניינות והעזרה בניסויים בשרף ובמאיץ בבר אילן , תודה מיוחדת לאשר גרין על התכנונים המכאניים

 .ממכון וייצמן על העזרה והייעוץ בהקרנות וליגאל שחר

על שאפשר את הניסויים השונים במאיץ וזאת על אף על הערותיו ודן ברקוביץ ברצוני להודות ' דרל

 . שהמשאבים בשרף מצומצמים למדיי

 

רונן הראובני ' ולדר. בפרט Matlabלניר יצחק מרדכי על הייעוץ הרב שנתן לי בנושאי סימולציות בכלל וב 

 העידוד הרב הפרגון והתמיכה במשך השנים על

 

 . לארז דניאל ממחלקת בטיחות קרינה בשורק על הנכונות האדיבות והעזרה בפיתוח התגים

 

, דני קיכל, גיא שמיל, הירשמןדני , חנן דץ :תודה חמה לכל חברי הטובים שהקשיבו  ותרמו רעיון או עצה

 . גיתי פינברג, שלומי חלפון

 

 .   ים מכולם לרעייתי הילה ולבני נדב ותודת אהבה לחשוב
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.לזכרן של עינת רכלבסקי אליהו ואימי מורתי שמחה אליהו מוקדשתעבודה זו   
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 תקציר

הן בשלב ההקרנה והן בשלב  LiF:Mg,Tiפותחו מודלים קינטיים שונים עבור גבישי מחקר זה ב

שמנסה לתאר , ותנו בהמשך על מנת לשפר את מודל מבנה המסלולמודלים אלה שמשו א. החימום

לשם כך . את האפקטים הקרינתיים המתרחשים בחדירת חלקיקים כבדים טעונים לחומר

 . בשלושה נושאיםהתמקדנו 

אחרי הקרנה בצפיפות  LiF:Mg,Tiהראשון שבהם כלל מדידות של צפיפות אופטית בגבישי  .1

מטרת המדידות הייתה לבדוק (. Protons and He)יפות גבוהה ובצפ( קרינת )יוניזציה נמוכה 

את האפשרות להשתמש במודל מבנה המסלול לצורך ניבוי אפקטים קרינתיים כתוצאה 

  :להלן תיאור המדידות. מחדירת חלקיקים כבדים טעונים

 -הצפיפות האופטית נמדדה בטווח דוזות מ : צפיפות אופטית לאחר הקרנה קרינת  .א

 9כלומר פס , LiF:Mg,Tiגריי עבור פסי הבליעה העיקריים בגבישי  119ד גריי ע 11

פס , (בעקומת הזהירה התרמית 9המשמש מלכודת אלקטרונים עבור שיא )וולט ' אל

ומלכודת ( F band)וולט ' אל 9.15מרכז צבע באנרגיה של , וולט' אל 9.44באנרגיה של 

בוצעו בתחום דוזות נרחב מאוד המדידות ש. וולט' אל 9.99אלקרונים באנרגיה של 

אפשרו קביעה חד משמעית של ההתנהגות הליניארית והרוויה עבור פסי הבליעה 

קבועי המילוי , (וולט' אל 9.15 - ו 9.1)עבור שני פסי הבליעה החשובים . שהוזכרו לעיל

10×0.6 ± 5שנמצאו הם
-4

 Gy
-1

   6.1 ± 0.4×10
-5

 Gy
, כמו כן. בהתאמה 1-

שאינה תואמת את , (וולט' אל 9.15)רית המפתיעה של פס הצבע ההתנהגות הליניא

מוסברת במחקר , מרכזי לכידה תוך כדי הקרנה/התהליך שבו נוצרים מרכזי ריקות

 .זה באמצעות מודל קינטי שיתואר להלן

בוצעו עבור הקרנה  מדידות של צפיפות אופטית עבור חלקיקים כבדים טעונים .ב

: בשלושה מאיצים MeV 4 –ו   MeV 1.4ת שלבאנרגיו Heבפרוטונים ובחלקיקי 

SARAF ,מאיץ פלאטרון במרכז לננו טכנולוגיה ; במרכז למחקר גרעיני שורק

המדידות בוצעו . באוניברסיטת קולומביה RARAFומאיץ ; אילן-באוניברסיטת בר

השוואה בין תוצאות תיאורטיות של . ר"לסמחלקיקים  219-ל 1111בשטפים שונים בין 

 9, 9.15המסלול לבין התוצאות שנמדדו בהקרנות אלה עבור פסי הבליעה  מודל מבנה

ניתן לבצע השוואה זו רק בשטפים נמוכים , כמובן. בהמשך הוולט מופיע' אל 9.44-ו

בתחום זה ישנה חפיפה מינימלית בין . ר"חלקיקים לסמ 1111 - ל 1111שבתחום שבין 

ו מדידה של ריכוז מרכזי התוצאות בשטפים הגבוהים אפשר. מסלולי החלקיקים

. Smakulaונוסחת   Beer-Lambertוולט בעזרת נוסחת' אל 9.44ופס  5.08הצבע 

בחישובים אלו נמצא כי ריכוז המרכזים הללו גבוה בסדר גודל בהקרנה בחלקיקים 

 .כבדים ביחס לצפיפות יוניזציה נמוכה

מעבר של מטענים  מוקד המחקר השני היה פיתוח מודל קינטי שיתאר: מודלים קינטיים .2

המטרה הראשונית לפיתוח . ויכלול שלושה מרכיבים שיתוארו להלן LiF:Mg,Tiבגבישי 

המודלים הקינטיים הייתה לשפר את מודל מבנה המסלול כך שיכלול יצירה של מרכזי 

בהמשך הורחבו המודלים כך . מרכזי צבע בסימולציות עבור צפיפות יוניזציה נמוכה/ריקות
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. LiF:Mg,Tiה של המאפיינים הייחודיים של ההיענות בדוזה של גבישי שיספקו סימולצי

 :המודלים הקינטיים שפותחו בעבודה זו כללו

חור ואלקטרון בלבד עבור מלכודת -תיאור והערכה של איכלוס מלכודות אלקטרון .א

 .בעקומת הזהירה 9זהירה האחראית לשיא /הלכידה

מעברים דרך פס ההולכה עבור תיאור של מעברים ישירים שלא דרך פס ההולכה ו .ב

באופן זה ניתן היה לתאר . חור ואלקטרון בלבד בשלב החימום-מלכודות אלקטרון

ליניארית -לדוזה וכן את התלות העל ליניארית-את ההיענות הליניארית והסופר

נציין . בעקומת הזהירה 9באנרגיית הפוטונים כפי שנצפתה באופן ניסיוני עבור שיא 

לא , ים הקינטיים המבוססים בלעדית על מעברים דרך פס ההולכההמודל, כי עד עתה

 .הצליחו לתאר שני מאפיינים אלה

- vacancyצבע בשלב ההקרנה וכן תיאור של איחוד /יצירה של מרכזי ריקות .ג

interstitial .המודל הקינטי הכולל מנגנונים אלה ניסה לפתור את השאלה המרכזית ,

מתנהגת בצורה  וולט ' אל 9-צבע בכיצד ההיענות לדוזה עבור מרכז ה

 –וזאת על אף שמרכזי הצבע נוצרים באופן רציף במהלך ההקרנה , רוויה/ליניארית

הנחנו כי מרכזי הצבע הנוצרים . כך שניתן היה לצפות להתנהגות סופר ליניארית

במהלך ההקרנה שונים במידה מסוימת ממרכזי הצבע הקיימים בגביש טרם 

שפותח מתאר באופן מדויק את ההיענות לדוזה של מרכז  המודל הקינטי. ההקרנה

ריכוז מרכזי ( א: )גריי בתנאים הבאים 119-גריי ל 11הצבע בתחום הדוזות שבין 

10 ~-הונח כ( לפני ההקרנה)הריקות ההתחלתיים בגביש 
ערך זה מעט גבוה .  23

ברות ההסת( ב)  LiF:Mg,Tiמהצפוי וזאת ככל הנראה כתוצאה מאופן ייצור גבישי 

מהסתברות  91גדולה פי  An4oלמעבר של אלקטרונים למרכזי הריקות ההתחלתיים 

שני התנאים הללו מאפשרים . An4 המעבר למרכזי ריקות שנוצרים תוך כדי הקרנה 

 .למרכז הצבע היענות ליניארית בדוזה

מוקד המחקר השלישי עסק ביכולת של מודל מבנה המסלול לחשב : מודל מבנה המסלול .3

ערכים של . ק את היעילות היחסית עבור חלקיקים כבדים במדידות של צפיפות אופטיתבמדוי

עבור צפיפות יוניזציה נמוכה הושוו עם תוצאות ניסיוניות עבור  ηTSTהיעילות היחסית 

10פרוטונים וחלקיקי אלפא בשטפים של 
10 

- 10
שבהם לא קיימת חפיפה , ר"חלקיקים לסמ 11

היחס בין היעילות היחסית המדודה ליעילות , וולט' אל 9-ע בעבור פס הצב. בין המסלולים

פער זה נובע מכך . עבור חלקיקי אלפא ופרוטונים בהתאמה, 2.2-ו 2היחסית התיאורטית היה 

במהלך ( מרכזי הצבע)שהחישוב התיאורטי הקיים היום מתעלם לחלוטין מיצירת הפגמים 

בצפיפות יוניזציה נמוכה תוך כדי המחקר הראה כי תוצאות סימולציה קינטית . ההקרנה

 ηm=ηTST יכולות להוביל למצב בו , שהוזנו לחישוב מודל מבנה המסלול, יצירת מרכזי ריקות

שווה  ηm/ηTSTמצאנו כי היחס וולט ' אל 9-עבור פס האנרגיה ב. וולט' אל 9.15עבור פס הצבע 

ת הנמוכות שהתקבלו התוצאו. Heעבור חלקיקי  1.12 -עבור פרוטונים וקטן מ  1.15 -ל 

מצביעות על כך כי ייתכן שפס זה נהרס או מתרוקן תוך כדי החדירה של החלקיקים הכבדים 
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וככל הנראה תהליכים אלה אינם קורים כאשר מתרחשת הקרנה בצפיפות יוניזציה . בחומר

 . נמוכה

כך  מצביע על, עבור שני פס האנרגיה שהוזכרו לעיל 1-מהשונה  ηm/ηTSTהיחס , בכל מקרה

שלמרבה הדאבון לא ניתן להסתפק בחישוב הקונבנציונלי של מודל מבנה המסלול המתיימר 

לבסס על האלקטרונים המשניים בלבד את האפקטים הקרינתיים של חדירת חלקיקים 

במודל ( מרכזי צבע)המחקר מראה כי אם נכלול יצירת פגמים , ומן הצד החיובי. כבדים לחומר

נוכל להגיע להתאמה בין החישוב התיאורטי של , יזציה נמוכההקינטי המתאר צפיפות יונ

  9 -עבור חלקיקים כבדים טעונים בפס האנרגיה ב ( OA)מודל מבנה המסלול לבין המדידות 

 .וולט' אל
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