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PREFACE 

Thermoluminescence Dosimetry (TLD) has found its application in a large variety of 

fields such as environmental monitoring, personal dosimetry, radiobiology, diagnos­

tic radiology and radiation therapy. Although there are a number of good reference 

books and conference proceedings on TLD available, the need was felt for exchan­

ge of information between people working in these fields. A one day meeting on 

Thermoluminescence Dosimetry was organized by several Dutch organizations on 

radiation protection and clinical physics in co-operation with the Belgian sister 

organizations. The purpose of the meeting was to discuss a number of theoretical 

and practical aspects of TLD. The meeting was held in Bilthoven (The Netherlands) 

on 30 March 198S and was attended by 105 participants. 

Although during the Symposium the manuscripts as submitted by the authors were 

available, it was decided to edit the papers of that meeting in a more uniform 

format. Also comments and discussions following the presentation that day have 

been included by the authors in their final drafts. In this report no distinction is 

•nade between papers presented orally or as posters. 

Our thanks are due to the autors for submitting their manuscripts in time and to 

the members of the Programme Committee for undertaking the task of reviewing 

the papers presented at the Symposium. Finally we like to thank the companies for 

demonstrating their equipment. 

A.H.L. Aalbers, A.J.J. Bos, B.J. Mijnheer 

Delft, October 1988 
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MECHANISMS OF THERMOLUMIKESCENCE PRODUCTION IN LiP:Me.Tl fTLD-100^ 

A . J . J . Bo* 

Interfacuity Reactor Institute, Delft University of Technology 
Mekelweg IS, NI 2629 JB Delft, The Netherlands 

INTRODUCTION 

Lithium fluoride doped vith magnesium and titaniua and available under the 

trade name T1D-100, is one of the most popular thermoluminescent (TL) 

materials used in radiation dosimetry. It popularity stems from properties 

such as tissue equivalence, adequate sensitivity for personnel dosimetry and 

the possibility to manufacture the material with acceptable reproducibility. 

The mechanism of TL production is, however, very complex. Some of this 

complexity is demonstrated by the effects of differences in heat treatment, 

such as annealing. One of the recommended annealing procedures1 comprises of 

1 h at tOO "C followed by 20 h at 80 eC. Such a procedure is necessary to 

maintain the stability of properties as sensitivity, low background and 

fading characteristics. Although users of TLD-100 do not need extensive 

knowledge of the solid state physics aspects in order to perform reliable 

dose measurements, there is a need for at least a broad understanding why 

the procedures are as they are. The purpose of this review is to describe 

the mechanism of TL production in TLD-100 from the viewpoint of the user of 

this material in dosimetry. The purpose will be didactic, without claim of 

originality. The solid state phycisist will not find new ideas, the 

radiation physicist, hopefully, some background knowledge about the precepts 

he follows. The contents of this review is mainly based on reviews2-3* and 

some recent books on thermoluminescence3 - • •'. In particular the book by 

McKeever7 is cited frequently. In order not to hamper the reader the citati­

ons are not indicated explicitly. The reader is referred to the reviews for 

more detailed information. 

WHAT IS THERMOLUMIKESCENCE? 

Thermoluminescence is the thermally stimulated amission of light from an 

insulator or semiconductor following previous absorption of radiant energy. 

In this definition the three essential ingredients necessary for the produc­

tion of thermoluminescence can be found. Firstly, the material must be an 

insulator or semiconductor: metals do not exhibit luminescent properties. 

Secondly, the material must at some time have absorbed energy during 
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exposure to radiation. This property is distinctly different froa the 

spontaneous emission of light froa a substance when heated to candescence. 

Thirdly, th* light emission is triggered by heating the material. During 

the heating the light intensity increases, reaches a aaxiaua and decreases 

subsequently. In order to re-exhibit the luminescence phenomenon the 

materiel has to be re-exposed to radiation, whereupon raising the temperatu­

re will once aga'n produce light emission. 

A SIMPLE MODEL fOPALITATTVF^ 

An explanation of the observed thermoluainescence properties can be obtained 

from the energy band theory of solids. In an ideal crystalline semiconductor 

or insulator most of the electrons stay in the valence band. The next 

highest band vhere electrons may stay is the conduction band, separated from 

the valence band by a so-called forbidden gap E, (see Pig. 1). However, 

whenever structural defects occur in a crystal, or if impurities are built 

into the lattice, there is a possibility for electrons to possess energies 

which are forbidden in the perfect crystal. In a simple TL model two levels 

are assumed, one situated below the bottom of the conduction band and the 

other situated just above the top of the valence band (see fig. 1). The 

highest level (Tr) is situated above the equilibrium Fermi level (Ef) and 

will be empty in the equilibrium state i.e. before the absorption of 

radiation. It is therefore a potential electron trap. The other level is a 

potential hole trap and can function as a recombination centre (R). The 

absorption of radiant energy (hf)a > E( results in excitation of valence 

electron«, producing free electrons in the conduction band and free holes in 

the valence band (transition 1). The free charge carriers may either 

rccombine or become trapped. The phenomenon of immediate (< 10** s) 

conduction bond 

IN . 

valence bend /_ V//////V/. 
Fig 1. Simple two-level aodel for theraoluminescence. Allowed transitions: 

(1) ionization through absorption of radiant energy; (2) en (5) 
trapping; (3) thermal release; (4) radiative recombination and th« 
eaiision of light. 
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recombination of free electrons and holes and subsequent emission of light 

is called fluorescence. This phenomenon usually is Independent: of che 

temperature. In semiconductors and insulators it is aore likely that the 

charge carriers are trapped: the electrons at Tr (transition 2) and the 

holes at R (transitions S, see Fig. 1). Reconciliation will therefore be 

delayed, depending on by the aean tine r the electrons spend in the trap at 

temperature T, given by the Arrhenius equation: 

p - ,-i - » exp(-EAT) (1) 

Here p is defined as the probability per unit tine of release of an electron 

from the crap. The tens s is the 'frequency factor'. In the simple model s 

is considered as a constant with a value in the order of the lattice vibra­

tion frequency, 1012 - 101* s"1. E is called the trap depth or activation 

energy, the energy needed to release an electron from the trap into the 

conduction band, k * Boltzmann's constant and T the absolute temperature. If 

the trap depth E » kT0, with T8 the temperature at irradiation, then any 

electron which becomes trapped will remain so for a long period of time, so 

that after termination of che irradiation there will exist a population of 

trapped electrons. Furthermore, because the free electrons and holes are 

created and annihilated in pairs, chere must exist an equal population of 

trapped holes at level R. Because the normal equilibrium Fermi level E£ is 

situated below Tr and above R, these populations of trapped electrons and 

holes represent a non equilibrium state. The reaction path for return to 

equilibrium is always open, but btcause the percubation from equilibrium 

(i.e. irradiation) was performed at low temperature (compared with E/k). che 

relaxation rate, r"1, as determined by equation (1), is very slow. Thus, the 

non-equilibrium state is metastable and will exist for an indefinite period, 

governed by the rate parameters E and s. 

The return to equilibrium can be speeded up by raising the temperature of 

Che TL material above T0 such that kT £ E. This in turn will increase the 

probability of detrapping and the electrons will now be released from the 

crap into the conduction band. Thernoluminescence now results when the free 

electrons reeoabine with the . trapped holes. The intensity of 

theraolualncscence I(t) at any tint during the heating la proportional to 

Che rate of recombination of holes and electrons at level R. If n„ is the 

concentration of trapped holes then: 

I(t) - -diifc/dt (2) 

The relationship between I(t) and n„ is shown schematically in figure 2. As 

ehe temperature rises the electrons are released and recombinacion takes 
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Fig. 2 Relationship becveen propability p to escape from a trap, the 
number of trapped holes nj, at the recombination centres and the 
thermoluminescence intensity I(t). 

place reducing the concentration of trapped holes and increasing the 

thermoluminescence intensity. As the electron traps are progressively emp­

tied the rate of recombination decreases and thus the thernoluminescence 

intensity decreases accordingly. This produces the characteristic 

theraoluainescence peak. 

A SIMPLE MODEL (QUANTITATIVE^ 

The first quantitative description of the thernoluainescence intensity as a 

function of temperature or time, the so-called glow curve, is given by 

Randall and Vilkins'. They scare from the two level model and assumed that 

a) the concentration of free carriers in the conduction band (ne) Is always 

very much less than the concentration of trapped carriers (n) and b) once 

released from a trap the electron will undergo recombination rather than 

retrapping. These assumptions imply that the luminescence intensity will be 

proportional to the number of released electrons. This number will be equal 

to pn. Furthermore they assumed that c) the rate of change of the free 

carrier concentration is always very much less than the rate of change of 

the trapped carrier concentration, i.e. dn./dt « dn/dc. From this assumpti­

on it follows that I(t) - -dn^/dt - • dn/dt, so that I(t) can be writter as 

I(t) - -dn/dt - cpn (3) 

with c a thermoluminescence efficiency. Without loss of generality c may be 

set equal to 1. Applying expression (1) to equation (3) yields 

I(t) - -dn/dt - in exp(-E/kt) (A) 
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This differential equation describes th« charge transpore in the lattice as 

a first order process and glow peaks calculated from this equation are 

called first order glow peaks. Solving the differential equation (1) yields 

t 

ICt) - -dn/dc - n0s exp(-EAT) «xp[-s J exp<-EAT(f))dt' ] (5) 

0 

where r^ is Che total number of trapped electrons at time t - 0. Usually the 

temperature is raised as a linear function of tine according to 

T - T0 + fit (6) 

where fi i s the heating rate. In figure 3 some glow peaks computed from Eq. 5 

E « I 0 «V 
E-IC2SW 

— E'lCS0«V 
e - ro« w 
E-l.i # 

310 330 350 370 390 410 430 450 470 
Ttmptraturt (K) 

Fig. 3 Clow peaks calculi-ed from eq. (5), assuming iirst oraer kinetics 
and linear heating with the activation energy E ** parameter, (s -
1012 s*1, fi - 6 °C s*1 and n0 - 10« a* 3). 

are shown. The peak shows a characteristic asymmetrid shape. The temperature 

at the maximum, TB, can be found when the derivative of In I(t) is set to 

zero. This yields 

JE/CkT.) - s «xp(-E/kT.) (7) 

From this equation it can b« derived chat Ta incraasas with increasing E 

(sea also figure 3) according to the physical picture chat for deeper crapi 

•ore energy and consequently a higher temperature is needed to free the 

electrons. Equation (7) also reveals that Tm increases with increasing 

heating rate 0. From che viewpoint of solid state physics only the para­

meters E and s ar« of interest. In dosimetry, however, n. Is che parameter 

of paramount importance since this parameter is associated with che absorbed 
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dos«. I c is simple co s«« chat ch« area under the glow peak Is tqual co n, 

since 

/ I(t) dt - - / (dn/dt) dt - - /dn - n, • n. 

o o n, 

and tv. is zero foc C-MO. 

(8) 

WHAT DOfN'-n WE LEARN FROM THE STHPLE MOnEL? 

The simple model can explain, at least qualitatively, all the fundamental 

features of chermoluminescence production. The model teaches chat the 
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Fig.4 Clow curve of TLD-100 after a pre'irradiation annealing of 1 h 400 
*C and fate cooling and irradiation with ,0Co gamma rays. The 
measured glow curve is fitted with four first order peaks with * 
fitting procedure described elswhere'. 
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presence of traps is essential for TL production. Thus, (ideal) Betals where 

no traps are present, do not show thermoluminescence. The absorption of 

radiant energy is needed to fill the traps and heating is necessary to 

release the charge carriers froa the traps. The aodel gives insight into how 

radiant energy is stored. Loss of trapped charge befor« readout (fading) is 

undesirable in dosin*try. The aodel explains that glow peaks at lower 

temperatures, corresponding to shallower traps, are more sensitive to fa­

ding. 

In figure 4 a glow curve of TLD-100 is shown. The measured glow curve has 

been fitted with a superposition of four peaks each described by equation 

(5). It is seen that a very good fit is obtained. The measured activation 

energies agree with values reported by other investigators (see table 1). 

Table 1. Activation energies and half-lives of some peaks in TLD-100. 

Activation energy (eV) Half life 
McKeever10 Taylor and Fairchild Present Calculated Measured 

Peak no Lilley11 et al12. study from fit by other 
parameters authors* 

2 1.13±0.01 1.11±0.02 1.07 1.10+0.03 26 h 10 h 
3 1.2310.01 1.27+0.03 1.05 1.23+0.02 0.45 a 0.5 a 
4 1.5410.01 1.6010.07 1.54 1.63+0.05 6.5 102 a 7a 
5 2.17+0.01 2.06+0.11 2.20 1.9210.04 4.8 103 a 7 - 14 a 

* Peak 2,3 and 4 Zimmerman et al.13 and peak 5 McKeever* 

The half-life T^ - In 2/p of each peak, which can be derived from the fit­

ting parameters and equation (1), however, does not correspond to the fading 

race during storage observed by others, especially for peak 5, the main TL 

dosinetry peak. The discrepancy must be sought in the nature of the traps. 

The type of model presented here is phenoaenologieal. The Craps are 

described by two parameters (E and a) but this does not reveal the true 

characterization of the defect structure of TLD-100. A detailed understan­

ding of the defect structure is a necessity in order to interpret the obser­

ved TL behaviour and to improve the reliability of the thermoluminescence 

dosimetry. Measurement of the glow curve it of limited value to study the 

defects since thermoluminescence requires two principal defect types: a trap 

and a luminescent centre. In measuring the glow curve it is not known which 

one, or what kind of combination, is monitored. 
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TRAPPIXC AND RECOMaiSATIOH/UIMIMESeEMT CEMTRES 

Tht ability of TLD-100 to luminescence is related to the impurity atoms Mg 

and Ti present in saall proportions (approximately 170 and IC mole ppm, 

raspactivaly). Despite much research there is relatively little understand­

ing of the relation between the defect state of Mg and Ti in ch« LiF lattice 

and the TL response. The intention of this section is to give an idea of the 

complexity of this relation rather than to review all proposed models. 

Magnesium as Mg** has an ionic radius (72 pm) close to that of lithium in 

the LiF lattice (76 pm) and can therefore easily substitute the latter. 

This has tvo consequences: 

(i) It favours the creation of electron traps. 

(if.) It favours the creation of electron holes, because in compensating the 

excess positive charge of the Mg2* ions substituting the Li* ions, Li* 

ion vacancies (V) appear in the crystal lattice. 

+ . + - + - + _ + - iQ\z • - • - + -,'Ql -
\ \ f y 

- .» - + - + - • - • -\4f; - + - + -„'**/- • 

+ . + _ • . #\. + - + :ø - • r'Q'-£l\ 
- • - D - + N -NP; - • - • :\-») * v£>'" * "M$ 

iMrURITY VACANCY DIP01E OIMER TRIMER 

Fig.S Divalent cation impurity (++) and host cation vacancy (D) in the LiF 
lattice showing the four possible configurations: free impurities and 
vacancies, Association to a dipols and clustering Co a dimer or tri­
ner. 

The divalent impurity (Mg2*) and the cation vacancy (V) have opposite charge 

and ehe coulomble attraction between them results in the formation of asso­

ciated impurity-vacancy (Mg2*-V) pairs or dipoles. It has been shown that 

this association occurs ac low temperatures. Between the dipoles further 

clustering reactions may occur. The most probable reaction sequence is Che 

clustering of two pairs to form a linear dimer (see figure 5) followed by 

the Addition of a third pair to form the stable triaer. Even the formation 

of some Mg precipitates (6LiF.MgF2) is possible. The investigation of point 

defect reactions by Struct end LiUey1* has lsd to chs following picture of 

clustering and precipitation: 
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free Mg2* 4 vacancies » dipol« • dimers * trimers • precipitates (9) 

The usual preirradiation annealing procedure involves an isothermal anneal 

at 400 °C for 1 h. This has the effect of dispersing all Mg impurities in 

dipole fon, i.e. it pushes reaction (9) to the left. Subsequent lev tempe­

rature annealing for 20 h at 80 °C results in the clustering of the dipoles 

into trioers, i.e. forcing reaction (9) to the right. An important, often 

ignored, effect on the defect concentration is the cooling rate between the 

high (400 °C) and low (80°C) temperature annealing. Quenching the TL materi­

al has the effect of freezing in the defect structure while a slow cooling 

will stimulate clustering. The effects of the cooling rate on the TL 

response is easy to measure but difficult to interpret because reaction (9) 

also takes place during TL readout. Thus the initial effect during 

irradiation is not being maintained during TL readout. 

WmkafW IMM) 

Fig.6 a. Absorption spectrum for irradiated TLD-100. Dashed lines: 
calculated Gaussian absorption bands. 
b. Thermoluminescence and annealing of the 310 na absorption band in 
TLD-100 irradiated to 103 Cy (Adopted from McKeevcr7) 

Other information about the defect structure is obtained by studying optical 

absorption. Pure LiF crystals are transparent throughout the visible region 

of the spectrum. The crystal may be coloured by irradiation. A colour center 

is a lattice defect which absorbs visible light. The simplest colour center 

is an F center (a negative ion vacancy with one excess electron bound at the 

vacancy). The name comes from the Carman word for colour, Farbe. The 

optical absorption versus wavelength in irradiated pure LiF shows a peak 

around 5 eV, the so called F - band. The absorption spectrum for irradiated 

LlF:Hg,Ti shows apart from the F • band some other peaks (see figure 6a). 

The 310 no band has been studied as function of temperature in conjunction 
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with the theraoluminescence (see fig 6b). Fro« these experiments it is 

concluded th*' absorption at 310 nm is closely associated vith TL peak 5. 

Uhen combined with dielectric relaxation measurements the results indicate 

that the defects responsible for peak 5 and for the 310 no absorption band 

are related to triaer complexes of Mg. 

The other impurity iv TLD-100, notably Ti, is still undiscussed. Optical 

absorption and photoluminesecnee work4 has shown that the luminescence 

centre is related to this impurity. Measurements of the emisson spectra of 

TID-100 during thernoluminescence1s show that each peak In the glow curve 

emits at a slightly different »avelength, although the main emission band 

lies between 400 • 430 nm (i.e. blue) region. The exact wavelength at which 

peak emission occurs is dependent upon the aggregation state of Hg. This 

indicates a close, spatial correspondence between the Mg defects and the 

luminescence activators. One may therefore conclude that the major defect 

responsible for peak 5 is a Hg-trimer/Ti complex15-16 wherein the trapping 

and recombination sites are combined. Accepting this picture of the defect 

structure involved in the TL production of the main dosimetry peak 5, the 

importance of reproducibl. annealing and read out procedures in TL dosimetry 

become clear. Any change *n this procedure (i.e. any change in the tempera­

ture • time schedule) will alter the number of trimers according to reaction 

(9) and with that both the number of traps and luminescent centres. Some of 

this complexity is illustrated in the work of Julius and De Planque17. These 

investigators found that at low storage temperatures the decrease in the TL 

signal obtained from samples stored for varying periods before Irradiation 

was similar to the signal loss obtained from chose samples stored for the 

sane periods but after irradiation. This observation can only be understood 

assuming that the defect structure itself is altered during the storage 

period. 

C0WCLU5I0MS 

The fundamental features of the thermoluminescence production in LiF:Mg,Ti 

(TLD-100) can be understood with a simple model. However, this model is only 

• phenomenological description. The precise relation between the observed 

thermoluainescence and the defect structure in the LiF lattice (i.e. the 

role of the Impurities) is very complex and a detailed understanding is 

lacking. As long *a the knowledge of the defects involved in the TL produc­

tion is missing no precise recommendations regarding manufacturing or dosi* 

metry methodology can be expected. 
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There is experimental evidence that the main peak in the glow curve (peak 5) 

is related to Mg-triaer/Ti complexes i.e. trapping and luminescencent 

centres ara closely connected. It Is also shown that chat the number of Mg-

trLaers stronly depends on reaper«ture. Therefore, every step in the tiae-

temperature schedule (including annealing, irradiation, storage and readour) 

vill influence TL response. For accurate dosimetry this emphasizes the need 

for very reproducible procedures. 
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SOK EXPERIMENTAL OBSERVATIONS ON THE S UP RAL I ME A RI TY OF THE J.ESPONSE OF 
TLO-10O IN THE RADIOTHERAPEUTIC DOSE RANGE 

B.J. Mijnheer and J. Weeda* 

The Netherlands Cancer Institute (Antoni van Leeuwenhoek Kuls), 
Plesoanlaan 121, 1066 CX Amsterdam, the Netherlands 

INTRODUCTION 

From the presently available information on the steepness of dose-effect 

curves for local tumour control and normal t issue damage, several 
1 2 3 authors * ,J have proposed a requirement for the accuracy in the delivery of 

the dose to the dose specification point in a patient of 3-5%, one standard 

deviation. Such a high accuracy i s especially important i f c l inical data 

from different centres have to be compared. For other points in the target 

voluse an accuracy requirement of 5%, one standard deviation, might be a 

better compromise between the c l in ical demand and what can be technically 
U 

achieved . 

!r. crder tc obtain such a high degree of accuracy when using TLD in the 

c l i n i c , a number of t e s t s are required, as discussed, for instance by 

Marshall . One of these t e s t s refers to the relationship between dose and 

TLD reading. As has been observed by various authors, supralinearlty in the 

response of several TLD materials occurs at doses above a few Cy, as 

sunmarized by Horowitz . For LiF TLD-100, onset values of TL supralinearity 
6 7 8 

varying from 1 to 10 Gy have been reported ' ' . Secause th is dose range 

coincides with that applied in radiotherapy, i t seemed worthwile to 

investigate the necessity of correcting for supralinearity. It was the 

purpose of this study to describe the results of measurements of 

supralinearity for the response of TLD-100 at doses below 5 Cy using 

different read-out and different annealing procedures. No attempt has been 

made up t i l l now to systematically study the different factors influencing 
q 

supralinearity nor to correlate our findings with the various models . 

* Present address: Clinical Oncology Department, Academic Hospital Leiden, 
Rijnsburgerweg 10, 2333 AA Leiden 
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MATERIALS AND tCTHODS 

Different production batches of TLD-100, both rods (diameter i n , length 6 mm) 

and ribbons (3.2 mm x 3.2 na x 0.9 na) , were studied. These batches were 

purchased from the same manufacturer, (Harshaw Chemical Company, Cleveland, 

Ohio* USA), over a time period of several years and therefore had a different 

Irradiation history. Each batch was divided into sub-groups having a standard 

deviation in their calibration factor of about one percent. Generally, six TL 

detectors were Irradiated for each dose value, which ranged from 0.25 Gy to 5 

Gy. Such a series of experiments was repeated at least twice. Host results were 

obtained with Co-60 gamma rays but similar data were observed for 8MV X rays. 

The read-out was performed with standard equipment (Harshaw model 2000-A/B). 

Several read-out procedures we»»e applied. The i n i t i a l measurements were 

performed using the read-out procedure recommended by Harshaw: a preheat 

temperature of 100° C followed by a linear increase in temperature from 100° C 

to 260* C in 25 s , with an additional 5 s at 260* C. In order to study other 

read-out procedures, the temperature of the planchet was externally controlled 

by a computer (POP 11 AU). Glow curves were obtained by increasing the 

temperature l inearly between 100* C and 300* C in 60 s . Because our equipment 

did not have the capability of varying the integration boundary, the l ight 

output of the reader was sampled and stored in the same computer. Generally, 

glow curves consisting of 300 points were sampled and analysed. The 

contribution of background radiation to the total signal was l e s s than 0.2Y in 

a l l s i tuat ions . 

For practical reasons, the anneal period applied in our Department (one hour 

from room temperature to *»00* c followed by a slow cooling period to room 

temperature in 16 h in the same furnace) deviates from .that recommended by the 

manufacturer (one hour at 100* C followed by a fast cooling t o 80* which 

temperature i s held during 24 hours). It can be expected that the 

reproducibility of our anneal procedure Is good due to the simplicity and 

consistency of the applied heating and cooling method. 
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RESULTS 

In the in i t ia l experiments, using the read-out procedure recommended by 

Harshaw, supralinearity was studied for TLD-100 rods under a variety of 

experimental conditions. The response, defined as the reading divided by the 

dose, is presented in figure 1. The data are normalized at a dose value of 100 

cCy. As can be seen from this figure, the onset of supralinearity could already 

be observed, under a l l circumstances, at doses of 25 cGy. This unexpected 

result prompted us to study in somewhat more detail the possible reasons for 

th i s relatively large supralinearity effect by looking at the supralinearity of 

the individual glow peaks, the different TLD batches and the anneal procedure. 

J 
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Fig. 1 Supralinearity of the response of LiF TLD-100 rods as a function of 
absorbed dose. The different symbols indicate different series of 
experiments employing different reid-out and anneal procedures using 
equipment from different inst i tut ions. 
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A quantitative expression for the supralinearity of the various peaks can be 
obtained from a glow curve analysis. In order to obtain the area under the 
different peaks, a first-order kinetics ' and a more simple Gaussian f i t 
(s*e Fig. 2) were applied. Although first-order kinetics gives a better 
description of the charge transport in the lattice, the resulting shape of the 
final glow curve will also be determined by other factors, such as the 
characteristics of the read-out equipment, which will influence the success of 
the fitting procedure. The Gaussian f i t yielded a slightly better accuracy with 
respect to the reconstruction of the total glow curve from the individual peaks 
and was therefore used in further analyses. 

C 5i 

6«j5Sltn 

Fig. 2 Gaussian f i t of glow curve of TLD-fOO rod showing the individual 
Caussians, the combined fitted curve (—— — -*—) and the original 
measured curve ( ) 

By calculating the area under the different peaks of the TL detectors, 
irradiated at different dose levels, it was possible to assess the 
•upralincarity of the Individual glow peaks. Due to the small distance between 
peaks * and 5, these peaks were combined, whereas peak 2 was not considered due 
to i t s rapid fading. All results could be represented by the equation 
R » aD • bD* where R is the TL reading observed for each peak, D is the 
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absorbed dose (to water) and a and b are constants. A useful way to express the 
supralinearity of the TL response R/D Is by the »agnltude of the coefficient b, 
the slope of the curve R/D versus D. b is given as percent per 100 cCy (see 
Fig. O. Values for the supralinearity of the different peaks that could be 
derived from the results or all TLD-100 rod experiments are: 0 * 1 * (peak 3); 
2.8 • 0.6% (peak U • 5) and 35 * 2% (peak 6) per 100 cCy increase in dose« i . e . 
an increase in supralinearity with glow peak temperature. It would be of 
interest to perform a more extensive set of measurements of the supralinearity 
of the individual peaks in order to ascertain i ts variation for the various 
batches. 

Careful analysis of the results of different batches of rods as well as of 
ribbons, showed significant differences in their supralinear behaviour. Glow 
curves of different batches, normalized to the highest peak (peak 5). are 
presented in Fig. 3. The figure shows that the relative heights of the 
different peaks vary considerately between the different batches. 3y counting 
the total area under peaks 3 • * • 5, values of 1.2, 1.5 and 2.9t per 100 cGy 
could be derived for the supralinearity cf the upper, Kiddle and lower curve of 
figure 3, respectively. These values are qual tatively in agreement with the 
relative contribution of peak 3 to the total peak area. 

Fig. 3 Clow curves of three different batches of TLD-100 rods irradiated with 
a dose of 100 cCy 
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The results for ribbons also showed snail but significant differences in shape 
of the glow curves. Values for the supralinearity of peaks 3 • * • 5 of 1.7 t 

0.51 and 2.6 ± 0.21 per 100 cCy were observed in two different batches. A 
remarkable difference was also seen in the value of the supralinearity of peak 
6: about 121 for the ribbons compared with 35* for the rods. 

The influence of the different methods of annealing on the shape of the glow 
curve i s illustrated in figure 4. The immediate cooling to 80* C instead of 
the slow cooling to room temperature, obviously results in less contribution of 
peak 6 relative to peaks 1 * 5 . Additional experiments are required to 
determine whether in addition to this difference in shape of the glow curves 
also the supralinearity of the individual peaks is dependent on the method of 
annealing. 

C ( j oo 150 200 250 

TEMPERATURE l°C) 

Fig. * Clow curves of TLD-100 rods for two different methods of annealing. 
Upper three curves: one hour at 400° followed by a slow cooling period 
to room temperature in 16 h; lower two curves: one hour at 100* C 
followed by an immediate cooling to 80°. The absence of peak 2 in the 
lower two curves i s due to the larger waiting period between the 
irradiations and the read-out. 
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DISCUSSION AMD CONCLUSIONS 

Our Masurements showed that an increase In glow peak teoperature i s correlated 

with an increase in supralinearity, which i s in agreement with observations by 

other groups . In particular, peak 6 shows a large supralinearity. If p f t of 

th is peak i s included in the read-out cycle, which occurs during the procedure 

recommended by Harshaw, and i f the contribution of peak 6 relative to peaks 4 • 

5 i s large, which resul ts from our method of annealing, then a large 

supralinearity can be expected: about 81 per 100 cCy (see Fig. D . 

One method to reduce supralinearity effects i s to apply a glow curve analysis 

and to count only the area under peaks 3 + 4 + 5 . The remaining values for 

supralinearity vary between about 1f and 31 per 100 cGy for the different 

batches of rods and ribbons. Those differences might be caused by the 

dependence of supralinearity on impurity composition , thus yielding different 

contributions of peaks 3i 4 and 5 to the total reading. 

A simpler method for routine dosimetry would be to stop the integration in the 

valley between peaks 5 and 6. A pre-read-out anneal of 18 s at 135°, followed 

by a linear temperature increase to 210° C in 25 s with an additional 5 s at 

210' C, i s now applied in our inst i tut ion . The supralinearity observed under 

these circumstances i s Identical to that found with glow curve analysis, while, 

in addition, no difference in precision of the resulting dose values could be 

observed between the two methods. 

A supralinearity of at least 1 to 35 per 100 cCy wil l always be present during 

the cl inical use of TLD-100, Only by careful measurements can such small 

changes in response be observed and considered meaningful. The magnitude of the 

effect probably explains the different values for the onset of supralinearity 

as observed by various authors. For accurate measurements In the c l i n i c , 

correctione for supralinearity wil l therefore always be necessary. These 

corrections wil l have t o be determined for each batch of TlD-iOO for the read­

out and anneal procedure applied in a particular Inst i tution. 
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SUPRALINEARITT AND DEPENDENCE ON ENERGY OF LIF 700 POVDER RESPONSE 

FOR PHOTONS AND ELECTRONS. 

J.P.A. Narijnissen and B. GObel. 

Dr Daniel den Hoed Cancer Centre, 
Groene Hilledijk 301, 3075 EA Rotterdam, The Netherlands. 

INTRODUCTION. 

Thermoluminescence dosimetry (TLD) using LiF 700 powder is applied in the Dr 

Daniel den Hoed Cancer Centre for the measurement of dose distributions in 

phantoms as veil as in patients. The radiotherapy department utilizes 1-125, 

Ir-192 and Cs-137 sources, a 50 kV superficial and 120-250 kV deep X-ray 

therapy machine, 4-25 MV photons and 4-32 HeV electrons of linear accelerator 

therapy machines. TLD is applied in this full range of radiation qualities 

except 50 kV. The LiF povder is calibrated against a 0.6 cm1 thimble ionization 

chamber in a 4 MV photon beam at a reference test dose of 1 Gy. The TL-

response/unit dose is considered as the calibration factor for this particular 

dose and radiation quality. TL-response to dose conversion for TLD measurements 

at other radiation qualities and doses requires adequate knowledge of the TL 

properties of the TL-material, i.e. the supralinearity and dependence on energy 

of the LiF 700 response. Supralinearity and energy dependence for average 

photon energies of 45 keV-12 MeV and for electrons with initial energies of 4-

32 NeV have been studied. In this paper preliminary results are given with 

emphasis on the difference in response in high energy electrons and high energy 

photon beams. 

MATERIALS AND METHODS. 

Samples of Harshav LiF 700 powder from batch 1KTU and B701 were encapsulated in 

polyethylene tubing with 0.25 mm vail thickness and 1.6 mm inner diameter. Each 

capsule contained 30 mg LiF povder, adequate for 5 independent read-out* of 6 

mg LiF each. The TL response vas measured with a Pitman model 654 TLD-reader. 

For each TLD-read-out the mass of the powder together vith the TLD reader 

planchet vat determined by a Mettier M5 analytical balance. Subsequently the 

mas* of the LiF vas calculated by subtracting the known mass of the 

planchet. The precision obtained by this method is discussed elsevhere in these 

proceedings1. After each annealing (1-5 h at 400°C - 16 h at 80°C) the LiF is 

calibrated in a 4 MV photon beam. TLD capsules are positioned in a perspex 

phantom (30x30x25 cm) at depth of maximum build-up as veil as at a reference 

depth of 5 gem"3. At both depths the doses are calibrated against an ionization 
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chamber (NE 2505/3A) traceable to a secondary standard. The * MV beaa is used 

for convenience, because irradiations at our Co-60 teletherapy unit take too 

auch time for routine calibrations. Bovever, TL-reponse for A MV photons 

relative to Co-60 photons has been compared at both depths for perspex and 

vater and appeared to be identical. All TLD capsules vere located at ionization 

chaaber depth corrected for displacement of the effective measuring point 

appropriate for the phantom Material. Irradiation of TLD capsules at all high 

energy photon and electron beaas have been performed in perspex phantoms. The 

electron bean doses have been measured vith a NACP ionization chamber using the 

NACP protocol2'• 

RESULTS 

Supralinearity. It has often been reported that LiP 700 has a linear dose-

resppnse characteristic over a 10"* - 10 Gy range. However the observed 

response of the LiF 700 already deviates from proportionality at a dose level 

of about 0.01 Gy (Co-60 photons)1,4. Supralinearity can be quantified by a 

supralinearity ra*io Fs : 

(R/D) {D-10} 
Fs . (1) 

(R/D) {D«l} 

where R/D is the TL-reponse per rog LiF per unit dose to LiF [Gy]. 

The response per unit dose in the denominator is the response per Gy at a dose 

of 1 Gy, which is the reference test dose. The response per unit dose in the 

numerator is determined for a dose of 10 Gy. Because the dose measurements for 

most of the TLD applications in radiotherapy range between 0.1 to 20 Gy, the 

supralinearity ratio Fs is an appropriate quantity for this range. It has been 

reported that supralinearity is dependent on the LiF composition4 and sensitive 

to the annealing procedure and grain size5. Consequently a check on the 

supralinearity ratio after each annealing is performed. For the 4 MV reference 

beam the supralinearity ratio Fs is 1.21 + 0.01. Because the LiF is used over a 

wide range of energies, the dependence of supralinearity on radiation quality 

should be checked. In Table 1 the results of measurements on Fs are summarized 

for various beam qualities. From Table 1 it is clear that the supralinearity is 

independent of the energy spectrum above 100 keV mean energy. Recently LiF 

powder manufactured by Vinten (LiF 700 powder batch 118) became available for 

evaluation. The supralinearity for the 4 MV beam turned out to be 1.18 ̂  0.02. 

Energy response to high energy photons. Analogous to the defenition of Fs an 

energy factor Fx is defined : 
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FX 
(R/D) (D,x) 

(R/D) (D,re£) 
(2) 

where the index x stands for p (photons) or e (electrons) and ref. for the 4 MV 

reference bean. TL-response per unit dose has been determined for the same dose 

D to avoid corrections for supralinearity. 

Table 1. Supralinearity ratio Fs of LiF 700 powder. 

Initial energy 

Photons 

120 kV - 4.0 Al 
250 kV - Thoraeus-I 
Co-60 
4 MV 
25 MV 

Electrons 

4 MeV 
7 MeV 
10 MeV 
28 MeV 

Average energy 

45 
130 
1.3 
1.5 
12 

2.4 
4.2 
7 
23 

keV 
keV 
MeV 
MeV 
MeV 

MeV 
MeV 
MeV 
MeV 

1.11 
1.18 
1.21 
1.21 
1.24 

1.20 
1.23 
1.21 
1.23 

Fs 

+ 0.03 
+ 0.03 
• 0.02 
+ 0.01 
+ 0.03 

+ 0.01 
+ 0.02 
" 0.01 
* 0.02 

In figure 1 the results of the measurements of Fp are shown. The energy 

dependence is flat from about Co-60 to at least 12 MeV mean energy. However 

there is an unexpected increase in Fp observed at Cs-137 and Ir-192. The 1-125 

data point has been taken from literature* and demonstrates that Fp tends to 

increase more rapidly then expected from calculations based on the increase in 

the mass absorption coefficient. 

» 1 » I • 1 ' 

• 
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Fig. 1. Measured response of LiF 700 powder relative to 4 MV. The 
characteristic has been extended to lover energies, demonstrating the 
rapid increase at energies below about 1 MeV. 



28 J.P.A. ManjniMw Mtd B. GObtl 

Energy response to high energy electrons. The results of the measurements of Fe 

(see eq. 2) are presented in figure 2. Electron doses to the LiF in the perspex 

phantom were determined with the NACP parallel plate ionization chaaber. 

Symbols indicate Fe values based on NACP dose aeasureaents. All LiF capsules 

have been irradiated at the depth of the effective Measuring point of the 

ionization chaaber. At selected points the aeasureaents have been repeated vith 

LiF capsules of 1.0 mm instead of 1.6 an inner diameter. Within the 

experimental error the saae values for Fe were observed. From cavity theory and 

the discussions about this subject in the literature it became clear that 

cavity sizes of the order of about a millimeter are hard to manage 

theoretically. Nev measurements have been carried out at 19 HeV using 0.1 ma 

thick (12.7 ma diaa.) LiF 700 PTFE disks. This experiment yielded an Fe value 

of 0.89 + 0.02, being far froa the theoretical value 0.99 - 1.00 for thin LiF 

TLD elements. Subsequently, measurements have been performed using LiF powder 

distributed over a thin layer of 0.1 - 0.2 ma thickness. In this case a value 

of 0.93 • 0.03 vas obtained. This slightly higher value has a larger 

uncertainty because the experiaental conditions of the loose powder in the 

solid phantom were less favorable. 

1.02 

1.00--

0.95" 

t 

Fe LiF 700 

0.92 •• 

0.88 

i 
t 

-H-i T T 
10 20 30 

•Eo (HeV) 
1*0 

Fig. 2. Results of Fe measured vith LiF 700 powder. Symbols are Fe determined 
using the NACF parallel-plate ionization chamber. 

DISCUSSION 

As shown, supralinearity is independent of the radiation quality for average 

photon energies above about 100 keV. There is a small difference in the 

magnitude of supralinearity observed in batches obtained from different 

manufacturers, possibly due to small differences in dopants. The supralinearity 

ratio Fs remains stable after repeated annealing procedures. It should be 
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realized that the results aay be highly dependent on the annealing and read-out 

procedures. Analysis of differences in energy response of LiP or other TLD 

materials to high energy photons and electrons is based on cavity theory. 

Cavity theory has been applied to calculate the absorbed dose in the LiP cavity 

in a medium of different aaterial. In the comparison of the TL response of LiF 

per unit dose of photons or electrons, the dose actually absorbed by the LiF 

determines the response. Cavity theory relates the ratio of absorbed dose in 

the medium Da to the dose in the cavity Dc by: 

f * Dc/Da (3) 

The ratio f appears in the calculation of the absorbed dose in the LiF relative 

to the dose to the medium for the reference radiation quality as veil as for 

the radiation quality considered. 

The ratio of the response to electrons relative to the reference photon radia­

tion quality (Co-60 or 4 NV) is: 

Dc/Dm {electrons} 
Fe - (4) 

Dc/Dm {ref.photons) 

For the exact formulation of the cavity theory, the reader is refered to the 

literature7. For this study the formulations of Ogunleye and Pregene1 

and a more recent modification by Horovit2 and Dubi* are applied. The observed 

Fe value of the capsules for electrons is 0.92. However, theory predicts F -

0.98 • 0.01. Modifications of cavity theory did not significantly affect this 

result. A problem in getting reliable Fe values for the loose powder is it airy 

structure. Therefore, the experimental results of the PTFE discs and the thin 

LiF powder layer, which give similar results, are surprising. Theory predicts 

Fe values very close to unity. The electron fluence disturbance due to 

inhomogeneity by introducing the LiP powder capsule is negligible10. Also the 

disturbance by the PTFE/LiP discs is negligible because its small thickness and 

density comparable to LiF. 

CONCLUSION 

Supralinearity may affect the accuracy of TLD. A number of sources and 

explanations have been reported in the literature for the phenomenon of 

tupralinearity. However, the actual supralinearity of the LiF depends on its 

composition, (thermal) history and read-out procedure etc.. Therefore the 

actual supralincarity should repeatedly be checked for the TL-material in use. 
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nit Measured supralinearity ratio Fs for Barshav LiF 700 powder is 1.21 * 0.02 

for »ost of the radiation qualities in use for radiotherapy. There is an 

indication of a decrease in supralinearity for soft X-ray qualities, which is 

in agreeaent vith the literature. 

The energy dependence of the LiF 700 for high energy photons and electrons has 

been assessed. TL-response for photon energies EB > 1.3 HeV relative to the 4 

MV photon bean is unity. However the TL-response to high energy electrons (4 < 

E# < 28 HeV) is systematical 8 • 1 Z lover coopered to the 4 MV reference 

bean. These results are valid for 1.6 ma inner diaaeter LiF capsules. Measure­

ments using 0.1 am thick PTFE LiF 700 disks as veil as 0.1 - 0.2 ma thick 

layers of LiF 700 powder yielded a relative response of 0.89 + 0.02 and 0.93 + 

0.03 respectively. Contrary to expectation the results of the thin discs are in 

disagreement vith cavity theory, which predicts Fe • 1 for thin cavities. 

Cavity theories applied to the dimensions (6 1.0 - 1.6 am) and consistency of 

the LiF in the capsules (airy powder) are not yet in accordance our with 

experimental results. A 5 per cent discrepancy remains between the experimental 

Fe values and the Fe values predicted by cavity theory. The simple TL-response 

;„ dose conversion as derived for the 4 MV reference beam1 is applicable to 

high energy photons and electrons, taking into account a 0.92"1 correction to 

the electron response. 
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INTRODUCTION 

Computerized (low curve analysis is an advanced technique used to study 

various parameters associated with the charge transfer that occurs during 

thermoluminescence eaission. Recently a coaputer prograa has been developed1 

to analyze coaplex glow curves, based on a non-linear least-squares prograa 

FATAL2. The prograa decoaposes a measured glow curve into a nuaber (up to 

ten) different glow peaks, each of r.hea described by four physical parame­

ters of the TL-process involved: 1) the order of kinetics of the process 2) 

the trap depth 3) a frequency factor and 4) the nuaber of traps. 

In this study the applicability of this computer prograa for analyzing glow 

curves of LiF:Mg,Ti (TLD-100) in routine dosiaetry is investigated. Glow 

curve analysis by decomposing the aeasured glow curve into individual peaks 

has a number of advantages over the aethod of integrating part of the glow 

curve (currently used in routine dosiaetry). Firstly it Bakes tiae consuming 

low temperature annealing (24h at 80*C) redundant. Secondly, dose evaluation 

becooes auch aore independent of fading of the low teaperature peaks. Low 

temperature peaks can even be used for determining the elapsed time since 

irradiation9'4. Finally, the technique may lead to an improved precision in 

dose measurement and a lower detection limit5. 

However, a prerequisite using computerized glow curve analysis in routine XL 

dosimetry is a aodel of the TL-process that describes the shape of the glow 

curve exclusively in terms of the dose, i.e. a aodel -which is independent of 

the experimental and/or radiation field parameters. In this Investigation we 

study the constancy of the various model parameters for different radiation 

types, energies and doses. 

THEORY 

A common description of the TL-process is given by the differential equation 

g - • .' n'ct) e'E/kT (1) 

where n(t) is the nuaber of trapped electrons as a function of time t, E the 



32 V. «• Vita. JJR aiofbim, J.1 DMUMT wd A J J Bo* 

energy needed te release an electron fros • trap, •' a parameter proportio­

nal to th« frequency of occurrence, p tha ordar of tha process, k Boltz-

•arm's constant and T tha absolut« taaparatura. 

With initial condition nCt-O)-!), and 

• - s' tf'1 (2) 

tha rata of ralaasa of alaetrons froa a single trap l(t)--dn/dt can ba 

solvad fro« diffarantial aquation (1). As I(t) is aaasurad with soaa effi­

ciency c th« aeasured intensity J(t)-tl(t) can ba written as 

J(t)-«l(t)- a, s e*E/kT(l • (p-1) J e'E/kT'df] *"1 (3) 

0 

with OQ - en„ . 

Tha limit for a first order process (p-1) becoaes 

t 

JCt) - a., s e"E/kTexp( -s J e"E/kT'df) (4) 

0 

The computer prograa fits a number of glow peaks to the aeasured glow curve 

by ainiaizing the function 

N 
S - I w j (J(tt) - I J ^ t J )

2 (5) 
i n-1 

with J(tt) the aeasured glow curv« for tin« tA, Jn(ti) the theoretical value 

of glow peak n for tiae tt, w1 a weight factor (currently set to 1 for all 

tlaas t4) and N the number of single peaks in the glow curve. 

The process order p for each peak has to ba predetermined, the paraaeters 

Bg, E and s will b« fitted by the prograa. 

HTERIKEPTAJr 

Tha TLD-100 chips use in th« experiaents were selected froa a batch of 

LiF:Mg,Ti chips (Harshaw) with dimensions 3.2x3.2x0.38 am3. Befor« irradia­

tion th« chips were annealed at 400*C for 1 hour, followed by rapid cooling 

to rooa temperature (360 *C min*1). *°Co irradiation was performed with a 

local irradiation facility, X irradiation with a 250 kV X-ray apparatus, 

provided with a standard filter set*. For J-irradiations a 93 HBq *eSr/'°Y 

source was used, for a-irradiations a 500 Bq 2**Ca sourc«. 7 and X irradia­

tions wer« performad in 4.0 and 0.5 am thick phantom* of A-150 plastic, 
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respectively. For o and 0 irradiations no phantom was used. 

A modified Harshaw TL-reader in combination with a microprocessor7 was used 

for readout of th« dosemeters. Tht readout took place within 10 hours froa 

irradiation, at a linear heating rate of 1.00 "C s"1. The maximum readout 

temperature was 360 *C. The resulting glow curve consists of 512 pairs of 

temperature and light output, recorded at a time interval of 0.75 seeonds. 

Every readout from a dosemeter was followed by a second one. used for sub­

traction of background and infra red light output. 

Analysis of the glow curves of the dosemeters was performed on a VAX-11/750 

computer. 

RESULTS 

At present it is accepted that the most important glow peaks in TLD-100, 

peaks 2-5, follow first order kinetics1•••i0. This is confirmed by the value 

of the fit parameter S from Eq.(5). which increases strongly when the pro­

cess order of one or more peaks is set to a value not equal 1. For this 

reason analysis was performed with four first order peaks in the temperature 

range from 355 K to 495 K (figure 1.). The results of the analysis for 

different radiation types and energies are given in table 1. Each value 

listed is the average of four chips. 

•:e r 

i •» * — • i k 

I . s• . , . . 

Figure 1 Figure 2 
Measured and fitted TLD-100 glow TL5-100 glow curve obtained after o-
curve obtained after ^-irradiation, irradiation. 
The numbers indicate the component 
glow peaks analyzed. 
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Table 1. Results of the analysis for different radiation types and anergics 

Radiation Radiation parameter peak 2 peak 3 peak 4 peak 5 
type energy 

IMeV] 

1 

X 

X 

X 

X 

X 

X 

X 

X 

fi 

"Co 

0.029 

0.048 

0.065 

0.083 

0.100 

0.118 

0.161 

0.205 . 

0.55 aax. 
2.27 nax. 

E leVJ 
« I«"1] 
T. IK] 
E 
s 
T. 
E 
s 
T. 
E 
s 
T. 
E 
s 
T. 
E 
s 
T. 
E 
s 
T. 
E 
s 
T. 
E 
s 
T. 
E 
s 
T. 

1.22 1.28 1 6 4 
1.3.1015 l . t * 1 0 " 1 .5 -10" 

380.5 420.5 452.7 
1.23 1.27 1.64 
2.1»1015 8 . C I O " 2.CIO1 7 

380.5 419.6 451.7 
1.21 1.25 1.64 
1.2.101 5 9.7.101* 2 .0-10 1 ' 

378.8 418.1 450.3 
1.22 1.25 1.61 
1.5*1015 1.1.101* 8.9-101« 

379.2 418.4 450.4 
1.21 1.26 1.61 
1.2.101 8 1 .4 .10 1 ' 9 .1»10 l i 

379.0 418.2 450.2 
1.22 1.26 1.63 
1.2.101 9 1 .1 .10" 1.4.101 7 

380.9 420.5 452.6 
1.21 1.29 1.60 
1.1-101' 3 .C10 1* 1.0.101 7 

379.5 418.7 450.9 
1.21 1.26 1.63 
1.5.101 5 1.4.101 4 1.6«1017 

378.5 417.8 449.8 
1.21 1.27 1.60 
1.2-1013 1.8-101* 7.7-1018 

378.4 417.6 449.8 
1.22 1.27 1.63 
1.4.101 5 1.5-101* 1.4-101' 

379.7 419.0 451.2 

2.00 
1 .1 -10" 

479.4 
2.03 
2 .4 .10 2 0 

478.3 
1.99 
9.8'IC1 1 

477.2 
1.98 
7.6.101* 

477.4 
1.98 
7.6»101» 

477.2 
2.00 
1.1«102D 

479.6 
2.01 
1.8*1020 

477.6 
1.97 
6.9'101B 

476.8 
1.98 
9.3«10 i 9 

476.7 
2.01 
1.5'102 0 

477.9 

The glow curve obtained after o-irradiation thovs a such sore cosplex struc­

ture (see figure 2.). It appears that this glow curve cannot be fitted with 

the parameters of table 1. A best fit to the »assured curve required a 

aininuB of twelve peaks. 

The results of the analysis for different dose values are given in table 2. 

The values of the parameters in table 2 show considerably sore aberrations 

than those in table 1. For the lowest dose values this is due to the poor 

statistics (the »axiaua channel content for the lowest dose value is 14 

counts). For high dose values the high teaperature part of the glow curve 

(following peak 5) becones such »ore expressive. As can be seen froa figure 

3 this part of the glow curve grows »ore than proportional to the low tem­

peratur« part. Especially at the highest dose (600 Cy) it can be seen frøn 

figure 3 that there is a peak at the high tespersture wing of peak 5 (a peak 

•arked as peak 5a by Feirchlld*, but not detected by Horowitz11}. Not fit* 
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Table 2. Results ef tb« analysis for ditfarent dos«« 

Radiation Dos* 

type 
icy) 

paraaeter paak 2 peak 3 paak 4 paak 5 

•8Co 

•°Co 

•°Co 

X<50 kVp) 

X(50 kVp) 

X(50 kVp) 

X(50 kVp) 

X(50 kVp) 

0.0005 

0.005 

0.05 

0.2 

2 

6 

60 

600 

E 
a 
1. 
E 
s 
1. 
E 
a 
T. 
E 
s 
T. 
E 
s 
T. 
E 
s 
*. 
E 
s 
*. 
E 
s 
*. 

l«V] 
!••»] 

(Kl 

1.12 1.23 1.77 
7.2.10" 3.7-10" 6.1-10" 

379.6 420.5 452.7 
1.25 1.26 1.63 
3.7.10" 1.0-101* 1.3-1017 

380.5 420.5 452.7 
1.22 1.28 1.64 
1.3.1013 1.8-10" 1.5-1017 

380.5 420.5 452.7 
1.18 1.28 1.69 
4.9«1014 2.0.101* 7.4.1017 

380.5 420.5 452.7 
1.18 1.27 1.67 
4.6.10" 1.8«10M 5.1-1017 

380.5 420.5 452.7 
1.19 1.27 1.66 
7.2«10" 1.4.10" 3.4.101' 

380.5 420.5 452.7 
1.20 1.29 1.68 
8.2-10" 2.3«10" 4.9-1017 

380.5 420.5 452.7 
1.29 1.23 1.74 
1.7.10" 4.2.10" 2.6-10" 

380.5 420.5 452.7 

2.01 
1.3.10" 

479.4 
2.00 
1.0.10" 

479.4 
2.00 
1.1-10" 

479.4 
1.94 
2.0.10" 

479.4 
1.94 
4.3-10" 

479.4 
1.96 
4.5-10" 

479.4 
2.02 
1.9-10" 

479.4 
1.88 
7.8-10" 

479.4 

ting these high tanperature peaks 

influences the parameters of the 

other peaks significantly. 

DISCUSSION AND CONTUSIONS 

It has been shown that the trapping 

parameters (activation energy E and 

frequency factor s) corresponding to 

the glow peaks 2, 3, 4 and 5 of TLD-

100 found by computerized analysis 

of the glow curve are the aaae for 

each peak, irrespective of photon 

energy (within the range fros 29 keV 

to 1.25 MeV) and photon dose (within 

the range froa 0,0005 to 1 Cy). Clow 

curves Induced by fi'a of a •'Sr/^'Y 

source also give the saae values. 

tte 

"T7J a* at 

Figure 3 
Clow curves obtained after 50 kVp X-
lrradiatlon. Dose ranging froa 0.2 
to 600 Cy (see table 2). The numbers 
Indicate component glow peaks. The 
curves are noraalized on the highest 
channel content. 
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Because in the fitting procedure the quantities C and s ar* implemented as 

frc« parameters this result means that the model used dascribas th« glow 

curve of TLD-100 (i.a. paaks 2 to 5) in a consistent way. Therefore it is 

justified to develop a prograa that just fits the values of the third para­

meter Bg which is proportional to the absorbed dose. The dose range for 

which the model has been proven to be valid is large enough to use that 

prograa in routine dosimetry for dose evaluation. An additional advantage of 

reducing the number of parameters from three to one per peak is the reduc­

tion of CPU-time needed per doserneter. 

For higher doses (D > 1 Gy) and a irradiations the glow curve becomes much 

more complex. Hore peaks are needed to get a good fit. Glow curve analysis 

becomes very complicated and time consuming. As long as no internal consis­

tency for the peak parameters for different radiation fields has been found 

it is not justified to use computerized glow curve analysis in high dose 

dosimetry, e.g. for radiation therapy. 
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ICTRPPvCTlON 

One of the undeveloped areas In current TL dosimetry is the measurement of 

beta-doses, whether to the extremities or the whole body. The measurement of 

quantity H,(0.07) i.e. dose equivalent at a depth of 7 mg/ca* tissue due to 

beta-radiation is difficult because the large majority of available TL 

detectors are relatively thick, typically froa 44 ag/ca2 for a 0.2 aa PTFE 

disc to =200 ag/cm2 for a 0.9 aa pellet. There have been aany atteapts to 

produce thin TL detectors, but to date the detectors have been largely experi­

mental and have not been produced in quantities to satisfy large scale applica­

tion. The basic problea is to produce a doseaeter which, while being physically 

thick for ease of handling and length of useful life, will behave to radiation 

as if it were thin. Developments have taken place over the past twelve months 

which lead us to believe that we have such a dosemeter, i.e. doslaetrically 

thin but physically thick. 

DOSIMETRIC REQUIREMENTS 

For the aeasureaent of dose to the skin of the body or an extremity i.e. the 

Dose Equivalent Superficial H,(0.07), the recommendation« of the ICRP1 are 

that the dose to be measured is that at a depth of 7 ag/ca2 in tissue. 

Currently due to the inadequacies of available dosemeter«, the ISO2 have set 

down standards of perfoaance for skin dosemeters which fall far short of the 

ideal. The relevant performance characteristic is as follows: 

Energy response (beta-rays) in the range (EMAX) 0.5 to 3 NeV: the response 

shall not vary aore than 30%. 

There is, however, Increasing pressure to adopt the 7 ag/ca2 depth even for 

extrealty doseaeters, and therefore doseaeters for extrealty use should be 

designed to aeasure this quantity. 

There is a number of extrealty doseaeters In use which satlsfay the beta and 

photon response criteria. However, they are generally either experimental, in 

saall scale use, or are based upon the ring dosemeter and cannot be used on the 

finger tips. Currently used dosemeters for the measurement of beta-dose, 
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consist of « detector of thickness fros 10-200 ag/ca2 and a covering layer 

which may vary from 3 to 12 mg/cm*. The dosemeter response of currently 

available dosemeters will be relatively low at low beta-energies since the 

normal TL dosemeter will be too thick and absorption of radiation within the 

detector will be high. 

There are two ways of increasing the response of the TL dosemtter to soft beta-

radiation (1) to reduce the thickness of the covering material and (2) to 

reduce the thickness of the dosemeter. Ideally the covering material should be 

7 mg/cm2 thick and the dosemeter infinitely thin. This is clearly impossible in 

practice so some form of compromise is necessary. Marshall3 has suggested that 

a detector of 5 mg/cm2 under a filter of S mg/cm2 is very close to the ideal. 

Calculation shows that the response of such a dosemeter at 0.2 MeV would be 

0.96 x its response at 2 MeV. 

ENHANCEMENT OF BETA-RESPONSE 

However, if we consider what physical thickness is represented by 5 mg/cm2 in 

LiF we find it is of the order of 23 jus, which if we assume LiF is a body 

centred cubic crystal, represents a grain size of 40 im. At very low grain 

sizes the thermoluminescent output is considerably reduced and reasonable 

sensitivity with low background is not achievable at grain sizes much less than 

90 pa. The effective thickness therefore of the thinnest dosemeter is of the 

order of 10 mg/cm2. 

The response of such a dosemeter can be improved by using a thinner covering 

layer. However, this layer should preferably be light tight and capable of 

resisting quite harsh usage. At present we have not found a material satisfying 

these requirements at less than 3-4 mg/cm2. 

PRACTICAL REALISATION OF THE 'BEST' DOSEMETER 

For purely extremity dosimetry there is already a dosemeter whose response is 

close to the Ideal. This is the extremity tape, which when fitted with the 3.4 

mg/cm3 covering has a response at 0.2 MeV of 0.83 its response at 2 MeV. (The 

extremity tape consists of a thin layer LiF powder, mounted on adhesive high 

temperature Kapton tape). However, the dosemeter is disposable and cannot 

easily be used for the mesauremsnt of whole body skin dose. 

Generally doserneters to measure low penetrating radiation have been proft,id by 

bonding thin layers of TL material onto more substantial substrates such as 

aluminium plates or thick FIFE, and have proved difficult to produce in 



Carbon Loaded DoMmten for UM M w a n of Ih« Shallow DOM I^ulvtteat 39 

coaaerciel quantities. In principle the simplest aethod for reducing the effec­

tive thickness of • doseaeter is to prevent the light froa all depths of the 

doseaeter except the surface layer froa escaping froa the detector. This effect 

can be achieved by aixing an optically opaque substance into the TL aatrix. The 

aost obvious substance being graphite (carbon) since it Is black and has pro­

perties close to tissue, i.e. low Z number. The technique is not nev and has 

been atteapted by Hershaw Boter-Jensen* and others. However, no one has to date 

succeeded in preparing these aaterials in large quantities and they are still 

not in general use. 

The two aain foras of TL doseaeter in coaaon use are the PTFE discs and the 

chip or pellet. Ve have atteapted to produce carbon loaded doseaeters based 

upon both these foras but to date we have concentrated on the PTFE disc fora. 

The following will particularly deal with the properties of the carbon loaded 

disc as we feel that this doseaeter is ready for production, whereas the work 

on the carbon loaded pellet is nog yet coapleted. 

The introduction of carbon into the PTFE aatrix of a 0.4 aa thick disc will 

obviously effect a nuaber of properties of the disc, i.e. 

(1) Sensitivity. 

(2) Reading froa unirradiated doseaeter after anneal. 

(3) Hiniaua detectable dose. 

(4) Soft ^-response which can be quantified in teras of the response to Pn 

relative to Sr/Y or Cs-137. 

PROPERTIES OF THE CARBOK LOADED DISC 

These quantities will vary with the percentage of carbon introduced and the 

variation with loading are shown in Figs. 1, 2 and 3. It can be seen froa Fig. 

1 that the sensitivity falls very rapidly for percentages of carbon up to 5% 

when the sensitivity levels off. Froa Fig. 2 we can see that both background 

and Miniaua Detectable Levels (HDL) rise with carbon percentage. Figur« 3 shows 

the variation in the Pa/Sr response with carbon content and ve can see that 

froa 5 to 10% loading the response to soft beta-radiation is constant. Table 1 

suanarizes relative response of carbon leaded disc to noraal disc. 
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SENSITIVITY 

IX 
\ 

0-5 1 

0-1 

0.2 

0.1 

0.5 

0.33 

0.92 

0.01 

\ 

EfittOM MBIK S 

Fig. 1. Variation in sensiticy of disc with carbon 
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Fig. 3. Variation in Pm/Sr ratio vith carbon loadig 
(6 mg/cm2 polythene) 

Table l. Comparison of sone properties of normal and carbon loaded discs. 

Property Normal disc Carbon disc 

Sensitivity 
Background 
Minimum Detectable Level 
Pm/Sr response 

1.0 ± 7% 
100 ?Sv ± 20% 

60 pSv 
0.07 

0.02 ± 9% 
240 »Sv ± 20% 

140 pSv 
0.82 

DISCUSSION AND CONCLUSIONS 

It is possible to produce a dosemeter which response is close to the ideal beta 

dosemeter by introducing carbon into the dosemeter matrix. The measurement of 

the dose equivalent superficial as defined by the ICRU (Ht(0.07)) for finger 

tips is covered by the extremity tape currently produced, with improved 

response characteristics, when covered by the 3-4 mg/cm2 bilaainar material. 

However, the nature of the extremity tape means that it is a non-reusable 

dosemeter and some users prefer to reuse their dosemeters for technical and/or 

economic reasons. In which ease the carbon-loaded dosemeter, which can be used 

many time, in a thin sachet will satisfy their requirements. 
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Thi measurement of H.(0.07) to the wholt body is currently very badly performed 

for soft beat radiations using 0.2 aa FIFE discs under a covering of »12 ag/ca2 

Mellnex. Considerable improvement in the measurement of this quantity can be 

achieved by using a carbon loaded disc in the standard card and replacing the 

Melinex front covering by the 3-4 mg/ca2 bilaainar plastic. 

Work is in progress which will result in a carbon loaded pellet, having slailar 

response characteristics and this will be available in the near future. 
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DOES THE MOST SENSITIVE THERMOUMINESCDTT MATERIAL COKE FROM CHIKA? 

Soa« eharacte ristics af LiFMe.Cu P fCR-?001 TL ehins 

A.J.J. Bos and J.B. Dielhof 

Interfacuity Reactor Institute, Delft University of technology, 
Mekelweg 15, 2629 JB Delft, The Netherlands 

INTRODUCTION 

In 1978 Nakajina ec el.1 reported about a new highly sensitive 

themoluainescence (TL) material. The TL aaterial was a LiF phosphor 

activated with Mg, Cu and P, available in powder fora. Dosimetric properties 

of that new TL aaterial have also been investigated by others2 •s •* . The TL 

sensitivity (measured by light integration) to gamma rays was-found to be 23 

to 38 times higher than that of LiF:Hg,Ti (TLD-100). All investigators 

reported a decrease in sensitivity after repeated use. It was also reported 

that the sensitivity strongly depends on the temperature and duration of the 

annealing procedure2. A main drawback of the TL material was the powder 

form, implicating a relatively high background, inconvenience in handling 

and poor repeatability. This drawback has been overcome with the production 

of solid LiF:Mg,Cu,P (GR-200) chips9, developed with the aid of a special 

technology in the Central Research Laboratory, Beijing in China. The 

producers claim both the advantages of the outstanding characteristics of 

the material in powder form and further superiorities as: lower detection 

threshold, simplification in re-use and convenience in handling. The aim of 

the present investigation is to study some dosimetric characteristics of the 

GR-200 chips in order to verify the claims of the manufacturer. 

MATERIALS 

For reasons of comparison some other TL materials were studied as well. 

Relevant data regarding the investigated TL materials are summarized in 

Table 1. Investigated TL Materials 

Material Trade name Manufacturer Country 

LiF:Mg,Tl TLD-100 Harshaw Cbem. Co., Ohio USA 

LiF:Mg,Na PTL-710 Desmarquest & CEC, Evreux France 
LiF:Mg,Cu,P GR-200 Beijing Shiying Rad. Det. Works China 
CaF2:Dy TLD-200 Harshaw Chem. Co., Ohio USA 
Li2 B4 07:Mn,S i LIB Alnor, Turku Finland 
Al20, AL Desmarquest a CEC, Evreux Franc« 
BeO Thermalox 995 Brush Beryll Co., Ohio USA 
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Tabic 2. Diaensions, aass and applied annealing cycl« of the investigated 
TL Baterials 

Material 

TLD-100 
PTL-710 
GR-200 
TLD-200 
LiB 
AL 
T-995 

Z.ff 

8.14 
8.14 
8.14 
16.3 
7.4 
10.2 
7.13 

Dimensions („) 
3.2 x 3.2 x 0.9 

diaa. 4 .5; thick 0.85 
4 x 4 x 0 . 8 

3.2 x 3.2 x 0.9 
diaa. 4 .6; chick 0.8 
diaa. 5.8; thick 0.9 
diaa. 4.95; thick 1.02 

Mass* 
C»g) 

23.9 ± 0.3 
34.4 ± 0.4 
33.9 ± 0.8 
28.6 ± 0.2 
27.7 ± 0.6 
46.7 ± 5.4 
56.2 ± 0.2 

Annealing procedure** 

lh 400 °C, 21 h 80 °C 
0.5 h 500 eC 
10 Bin 240 °C 
lh 400 °C 
lh 300 °C 
0.5 h 750 »C 
15 Bin 400 *C 

* Average and standard deviation of IS chips 
** Every procedure was ended with a fast cooling 

Tables 1 and 2. Measurements on GR-200 have been Bade on 40 sanples taken 

from one production batch. For sensitivity measurements only fifteen samples 

were used. The TL response and glow curves were measured in a N2 atmosphere 

using a modified microprocessor controlled Harshaw 2000 TL reader described 

elsewhere8. Before every irradiation the ribbons were annealed in a 

specially designed microprocessor controlled annealing oven (Norhof, Vi&nen, 

The Netherlands). The oven provides highly reproducible annealing cycles in 

heating and cooling. In this study the following standard annealing 

procedure was applied to the GR-200 chips: 240 ± 0.5 °C for 10 minutes in a 

nitrogen atmosphere with controlled fast cooling to room temperature at a 

rate of 235 °C min'1. 

BE2I2LXS 
TL glow curve and readout cycle 

Figure 1 shows the glow curves of TLD-100 and CR-200 measured at a constant 

2000 -
TLD-100 A y \ 

Aj 

y^ 3 / 

S i M 1 1 

1000 -

100 200 300 400 500 100 200 300 400 500 

CHANNEL (t chonnel * 0.625O 
Fig.l Clow curves of TLD-100 (10 mCy >0Co ganms rays) and CR-200 (1 mCy *°Co 

gaoaa rays) read out under the saae procedure (1 °C *~l). Note the 
difference in scale of the TL response and the difference in dose. 



D O M the Meet Sensitivt Material coaaa f ro« Chun? 43 
ITSO 

1300 

I 1230 
c 
9 

? ooo 

i ^ 
5, 
g NO 
-> 
*-

230 

• 

• 

- •*•'/ 

1 J 

m» t . M - / 

/ f~ 

i 

" 

Vt^S 

***i 

\_y 

• 
**et.>*» 

,1 

1 
• 

250 

•(200 

P 
w 

ISO § 

H'oo I 
w »-

SO 

0 100 200 900 400 300 

CHANNCl (chOMWt • OCS t l 

Pig.2 Glow curve of GR-200 and standard heating cycle used in this study. 

heating rate of 1 °C s"1. The main peak of both materials occurs at the same 

temperature (210 °C). The shape of the GR-200 glow curve is similar to that 

shown by Shoushan et al5 . The peak positions, however, appear shifted to the 

high temperature side by approximately 6 eC. The recommended heating cycle 

during readout5 comprises: heating rate: 6 °C s'1, preread annealing at con­

stant temperature: 150 °C for 5 s, constant temperature for reading: 240eC 

for 10 s. This heating cycle, however, does not appear to be the most 

optimized one in our reader (resulting in a high residual signal) as a 

consequence of the higher measured temperature of the main peak. Since the 

maximum temperature must be kept below 240 °C (a higher temperature will 

lead to poorer re-usability) it was decided to lower the heating rate to 

J °C s"1 and to extend the maximum readout temperature plateau to 14 s. This 

resulted in a residual signal of 2.4%. The standard heating cycle used in 

this study and the corresponding glow curve are shown in fig. 2. 

Sensitivity, zero dose and detection threshold 
a 

Fifteen samples of each TL material were irradiated to an absorbed soft 

tissue dose of 10 mCy originating from *°Co gamma rays (in case of CR-200 to 

1 mCy). The samples were read out within 1 h after irradiation. The TL res­

ponse was corrected for zero dose using the readout of the same but unirrad­

iated samples after annealing. The sensitivities of the investigated TL 

materials were determined by light integration over the main peak in the 

glow curve (see fig. 2). After repeated use the sensitivity of GR-200 showed 

a significant reduction (see fig. 3). After nine cycles, however, no 

reduction could be observed within the experimental error. Ko change in the 

glow curve pattern could be observed during the 12 cycles. Detection 

thresholds were determined at the 95% confidence limit using the standard 
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Fig.3 Change In sensitivity of GR-
200 after repeated use. Every cycle 
Involves annealing (10 min at 240 °C 
followed by a fast cooling i.e. 
235°C »in*1), irradiation (1 nGy 
1 0 Co gaaaa rays) and standard 
readout. Every point is the average 
± standard deviation of IS chips. 

deviation of the zero readings and the aeasured sensitivities. The results 

are sunmarized in table 3. 

Table 3. Sensitivity, Zero Dose and Detection Threshold of the investigated 
TL materials 

Sensitivity to 60Co 7 reys Detection 
Material (relative Zero Dose* Threshold" 

to TLD-100 
(nC mg"1 nGy"1) per unit mass) ( >»Cy) (nGy) 

USA LiF:Mg,Ti 1.30 (1) 7 3.5 
France LiF:Mg,Na 1.33 1.0 70 32 
China LiF:Mg.Cu,P 35.6 27*** 0.1 0.1 
USA CaF2:Dy 37.2 29 0.8 0.4 
Finland Li2B,07:Mn,Si 0.37 0.28 52 30 
France Al203 0.63 0.48 37 40 
USA BeO 0.056 0.04 1.2»102 1«102 

* The corresponding dose of an unirradiated, annealed TL material 
corrected for reader background 

** At 951 confidence level 
*** After 12 cycles of repeated use 

The results of the present study are conpared with values published by other 

investigators in table 4. There is good agreement in the relative sensiti­

vity found by the aanufacturers9'7 and the presently seasured value. The 

value found by Drlscoll et al.* is significantly higher but they reported 

the value aeasured after first use while here the sensitivity after 9 cycles 

is given. The fact that the (net) ztro dose and the detection threshold are 

equal indicates a relatively high contribution of the reader background to 

CYCLE NUMBER 
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Table 4. Comparison of some measured properties of LiF:Hg,Cu,P (GR-200) 

Property Shoushan 
«t al.5-7 

Driscoll 
et a l ." 

40* 
-
• 
0.2 

2 Q . . . . 

Present Study 

27** 
5.3 
0.1 
0.1 

15 

Sensitivity (by light integration 
relative to the sane mass of TLT-100) 29 
Batch homogeneity (rel. stand, dev. in %) 3 
Zero dose (/*Gy) 0.06 
Detection threshold OiGy) 0.06 
Sensitivity loss after 5 cycles*" (%) «*0 

Reduced to 32 after 5 cycles of repeated use including oven annealing 
Measured after 9 cycles of repeated use including oven annealing 
One cycle comprises oven annealing, irradiation (1 aCy) and readout 

**** *0 (within 10%) with reader annealing 

the detection threshold. The background differences of the different readers 

used by the investigators mentioned in table 4 may explain the differences 

in the observed detection thresholds. 

The sensitivity reduces 17% after 9 repeated cycles. The curve in fig. 3 

indicates a stabilization of the defect structure distribution. It is not 

clear whether this effect is caused by the annealing or readout procedure 

(or a combination of both). 

The influence of the method of annealing (in the reader or in an oven) on 

the re-usability found by Driscoll et all was the reason for us to look into 

the influence of the cooling rate (see fig. 4) which can be adjusted in our 

oven very reproducibly. A low cooling rate changes the glow curve drastical­

ly but the glow curve pattern is completely restored after applying the 

standard annealing cycle (for samples with a 12 cycles history). This result 
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Fig.^ Change in glow curve pattern of GR-200 for different cooling rates in 
the annealing procedure starting at 240 *C for 10 min. Glow curves 
originate of the same chip irradiated to the same dose level (1 mGy). 
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indicates that a fast and reproducible cooling rata in the annealing proce­

dure is very important. Probably the cooling rate influences the number of 

cycles needed before a constant sensitivity is reached. 

CONCLUSIONS 

1. Of all investigated materials (see table 3), LiFMg.Cu.P (GR-200) is the 

most sensitive tissue equivalent TL material. The measured sensitivity is 

close to the value claimed by the manufacturer. 

2. The use of GR-200 makes high demands upon the adjustment and 

reproducibility of both the annealing and readout cycle. This limits the 

applicability of this material in many cases. 

3. While earlier results indicate the influence of the duration and the 

temperature of the annealing on the sensitivity2'7, the results of the 

present study reveal the importance of the cooling rate. 

4. An acceptable stability of the sensitivity was reached after 9 eyeles of 

measurements (including an oven anneal at 240 °C for 10 minutes followed 

by a fast cooling (235 °C min'1))- There is a lack of understanding of 

this behaviour. More research is needed on the influence of the annea­

ling procedure (including the cooling rate) on the re-usability of this 

TL material. 
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THE TNO INDIVIDUAL MONITORING SERVICE BASED ON TLD 
CONCEPTS AND METHODOLOGY 

H.W.Julius, PALBusscher, C.W.Verhoef 

TNO, Netherlands Organisation for Applied Scientific Research 
Radiological Service TNO, P.O.Box 9034,6800 ES Arnhem, The Netherlands 

INTRODUCTION 
The Government approved Individual Monitoring Service, operated by the Radiological 
Service TNO, issues dosemeters to almost 20,000 workers in the Netherlands. An 
automatic TLD system, developed to replace photographic dosimetry, has been put into 
operation in 1984 and presently covers more than one third of the total capacity. 
In the following a general description is given of the dosimetric concepts in todays 
Individual Monitoring on which the TNO TLD system is based. Some technical details 
of the TLD system itself are given. 

DOSIMETRIC CONCEPTS IN INDIVTOUAL MONITORING 

The radiation quantities which should ideally be measured in individual monitoring 

stem from the adopted system of dose limitation. For non-stochastic effects ICRP in 

Publication 26 1 places limits on the dose equivalent to individual organs, HT, while for 

stochastic effects the Commission places limits on effective dose equivalent Hg. These 

concepts have since been adopted by the CEC in their Basic Safety Standards 2 and are 

consequently built into the national legislation of the member states of the EC. 

Therefore, in principle, H£ and HT should be measured in carrying out individual 

monitoring. 

The effective dose equivalent i_ the sum of the weighted mean dose equivalents in six 
specified organs or tissues, each with its own weighting factor, plus the dose 
equivalents in five of the remaining organs receiving the highest dose equivalents, 
each with a weighting factor of 0.06. The specified organs and the corresponding 
weighting factors are given in Table 1. 

Hg provides an estimate of the risk to the individual of fatal cancers and serious 

hereditary defects in the first two generations and is formulated to take into account 

such factors as the variation of dose within the body and the different radiosensitivities 

of the various organs. The quantity is a measure of the consequences of radiation 

exposure in terms of the detriment to the individual, i.e., his increased risk of 

suffering the effects mentioned earlier. HE is thus more meaningful than the basic 
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quantity, dose equivalent, from the point of view of radiation protection in general, 
epidemiological studies and cases of litigation concerning claims for compensation. 

Table 1 Weighting factors for specified organs 
and tissues 

Organ or Tissue 

Gonads (hereditary) 
Breast 
Red hone marrow 
Lung 
Thyroid 
Bone surfaces 
Remainder 

WHOLE BODY 

Weighting factor 

025 
0.15 
012 
0.12 
0.03 
0.03 
0.30 

1.0 

However, in practice, we cannot assess either HT or HE because it requires a 

knowledge of organ dose. To overcome this difficulty ICRU in Publication 39 3 

recommended new practical quantities or secondary quantities for operational use 
which provide an estimate of Hg (avoiding under-estimation and excessive 

over-estimation) and an upper limit to the value of HT. Two quantities are 

recommended for individual monitoring: individual dose equivalent, penetrating and 
individual dose equivalent, superficial. 

Individual dose equivalent, penetrating, Hpfd) 

Individual dose equivalent, penetrating, Hp(d), is the dose equivalent in soft tissue 

below a specified point on the body at a depth that is appropriate for strongly 

penetrating radiations. The currently recommended depth, d, for monitoring in terms 

of Hp(d) is 10 mm. The quantity is then written as Hp(10) and is meant to give as 

estimate of the effective dose equivalent HE received by the wearer and an upper limit to 

the dose equivalent HT to any single deep seated organ. Hp(10) is deemed to represent a 

measurement of HE for dose record keeping purposes. 

Individual dose equivalent, superficial, H/d) 

Individual dose equivalent, superficial, H,(d), is the dose equivalent in soft tissue below 

a specified point on the body at a depth that is appropriate for weakly penetrating 

radiations. The currently recommended depth, d, for monitoring in terms of H,(d) is 
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0.07 mm. The quantity is then written as Ha(0.07) and is meant to give an estimate of 
the dose to the skin of the wearer and is of particular importance where the proportion 
of weakly penetrating radiations in the field is such that the skin may be the limiting 
organ. 

Secondary quantities are essential for legislators working in the field of radiation 
protection and for those responsible for monitoring programmes and dosimetry 
services. The choice of secondary quantities also has implications for dosemeter design 
and for type testing of dosemeters. 

Those responsible for individual monitoring programmes and those operating 
individual monitoring services need secondary quantities which tre straightforward 
to use to allow them to work in an efficient and cost effective manner. What is required 
is an • nified system of quantities which are additive so that the total dose, from 
whatever source of radiation, can be computed. 
Moreover occasionally it is necessary to control the exposure to individuals at, or near 
to, the dose limits. In these circumstances it is necessary to be able to obtain a 
reasonably accurate assessment of effective dose equivalent. This should be possible 
with the scheme of secondary quantities adopted. 

Qualitatively the new ICRU quantities go a long way towards satisfying the 
requirements of secondary quantities for individual monitoring. They have been 
studied extensively by ICRU and clearly have the backing of both ICRU and ICRP so 
their use can readily be defended. Provided we accept the ICRU suggestion that for 
dosemeters to be worn on the trunk the ICRU sphere is a suitable phantom on which to 
develop and type test personal dosemeters, the definitions do prescribe a required 
energy and angular response for dosemeters. Type testing of dosemeters is, in 
principle, straightforward. Conversion coefficients such as those published by ICRP in 
Publication 51 4 allow the conversion of intensities measured in terms of the more 
conventional quantities, such as air kerma for photons, to tie new quantities (see, as 
an example, Figure 1 for photons at normal incidence). There is no need to develop 
primary standards for this purpose. 

A major consideration is the degree of approximation of H£ afforded by the new 

quantity Hp(l0). The relationship for photons between Hp(10) and HE has been 

calculated 8 for several different irradiation geometries, such as AP, lateral, rotational 

and isotropic. It can be seen from Figure 2 that, for photons, in the majority of cases 

Hp(10) overestimates HE, apart from a large under-estimate for rotational irradiation 

at an energy of about 10 keV (which occurs because of the risk to the female breast). 
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The extent of the overall overestimation is acceptable where doses are low, which is 
usually the case when applying the ALARA principle. However, where there is a need 
for worker's doses to be controlled at or near the dose limits, the use of H_(l 0) as an 

estimate of effective dose equivalent may be over restrictive. In such cases it may be 
worthwhile characterising the radiation field in sufficient detail to get a better 
estimate of HE. 
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Fig. 1. Dose equivalents at 0.07 and 10 mm depths on the 
principal axis of the ICRU sphere per unit absorbed 
dose to air in free air for photons incident in a plane 
parallel beam4. 
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Fig.2. The relationship between Hp(10) and HE for AP and 
for rotational irradiation geometries (photons)5. 

As mentioned above, ICRU state that a suitable phantom for typetesting dosemeters, 
intended to be worn on the trunk, would be the ICRU sphere 3. For typetesting, 
dosemeters should therefore be exposed on the sphere, or its equivalent. The evaluated 
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dose of the dosemeter should be tested against (i.e. compared with) the conventionally 

true value, being the dose equivalent at the appropriate depth in the sphere (i.e. Hp(10) 

or H,(0.07)). For testing the photon energy response of dosemeters, Hp(10) and Hf(0.07) 

are determined by multiplying the intensities of the calibration beam, e.g. expressed in 
terms of absorbed dose to air, by the appropriate conversion coefficients (see Fig. 1). 

THE TNOTLD SYSTEM 
The TLD system developed by TNO essentially comprises of a personal dosemeter and 
the corresponding readout equipment. The latter is micro-processor controlled and 
hooked up to the computerised dose record keeping system, which will serve as the 
National Dose Register system in the near future. 

L The TLD dosemeter 
In the past, personal dosemeters have been based on the use of photographic film as 
the sensitive medium. Because of the high atomic number, Z, of AgBr the variation of 
response with photon energy is significant. To overcome this problem, most film 
dosemeters are designed with an arrangement of filters of various composition and 
thickness beneath which the response of the film is modified. As a result, the 
irradiated and developed film exhibits a pattern of optical densities from which the 
radiation dose can be determined and, incidentally, additional information such as 
radiation energy can be obtained. Therefore film dosemeters, by nature, are 
"discriminating dosemeters" 6-7. 

Thermoluminescence dosimetry, where lower Z materials are available for which the 
response as a function of radiation energy is close to directly proportional to the energy 
deposition in tissue, allows for dosemeters of basically simpler design. A dosemeter, 
containing two elements of near tissue equivalant TL material, covered by filters of 
appropriate compositions and thicknesses to measure rL(lO) and H,(0.07), satisfies the 

needs for the majority of radiation workers. Such dosemeters are usually called "basic 
dosemeters", because they do not provide any information additional to the 
measurement of the basic quantities. With extra detectors and a filtersystem, 
thermoluminescent dosemeters can also be designed to provide information on 
radiation energy and hence to some extend become discriminating dosemeters. These 
tend to be more expensive both in manufacturing and processing. 

TNO, anticipating the use of both types of dosemeter, decided to develop one single 
"multipurpose" TLD badge-holder in order to avoid the development of two different 
dosemeters and possibly two different processing devices. The distinction between the 
simple "basic" and the more complicated "discriminating" dosemeter can be made by 
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loading the holder with the appropriate number and, if necessary, different types of 
detectors and filters. The resulting TLD badge, shown in Figure 3, is highly versatile 
and can be adopted to various dosimetric needs. It essentially may accommodate 6 
elements, 4 of which can be processed automatically. These 4 detectors can be covered 
by: 

A. an open window, the thickness of which may be chosen between 4 and 35 mg cm"2 

B. a plastic filter (340 mg cm'2) 
C. a metal filter of any material and of thickness up to a maximum of 2 mm 
D. as in C, usually chosen as 2 mm aluminium 

Fig.3. The TNO TLD dosemeter, with and without the wearers 
lable, showing the individual's name, number and 
issuing period 

The basic dosemeter contains two TLD-100 (LiF) detectors for the measurement of 

Hg(0.07) and Hp(10) respectively. The relative response (defined as the ratio between the 

measured and the conventionally true value, e.g. for the dose equivalent, penetrating: 
Jyi0)mea.ured ; Hp(1°)given) for Photons at normal incidence of the TNO TLD badge is 

shown in Figures 4 and 5. Measurements have been made using the X-ray ISO wide 

spectrum series for photons below 200 keV. 
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There is a slight under-estimation at photon energies below 20 keV which, for HJ10), 

provides compensation for the over-estimation of this quantity with respect to the 

effective dose equivalent (see Figure 2). 

The basic dosemeter as described above is suitable for photon radiation. For beta 
radiation a third detector needs to be introduced. For this purpose the dosemeter will 
be equipped with a carbon loaded TL-detector of either LiF or MgB407 which will be 
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covered by a titanium coated mylar foil of 4 mg cm'2. The carbon loaded material -
which, from a dosimetric point of view, effectively behaves as a TLD of only a few mg 
cm'2 because the luminescent light from only the very top layer can leave the detector -
is presently the most promising material for beta dosimetry. Preliminary 
investigations have demonstrated that its response (see Figure 6) to even very low beta 
energies (even at various angles of incidence s) is excellent. This dosemeter is planned 
to be available within a few months. 

20 

C 
• 

1.6-

i 1.2 

0.6' 

0.4-

0.04 
10"1 

Pm Tl Sr/Y 

A MgB407:3%C 
* LiF:4%C 

• ^ — 1 - ^ — T " 

1 0 ° Emax (M«V) 1()1 

Fig. 6. Relative response for Hc(0.07) to beta radiation at normal 
incidence of the TNO TLD equipped with carbon loaded 
TL-material 

For routine application in individual monitoring all detectors in each - uniquely 
identified - dosemeter are individually calibrated. As a consequence all dosemeters 
may be considered interchangeable which permits random distribution among the 
users. Issuing of dosemeters is fully computer controlled and includes a unique link 
between the individual worker and the TLD badge for any particular issuing period To 
this end the dosemeters are labelled with the individual's name and code as well as the 
number of the issuing period. The TNO dosemeter is watertight and is therefore also 
suitable for environmental dosimetry. 

2. Readout equipment 
The development of the automatic readout equipment used for the processing of the 
TOO TL-dosemeters started in the seventies. Although significant improvements have 
been made since, the essentials are still the same 9-10. For readout the detectors are 
heated by three jets of hot pure nitrogen gas. This technique has proved to provide good 
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precision due to the excellent thermal contact between the detector and the heating 
medium. The system as a whole essentially consists of two parts: The TLD reader and 
a dosemeter handling device which automatically identifies and opens the 
dosemeters, feeds the TL elements to the reader and closes the badges after the readout 
cycle has been completed. The reader - which can be operated as a stand alone 
instrument far dosimetric experiments with loose detectors - uses a vacuum needle to 
bring the TLD into the heating cavity. Typical readout time is 11 seconds. After readout 
the TL elements return in their original position in the dosemeter so as to guarantee 
that their identity is retained. 

3. Results 
Although the detection threshold of the system as a whole (i.e. detectors plus readout 
equipment) is less than 0.01 mSv and the reproducibility of one single TLD, irradiated 
and read under laboratory conditions, is better than 1% (SD), the precision in routine 
operation ranges from 9% at 0.20 mSv level to 5% at 10 mSv level. These values have 
been determined from measurements of some 100 randomly chosen dosemeters 
(attributed to some 6 fake "individuals") which have been subjected to all possible steps 
in the routine procedure (including postal mailing), except for irradiation. The 
variations observed in the low dose range may, to a large extend, be due to errors 
introduced by subtraction of the natural background, which is determined on the basis 
of a fixed value (0.090 uSv/h) for the entire country and calculated taking into account 
the time interval between the last and the previous readout as stored, for each 
dosemeter, into the computer. Individual variations obviously level out nicely, the 
accuracy of the cumulative dose for each "individual" over a period of somewhat less 
than one year appearing to be within a total error of 5%, even at the 0.20 mSv level. 
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TUB PHI1IPS PERSONNEL DOSIMETRY SYSTEM 

H. Pauw, and C.J.H. Nittenberads, 
Philips Occupational Safety Departaent, 
NilleMtrMt 22«, Building ECY-4, 
5600 HD Eindhoven, The Netherlands 

INTRODUCTION 

Shielding X-ray devices and the issuing of film badges to radiological workers 

in 1936 can be considered as the start of radiological protection in the 

Philips' establishments in the Netherlands. 

In 1956 a Central Philips Committee for Radiological Protection was founded, 

which also issued io 1960 an internal licensing systea in order to regulate 

the proper precautions to be taken: workplace design and layout, technological 

provisions and working procedures. An evaluation of all radiological work io 

1971 showed that a stricter health surveillance programme was needed to follow 

up the precautions laid down in the licence. 

In this way an obligatory and optimal health surveillance programme was speci­

fied for each type of radiological work. In this paper the personnel dosimetry 

systea and its results will be described as part of the health surveillance 

programme. 

HEALTH SURVEILLANCE PROGRAMS 

In 1972 the following 7 items were defined and recently up-dated: 

1. Periodical inspection and radiation measurement of switchable sources; 
2. Periodical inspection, radiation measurement and wipe test of radionuclide 

sources; 
3. Personal dosimetry with thermoluminescent dosimeters. In special cases a 

neutron badge or direct reading dot imeter can be prescribed. Mandatory en­
vironmental monitoring was laid down in the licence; 

4. Medical examination: prior to employment with the company and on leaving 
the company; 

5. Periodical medical examination; 
6. Periodical bio-assay analysis, mostly urine samples; 
7. Periodical total or partial body counting. 

The periodicity was set at a minimum of once a year. The highest frequency was 

for the personal dosimetry: every month. 

The policy of the Central Philips Committee for Radiological Protection is 

that for radiological workers a dose equivalent of 500 uSv per month or 5 mSv 

per year should not be exceeded. 
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THE PERSONNEL DOSIMETRY SYSTEM 

Since 1978 the Philips Personnel Dosimetry Syste« is based on the Harshaw 

Model 2271 Automated Personnel Monitoring TLD Systea. 

The Harshaw Systea consists of the following sain units: 

* TLD cards 
* Model 2271 Tl Detector/Dosineter Identifier 
* Model 2271 I Card Loader 
* Model 2271 R Card Receiver 
* Model 2000 B Automatic Integrating Picoaaneter 
* Nitrogen Gas Supply and Flow Regulator Meter. 

The TLD card contains two solid-state thermoluminescent dosiaeters of LiF in a 

3.175 ran x 3.175 ma ribbon fora and a 5 x 7 hole matrix systea to fora the 

card identification number in binary coded decimals CBCD code). 

The dosimeters are mounted into two holes on an aluminimua support plate. A 

plastic plats is bonded to the aluminimusi plate and the individual identifi­

cation numbers are formed by selective covering of the matrix. 

At Philips a personal dosimeter consists of two identical TLD cards (red and 

blue) with the same identification number. The personal dosimeters are care­

fully selected by Harshaw to have a reproducibility of ± 10* in a batch of 

dosiaeters and/or a pair of identical dosimeters. The TLD material is TLD-100 

for beta and gamma dosimetry. 

Because the Harshaw Systen is very sensitive to dust, Philips has designed its 

own closed standard dosimeter badge holder with sliding lid, also in the co­

lours red and blue. The plastic window for the TLD is 0.5 an thick. 

The holder is designed to be worn by personnel on the wrist by Beans of a 

watuhstrat) or on the ciothes by means of a clip. The red holder has to be worn 

in odd aonths and the blue holder in even »ontbs of the year. 

In addition, a grey holder is used for special purposes such as training and 

education. 

A special set of dosimeters is used for calibrating the Harshaw tystem. 

The dosiaeters are irradiated by means of a certificated Cs-137 source. 
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EVALUATION 

Periodical checks of working conditions and of dose equivalents achieved are 

necessary. Incidents still occur without the knowledge of the radiological 

worker. 

In the first 6 years after the introduction of the health surveillance pro­

gress« dose equivalents exceeding 5«Sv still occur ed. In the saae period dose 

equivalents exceeding 50 BSV were registered 12 tines. 

However, the extensive health surveillance programme made it possible to 

improve the safety of the radiological work. In this way the personnel dosi­

metry system was quite helpful in reducing the dose equivalent of the indi­

vidual radiological worker. This can be shown by the statistics of the last 

ten years. 

Table 1. Registered dose equivalent, including background, in percentage of 
the total number of radiological workers. 

Year 

1978 
1979 
1980 
1981 
1962 
1983 
1984 
1985 
1986 
1987 

< 5 mSv 

95.5 
99.7 
100.0 
99.9 
99.9 
99.9 
100.0 
100.0 
100.0 
100.0 

1 5-15 nSv 
l 
! 1.7 
> 0.2 

0.0 
1 o.i 
! ° - 1 
I 0.1 

! o.o 
0.0 
0.0 

! 0.0 

15-50 mSv 

2.8 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

i> 50 mSv 
1 
! o.o 
1 0.0 

! o.o 
1 0.0 
| 0.0 
0.0 

! o.o 
! 0.0 
1 0.0 

! o.o 

Total 

1180 
1213 
1270 
1247 
1276 
1504 
1501 
1609 
1642 
1633 

J I 

In recent years a subdivision has been made in the lowest dose equivalent area 

(< 5 jnSv) in order to trace snail incidents further. 

The statistics are shown in Table 2: 

Table 2. Registered dose equivalent, including background, in percentage of 
the total number of radiological workers. 

Year 

1984 
1965 
1986 
1987 

0-1 mSv 

59.76 
61.28 
52.68 
60.08 

1-2 mSv 

39.70 
38.29 
46.83 
39.50 

1 
2-3 BSV J 3-4 mSv 1 4-5 mSv 

0.40 ! 0.07 i 0.07 
0.37 ! 0.06 [ 0.00 
0.49 | 0.00 ! 0.00 
0.24 0.18 ! 0.00 

Total 

1501 
1609 
1642 
1633 
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In recent years, the preset dose equivalent limit of 500 uSv in a month has 

been exceeded about ten times a year. 

Investigation shows that most of the tiae the dosiaeter is deliberately 

irradiated, without irradiating the radiological worker. About three tines a 

year the registered dose equivalent is due to a leakage of an X-ray device or 

careless handling of a radioactive source. 

The investigation always led to the issuing of additional safety instructions 

to the radiological worker or to a group of radiological workers, above the 

standard instructions. 

COMCLl'S ION'S 

Classification of types of radiological work and an appropriate health sur­

veillance programme has proven to be effective in view of the substantial 

reduction in the dose equivalent. The contribution of the personnel dosimetry 

system was most effective. 
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THE ECN-NEHTRON-BETA-GAHMA DOSIMETER 

THEORY AND PRACTICE 

A.S. Keverling Buisman 

Netherlands Energy Research Foundation (ECN) 
P.O. Box 1. NL-1755 ZG PETTEN. The Netherlands 

INTRODUCTION 

The Netherlands Energy Research Foundation operates a government licensed 

personnel dosimetry service- Of the dosimeters used one type is sensitive 

to neutron, beta and gamma radiation. This dosimeter is presently used by 

about 800 persons throughout the country. These persons are employed by 

universities, research institutes, oil companies, construction works and 

road building companies. The neutron sources involved range from reactors 

to those applied in moisture detectors. The ECN-Dosimetry service gradually 

replaced the formerly used filmdosimeter starting July 1987. The new dosi­

meter is based upon thermoluminescent techniques. Apart from a better sen­

sitivity this technique allows full automatization of readout and storage 

of dosimetric results. This paper concentrates on the theory and practice 

of the dosimeter. 

MEASURING PRINCIPLES 

The neutron sensitivity of TLD-material is based upon the (n.a)-reaction. 

The phosphor used is lithiumborate (Li,B,0,), in which both enriched 

lithium and boron is employed. The relevant reactions are *Li(n,a)*H 

(a » 940 b) and "B(n,a)'Ll (o • 3836 b). These reactions make the 
n,a n,a 

'Li,l,B»0,-phosphor extremely sensitive to thermal'neutrons. Medium energy 

and fast neutrons do not interact appreciably with this material. A prac­

tical dosimeter therefore must either itself attenuate the Incident neu­

trons to approximately thermal energies or moderating material should be 

added. In this latter respect nature is helpful 1: the human body is a very 

effective neutron moderator, as It contains 10?! hydrogen by weight. Neu­

trons that are back-scattered from a body are called albedo neutrons. As 

explained above these neutrons may be readily detected by the enriched 

lithiumborate phosphor. 
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In theory an albedo neutron dosiaeter could consist of a ' Li, "B,0,-element 

in a thermal neutron capturing box with a hole in the backside. Such a do­

simeter, however, would not be practicable as its response would be depen­

dent on the incident neutron energy spectrum, apart from the unavoidable 

gamma-ray sensitivity. 

One way to tackle this problem is to measure the thermal component of the 

incident neutron spectrum. This requires a second neutron sensitive TLD-

eleaent, open to the beam but shielded from albedo neutrons. 

The ratio of the direct and the albedo TLO-signals gives dication of 

the thermal neutron component. Unfortunately, this ratio is not fully in­

dependent of the type of neutron source. For a given neutron source, how­

ever, this ratio is a measure of the amount of moderation. 

A practical dosimeter must also take into account the gamma-ray sensiti­

vity. A simple solution is the use of a neutron insensitive phosphor: in 

this case 'Li^'B^O, is the obvious material. A pair of lithiumborate ele­

ments, one neutron sensitive and one neutron insensitive, gives the gamma 

and neutron contribution of the incident radiation field by simple sub-

straction of the readout values. The complete dosimeter therefore consists 

of two such TLD-pairs, one measuring the albedo neutrons and the other the 

thermal component of the incident neutron fluence. As explained in the next 

section the four TLD-signals also yield the shallow dose equivalent, i.e. 

the skin dose due to beta rays. 

CONSTRUCTION OF THE DOSIMETER 

In figure 1 the construction of the complete dosimeter is shown. It con­

sists of a B«C-box with two windows: one in the back side (for the de­

tection of albedo neutrons) and one in the front side (for the detection of 

the thermal component). The front window is only 20 mg/cm1 thick and 

therefore allows beta rays to enter the TLD-phosphor pair. The TLD-ele-

ments are listed in table 1. 

TLD-phosphors in the ECN-dosiseter 

Table 1 

Number # Phosphor Sensitive to 

1 •Li,,,B,0, :Cu 
2 fLit"B(0f:Cu 
3 'LVB^O, :Cu 
i» •L2l"B«0V:Cu 

nth*p>T 

•WT 

* refers to fig. 1 
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Figure 1. Construction of the dosimeter 
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From figure 1 and table 1 the dose calculation may be anticipated: Element 

3 gives the T-ray dose equivalent, while the difference between elements 4 

and 3 indicates the albedo neutron fluence. The difference between ele­

ments 1 and 2 yields the incident thermal neutron component and the differ* 

ence between elements 2 and 3 gives the shallow dose equivalent. As usual, 

all thermoluminescent signals must be calibrated against known radiation 

fields. The B,C-box is manufactured by Wellhofer Kernphysik, W. Germany; 

the four element TLD-cassette type UD813 is made by Panasonic, Japan. 

NEUTRON DOSE CALCULATION 

As mentioned above the information on the albedo neutron fluence alone is 

not enough to find the neutron dose equivalent. The ratio of the incident 

thermal vs. the albedo fluence is necessary additional information. How­

ever, a certain dependence on the type of neutron source remains as can be 

seen from the calibration of the albedo signal shown in figure 2 for three 

different neutron sources. In all cases there is a certain dependence of 

the calibration factor on the ratio direct vs. albedo neutron signal. 

For reactor neutrons the albedo signal is fairly large. In fact it exceeds 

the gamma equivalent signal under normal circumstances. For accelerator 

neutrons the calibration factor depends strongly upon the degree of mo­

deration, i.e. the shielding thickness. 

For (a,n)-neutrons the calibration factor oscillates around the factor for 

accelerator neutrons. From figure 2 it is clear that for fast neutrons (low 

direct/albedo ratio) the dosimetric sensitivity is relatively poor, i.e. a 

factor of 10 - 30 less sensitive than for photons. 

READOUT SYSTEM 

The phosphors are permanently mounted upon a cassette. During readout the 

phosphors are heated by infrared radiation from a special lamp. Each cycle 

consists of three short flashes (100 - 500 ms): preheating, readout and 

annealing, consecutively. The phosphors are not mechanically moved and 

remain fixed to the cassette. This procedure ensures both reproducibility 

and identification. The complete readout takes approximately 30 seconds. 

The system used is the Panasonic UD-702E semi-automatic TLD-reader coupled 

to a 640k Tulip-XT personal computer. This system is programmed to calcu­

late and store individual dose equivalents of about 2000 persons. 
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EXPERIENCE 

Ås Bay readily be deduced from figure 2 the dosimetry around reactors is 

expected to proceed without problems. In practice a neutron detection limit 

of 20 uSv is easily achievable, even in presence of photons. 

Experiments with dosimeters mounted on phantoms have shown an excellent 

correspondence between rencounter readings and dosimetric results. In the 

observed population of radiation workers around research reactors the frac­

tion of nonzero neutron dose equivalents varies from 5 to 25JJ. The actual 

values of the dose equivalents are usually low (ranging from 20 - 100 uSv). 

in all cases only a fraction of the corresponding gamma doses. 

Dosimetry around accelerators is less sensitive as nay be seer, from figure 

2. However, the monitored individuals usually remain outside of the shiel­

ding structures. This shielding material significantly increases the relat­

ive contribution of thermal neutrons in the neutron field. This improves 

the sensitivity considerably with respect to the unshielded situation. In 

practice, therefore, the dosimetry around fixed fast neutron sources hardly 

poses any problems. The practical dose equivalent limit is about 400 uSv. A 

different situation is encountered when portable (a,n)-sources are used. 

Here the shielding is often minimal. This increases the detection limit in 

extreme cases to values exceeding 400 uSv. The source strength, however, 

limits the dose equivalent rates considerably during normal operation. The 

purpose of the dosimeter in these cases is shifted more towards accident 

dosimetry. 

In case of an appreciable dose equivalent due to fast neutrons an extra 

source of dosimetric information is available: each dosimeter contains a 

polycarbonate nuclear track etch foil. The detection limit of this system 

lies around 300 uSv. 

In general the albedo dosimeter served its purpose very well. The detection 

of individual dose equivalents is more sensitive and more certain than for 

the formerly used film dosimeter. The previous uncertainty regarding the 

detection of epithermal neutron is absent in the TLD-system. Both from a 

dosimetric and from an administrative point of view the TLD-system has 

proved to be a major improvement over the filmdosimeters previously used. 

^0 
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ENVIRONMENTAL RADIATION HONITORIMC USING IHERHOLUHINESCBICE 

DOSEMETERS 

A.H.L. Aalbers. F.J.M. Bader, A.?.P.A. van Lunenburg and C.R. tar Kuile 

National Institute of Public Health and Environmental Protection 

Bilthoven, The Netherlands 

INTRODUCTION 

Thensoluffinescence dosemeters are widely used by the National Institute of 

Public Health and Environmental Protection (RIVK) for environmental 

radiation measurements around nuclear installations. The main objective of 

the current monitoring program is the ability to measure short term 

fluctuations of the background radiation, which may be due to contributions 

from nuclear power stations under surveillance. Since short monitoring 

periods (1 to 3 months) are required, a sensitive thermoluminescence 

material such as calcium fluoride is applied. Although multi-element 

dosemeters containing CaF«: Dy are mainly used in the current program, a 

pilot study is undertaken to investigate the performance of LiF.Mg.Ti for 

environmental dosimetry and to establish appropriate processing procedures. 

The RIVM has a continuing interest in the development and quality assurance 

aspects of thermoluminescence measurement techniques suitable for routine 

monitoring of environmental radiation levels. Therefore experimental work 

is undertaken directed at specific problems associated with environmental 

dosimetry, such as: readout technique and calibration procedures. 

Optimizing reader conditions and operational procedures for annealing and 

calibration is of vital importance for performing precise and reproducable 

environmental TLD measurements. The performance of TL-dosemeters under 

laboratory and field measurement conditions can be improved by experience 

gained in participating in international intercomparisons and from 

standardisation studies. In this paper the set up and processing of the 

thermoluminescence dtvicas used in an intercomparison study is briefly 

described »s well as soot aspects of the readout technique, calibration 

procedure and temperature related effects. Some preliminary results from 
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environmental measurements performed with TL-dosemeters end * high pressure 

ionisation chamber are reported. 

MATERIALS AND METHODS 

The TL-doserneters 

LiF:Mg,Ti (TLD- 100/700) and CaF,:Dy (TLD-200) phosphors, in the fora of 

ribbons (3.2 x 3.2 x 0.9 mm ). are obtained fros Harshaw Chemical Co. Six 

ribbons at maximum can be inserted in a plastic disc . The disc, containing 

the ribbons, is equipped with a cover plate and placed in a spherical or 

cylindrical holder, nade of plastic. An exploded view of the standard RIVM 

doserneter for routine monitoring, containing six ribbons, is shown in 

figure 1. Due to the strong energy dependence of CaF2:Dy in the energy 

range below 100 keV an energy compensation filter has to be used. A 

spherical or cylindrical encapsulation of 2.5 ma copper instead of the 

plastic holder is used as an energy compensation filter. This filter does 

not seriously affect the results, because only a small percentage (about 

6%) of the typical environmental exposure is due to photons with an energy 

less than 100 keV [1]. Figure 2 shows the effect of a spherical 

encapsulation on the energy dependence of the CaF- dosemeter. 

I-3CM 
Cylindrical 
Holder (1) 

Disk (pvc) 

Bollom (2) 

The Disk filled 
with 6 TLDs 

Stem (AD 
(mm) 

Fig. 1: Dosemeter applied for environmental monitoring at RIVM with a 

2.5 ma copper cylindrical holder to provide for energy compensa­

tion. In case of LiF:Mg,Ti part 1 and 2 consist of FVC. 
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Fig. 2: Energy dependence of CaF,:Dy (TID-200) with spherical encapsulation 

of 2.5 ma copper and without an energy compensation shield. 

Process ice; procedures 

The ribbons are initialised by a repeated annealing and calibration 

procedure to stabilise the senstitivity and the zero dose response. Before 

and after the field exposure the thermoluainescence Tibbons are 

individually calibrated in a eollinated photon bean of Cs in case of 

routine Bonitering. In each multi-element dosemeter at least one ribbon 

is given a radiation exposure to monitor fading of th« thernoluminescence 

signal during the field period Separate control dosemeters åre used to 

assess radiation exposures received by the dosemeter batch during transit 

and storage. Further • set of control dosemeters is kept at the laboratory 

in an area with a lov radiation exposure rate. These dosemeters can be used 

to dateet, for lnstanct, possible variations in reader conditions or 

readout parameters. After field deployment the dosemeters ar« returned to 

the laboratory and prepared for readout. Routine preparation ct the TL-

reader for raadout includes checks en dark current, heating cycle, and the 



74 AH L Aalban. T.2.U. Bad« A.P.P.A »an tunmburg and C.R. ter Kuile 

response of the reader to en internal and external light source. The 

procedures to check the reader are repeated at the completion of readout. 

Each ribbon is read twice in succession. The value obtained during the 

second readout is used to correct for the background during the initial 

readout. After completion of the readout all ribbons are submitted to the 

same annealing and calibration procedure as given prior to field 

deployment. A simplified diagram showing the entire procedure for 

calibration and measurement is given in figure 3. 

[Detector Batch 

< 

Annealing 

JL 

<£!^S2^ NO 

YES f B t i f l Out 

J _ 
F.eie Descmetcrt Centret Oowneitra 

r i f l ing | |Tr>niii;[CehB'>1iCrn 

Tr in i r t to Mcssu'«m«ni S<t« 
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Fig. 3; Simplified diagram illustrating the measurement and calibrscion 

procedure of environmental TL-dosemeters. 
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U S U U S OF AH IMTOLCCMPAIISON STUDY 

Intercoaparison studies provide a very useful cool Co investigate 

particular problems encountered in environmental radiation measurements 

[2,3). Moreover intercomparisons provide an opportunity to determine the 

performance and the reliability of environnental dosemeter systems. By 

participating in intercomparisons. several par aneters associated with the 

readout technique and calibration procedures were studied. These 

investigations ware focussed on establishing stable (short and long-term) 

reader conditions and carefully controlled annealing procedures, which can 

be implemented in the routine monitoring programme. Some of these points 

may be demonstrated by the following example. During the preparation at 

RIVM of the CaFj-.Dy ribbons for the 7th international intercoaparison of 

environmental dosemeters conducted by the U.S. Department of Energy [3] 

a repeated annealing and calibration procedure for each ribbon vas 

introduced in order to improve the stability of the calibration factor and 

to reduce the fading of the dosemeters under laboratory and field 

conditions. The temperature profile of the annealing oven was carefully 

controlled to allow for s constant and reproducible cooling rate after the 

high temperature part of the annealing cycle. By submitting the CaF_:Cy 

ribbons to a pre-readcut anneal the thermal fading was reduced 

significantly [A). These modified procedures were tested during the 

intercomparison. The design of the ir.cercomparison was as follows: each 

participant was requested to send eight dosemeters (including control 

dosemeters) to perform field and laboratory irradiations (with two 

different radionuclides, Cs and Co). The field dosemeters were 

deployed at the Nevada Test Site near Las Vegas. At the end of the field 

cycle, the field dosemeters were re-united with the laboratory and control 

dosemeters and returned to the participants for analysis. In figure A the 

exposures estimated by RIVM are compared with the exposure values obtained 

by the reference laboratory (RSEL). The results derived by RIVM were 

corrected for fading. The fading correction was based on the signal loss of 

pre-irradiated chips, which have been exposed together with the other TL-

detectors at the field location. In estimating a correction factor for the 

fading effect uncertainties arose from lack of knowledge of the field 

temperature and exposure rate profiles. At the field sita temperatures were 

expected to vary between -12 to 438 degrees celsius during the whole field 

period of about 3 months. The error bars given in figure 4 indicate one 

standard deviation. 
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• CaF2:Dy 
(TLD-200) 

I I I i i 
- 1 — i — i 1—i—i-

Field Cs-137 C i - 6 0 
Exposure Exposure Exposure 

0 1 2 3 4 5 8 7 

Code Number of Environmental Dosemeters 

Fig. A: Results of the 7th International Intercomparison of Environmental 

Dosemeters 1984. Comparison of the calculated (RIVK) exposure with 

the delivered test exposure. The intercomparison consisted of test 

exposures to laboratory sources of Cs and Co and an outdoor 

exposure to a aixed radiation field from natural and (old) fallout 

sources. 

ENVIRONMENTAL MEASUREMENTS AROUND THE NUCLEAR POWER STATION EMSLAND 

CaF,:Dy dosemeters are applied to determine environmental radiation levels 

at different locations in the vincinity of the nuclear power station of 

EitslanU (FRG). During the field cycle of 6 months the Emsland power station 

was not in operation. It should be noted, chat the calibration procedure 

outlined in figure 3 was not incorporated in these measurements. At the 

same locations the exposure rate was measured directly with a steel walled, 

high pressure ionization chamber (Reuter Stokes RSS-111). The ionization 

current was measured with an electrometer, digitised with a voltage-to-

frequency converter, and Integrated with a scaler. The instrument was 

calibrated in a collimated gamma ray beam of Cs. The results obtained 

with the TL-dosemeters, corrected for fading and normalized to the results 

of the ionization chamber, are presented in figure 5. The data suggest that 
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the exposure values measured by the thermolumineseence dosemeters ere 

significantly lower than the corresponding values derived front the 

ionization chamber measurements. Howtver, the correction for the actual 

field fading could not be made accurately enough by using pre-irradiated 

doserneters at the field site. 
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Measurement locations 

Fig. 5: Preliminary results of environmental measurements around the 

Emsland nuclear power plant. The results of the TLD-measurements 

are normalized to the results of the Reuter-Stokes high pressure 

ionization chamber. 

COHCLDSIONS 

As can be seen from figure k the results for the field and the laboratory 

irradiations ** estimeted by RIVM show good agreement with the values 

obtained by the reference laboratory. These findings support the 

recommendation that CaF-:Dy can be used for exposure periods up to three 

months [4]. No conclusions can be drawn from the available data 

presented in figure 5. Further measurements are needed to explore the 
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observed difference in the TL-dosimetry and ionization chamber measurements 

and to assess the overall uncertainty of both methods. Participation in 

TLD in ter comparisons is a valuable way to improve the performance and the 

quality of TLD systems and measurement techniques used for environmental 

monitoring. It is intended to apply the measurement and calibration 

procedure illustrated in figure 3 to the monitoring programmes around 

nuclear facilities (including the nuclear power station Emsland). 
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THERMOLUMiNESCENCE DOSIMETRY AT EINDHOVEN UNIVERSITY OF TECHNOLOGY 

Jo«. T. Htmt lMr , Pierre J. Kicken and Chris J. Huyskens 

Eindhoven University ol Technology, Health Phytic« Division 
P.O. Box 513, $600 MB Eindhoven, The Netherlands 

INTRODUCTION 

Ovtr 20 years tht Health Phytic« DMsion of the Eindhoven University of Technology operates an ap­

proved personal dosimetry service with Nmbadge dosemeters. Approximately 200 fimbadges (type Har­

well} and ca. 100 thermoiuminescence dosemeters (TlD-chips) are issued every two weeks for individual 

monitoring. 

Additionally, dosimetry studies are performed especialy in the field of medical applications, for which up 

to 500 TLD-chips are issued per month. 

In 1968 filmbadge dosimetry wil be replaced by thermoiuminescence techniques for the greater part. 

This paper gives an outline of organisational aspects and technical features of our TLD-system. 

DOSIMETRY AS A TOOL IN RADIATION PROTECTION 

In general, personal dosimetry comprises the following processes: 

- registration of personnel data 

- registration of dosemeter data 

- calibration of dosemeters 

- issue of desemeters 

- "processing" of measurements (dosemeter response signal and dose calculation) 

- registration of personal dose 

- reporting. 

Additionally to execution of personal dosimetry to demonstrate compliance with regulations on dose 

limitation, we strongly believe in the necessity to use personal dosimetry as a tool for good practice in 

operational radiation protection management. 

This implicates extra requirements, particularty with respect to the last four Items mentioned above: 

- permanent availability of extra dosemeters for reasons of flexibility in the execution of dosimetry (ad­

ditional dosimetry for body, extremities and jobs as well as ambient dosimetry) 

- a short time delay between collection of issued dosemeters and the read-out process, so that dose 

measurements can be quickly evaluated in relation to working conditions 

- a high level of automation both in process operation and management of personal data and dos« data. 

Individual monitoring is done by one filmbadge worn on the trunk. 

For workers in Working Condition A additional dosimetry for job and extremities is carried out. The num­

ber of dosemeters, dosemeter design, length of measurement time, dosemeter position, dose evaluation 

etc. are dependent on working conditions. 

An outline of our organisation of the dosimetry service is given in a flowchart (fig. 1). The person relaied 

functions are shown on the left and processes which are related to dosemeters at the right hand side. In* 

terrelated processes are shown in between. 
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fig.1 Organisation of dosimetry service 

Arrows refer to automated (tub)proctsses 
with regard to dosimetry with TiD-eards Csee Fig.3.) 
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TLD-SYSTEM 

Initially 6 commercially avalable TLD-systems were evaluated. Three systems were put to practical test. 

W t concluded that most systems satisfy the quality requirements for approval of dosimetry service under 

the radiation protection legislations. However, none of the avalable system configurations were fully satis­

factory with respect to the level of automation concerning organisation, process-control and data-

management With extensive software modifications on our demand we have decided for a system con­

figuration which comprises: 

- a Vmten 814 automatic TLD-reader for read-out processing of TLD-cards in batches 

- a Vinten Mini 690 manual TLD-reader for read-out processing of extremity dosemeters (chips or tape); 

because the reader processes TLD-cards as well it can be used as a back-up system for the automatic 

reader 

- Vinten Integrated Record Keeping System and glow curve analysis software for dosimeter handling, 

read-out processing and raw data management 

- SBD/TUE Radiation Protection Management System: a software package for personnel data coordina­

tion and personal dose record keeping. 

The system configuration is displayed in fig 2. The vertical lines indicate the coherence between the com­

ponents, dotted lines refer to optional parts or further development. 

Specifications and features of TL-dosemeters cards, automatic TLD-reader and software (organisation, 

monitoring, process control and data management) can be summarized as follows: 

TL-dosemeters (cards): 

- four elements (discs) of 7LiF 

- binary hole-code identification, type and serialn jmber, type represents the combination of TL-material 

of four elements 

- dose range: 005 - 2000 mGy linear response; 2 -10 Gy supra-linear response 

- negligible response to neutrons 

- response independency for dose rates up to 1 MGy/sec. 

- directional dependency for 60 keV photons and Sr/Y betas less than 15% at angles up to 60* 

- energy dependency less than 30% for photon energies from 15 keV to 1.3 MeV 

- fading rate less than 5% in 30 days 

- accuracy ca. 10% for dose < 1 mGy; 5% for dose > 1 mGy. 

TLD-reader: 

- simultaneous reading of 2 elements (2 heaters and 2 photomuttipliers) 

- automatic batch processing up to 100 cards in 100 minutes for 2 elements per card reading 

- hole-and barcoded cards can be mixed in one batch 

- different card-types can be mixed In one batch 

- the optical system is automatically checked before each reading and automatically calibrated every 

15 minutes by means of a light source reading and a dark current measurement 

- automatic setting of the designated heating cycles according to card-type 

- different heating cycles for each card-type and for each of the four element positions possible 
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Software outline: 

- registration of customers and work areas (sites) 

- registration of personal data including check on site information 

- individual card registration and calibration 

- storage of date of registration and date of calibration for each card 

- storage of calibration factors, background dose and life dose for each element 

. checking and matching of card identification, card status, person identification and date of issue; the 

status indicates whether or not a card is registrated, calibrated, ready for issue or already issued 

- length of issue period: one montn or half a month at choice 

- per issued card a label is automatically printed with identification of person, site and card plus expiry 

date 

- possibility to issue more than one dosemeier per person per period 

- automatic verification of reader settings before each session 

- matching and storage of card identification, glowcurve. raw data and card dose 

- matching and storage of card dose, person identification and issue period 

- build-in protection against re-issue of cards which are exposed above a preset dose level (verification 

dose) 

- separation and security of personal dose data and dosimetry research data 

- different authorisation levels for supervisor, routine operators and researchers (security of files). 

Procedures and subprocedures of the TLD-system are shown in the flowcharts (fig. 3). Flowcharts are 

drawn for one procedure loop. For example, automatic repetition of readings of several cards during one 

session and multiple issue to all personnel of one site are not included in these schemes. 

Specific features of the TLD-reader and the software can be recognised as well In the flowcharts. 

DISCUSSION 

The (sub) processes of TLO handling and data management were tested both separately and in their mutual 

coherence. Our expectation has been confirmed that such a system cannot be purchased ready to hand. 

To deal with modifications and problems which arise during testing and implementation an intense co­

operation with the designers of the system is necessary. In accordance with our terms of delivery a state­

ment of compliance of the TLD-system with British regulations concerned with an approval of dosimetry 

service has been obtained. The process of approval by Dutch authorities is in progress. 
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ENVIRONMENTAL AND CALAMITY. TLD-SYSTEMS AROUND 

DUTCH NUCLEAR POWER STATIONS 

L.P.M. van velzen 

Research and Development Division. Reactor Physics and Radiation Protection 
Department. N.v. tot Keurlng van Elektrotechnische Haterlalen. P.O. Box 9035 

6600 ET ARMHEM, The Netherlands 

ABSTRACT 

In 1961 a research project was Initiated at the KEMA department of 

Environmental Research, concerning a new environmental TLD-system. This 

project consisted of several parts: 

- requirements of the TLD-system 

- a comparative study of commercially available TLD-materials 

- evaluation of a measuring procedure for a routine monitoring programme. 

On the basis of the results of this project. KEMA advised the nuclear power 

stations to perform their environmental monitoring with a combination of 

CaF_ TLDs (Harshaw's TLD-200) and the automatic TNO TLD-reader. The next 

step in the development was to turn the laboratory set-up into an operational 

TLD-system. The development included the design of new TLD-holders, TLD 

pick-out platforms, a readout table, electronics, automation of the TLD 

readout cycle, and automation of the data manipulation. 

March 1983 the routine environmental monitoring system became operational and 

on 1 July 1983 officially replaced the existing systems. The environmental 

calamity TLD-system became operational in July 1984. 

INTRODUCTION 

The routine environmental monitoring system around the Dutch nuclear power 

stations contains about 35 measuring points, which are placed upto a distance 

of 20 ton from the power station. As part of the monitoring programme the 

exposure rate is determined with a TLD-system, that has to meet the following 

demands: 

- the relativt standard deviation from the calculated exposure rate must be 

less than 5% 

- the minimum detection limit must be corresponding with a surveillance period 

of approximately one week 

- the stability of the collected data on the monitoring system must allow an 

accurate determination of the exposure rate during a surveillance period of 

at least five weeks 
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- the readout tine of all measuring polnts In one area Is not permitted to 

exceed 8 hours 

- the measuring procedure must not be equipment-related. 

The demands the calamity TLD-system has to meet are: 

- the readout time of all measuring points In one area Is not permitted to 

exceed 2 hours 

- the relative standard deviation from the calculated exposure rate must be 

less than 20\. 

THE COMPARATIVE STUDY OF TLD-HATER1ALS 

A special point of interest during this comparative study was the behaviour of 

different TLD-materlals as a function of the measuring time. The combinations 

compared were: 

- LiF (TLD-100) - TNO automatic TLD-reader 

- CaF2 (TLD-200) - TNO automatic TLD-reader 

- CaSO. (TLD-900) - TNO automatic TLD-reader 
4 

- CaSO^rDy teflon disks - Teledyne Isotopes TLD 7300 reader 

An ionisation chamber (Reuter-Stokes type RSS-111) was installed at the same 

measuring point for reference. In this study, one TLD-group consisted of 15 

TLDs, divided into three equal subgroups. Each subgroup was subjected to a 

different radiation treatment. 

Subgroup 1 was exposed during the surveillance period only, at the measuring 

spot. Subgroup 2 was subjected to a reference exposure before the actu«l 

surveillance period, while subgroup 3 underwent such an exposure after the 

actual surveillance period. This was done to estimate the fading from the 

reference exposure during a surveillance period. Some of the TLD-groups were 

placed in an aluminium box, whereas others were placed inside a two-millimetre 

copper sphere. Both box and sphere were placed at. 0.8 m above the ground. The 

gas ionisation chamber was positioned at the same spot and the same height. 

Figure 1 shows the results of this research. It was evident that the 

combination of CaF, TLD and the TNO automatic TLD-reader was the most 

promising one. 

THE MEASURING PROCEDURE FOR THE COMBINATION OF CaF- (TLD-200) AND THE TNO 

AUTOMATIC TLD-READER 

The procedure for an environmental TLD-system fulfilling the demands given 

above is as follows: 

- the TLD-group for one spot consists of 14 CaF_ TLDs, divided into two 

subgroups of 7 TLDs each 
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- one subgroup is subjected to « reference exposure both at the beginning and 

the end of a surveillance period for fading correction, while the other 

subgroup Is exposed at the measuring spot only 

- annealing treatment: - pre-irradiation anneal 0.5 hour at 300 *C. 1.5 hour 

at *V C and 0.5 hour at 20 *C In darkness to cool 

down 

- pre-reading anneal 1.5 hour at 85* c and 0.5 hour at 

20* C in darkness to cool down 

- each TLD is read out only once in 11 seconds at a temperature of 275* C 

- the background is evaluated by means of one randomly chosen CaF TLD. 

which is read out many times. The background used is the average of the last 

20-40 measurements. 
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- the exposure rate is determined by means of the following formula: 

' , Xbefore * Xafter Dsol " Dbo . 
X • 2 1 • — t *nd 

5 - 5 , m sg2 sgl 

the standard deviation by means of the formula 

2 
.2 (Xbefore * Xafter} ,.- - ,2 e2 A .= - .2,2 , 

t2(D -5 >« 5*2 " V **1 ^ ' V **2 

m sg2 sgl 
X is the exposure rate [C kg/s] Xv , and x ,̂  are the reference 

Detore atter 
exposures [C/kg]; t is the exposure time [s]: D ,. S .. D - and 

n sgi sgi sg2 

S 2 are the averages and standard deviations of the TLD-data from subgroup 

1 and 2 [counts] respectively: D. is the average of the background [counts]. 

TECHNICAL REALIZATION OF THE HEW EHVIROMMENTAL SYSTEM 

The mechanical parts (see Figure 2) like the TLD-holder. the pick-out 

platforms and the readout table were designed simultaneously and adjusted to 

each other. 

A simplified block diagram of the electronics is shown in Figure 3. 

The automation software was developed in cooperation with the KEMA Computer 

Centre. The automation software consists of 8 programs. These programs 

include: measurement of the background, the readout of the various 

environmental areas, calculation of the exposure rate, comparison of the 

exposure rate last measured with previous ':,la (this program warns the 

operator if there is a significant difference of 25% between these data), 

plotting of the measured data exposures, and selecting TLDs in TLD-groups with 

the statistically most favourable results. 

The present hardware and software is capable of reading out the TLD chips with 

a frequency of more than 120 TLDs per hour and meets all the postulated 

requirements. 

SA.LAKTTY DOSIMETERS 

The calamity dosimeters are used to obtain an estimation of the local dose 

rates at a severe reactor accident. Because of the sensitivity and the 

annealing treatment of the CaF2 TLDs they cannot be used as calamity 

dosimeters. Therefore the calamity dosimeters are personal LiF badges from 

TNO. with two LiF TLDs (Harshaw's TLD-100) inside. These calamity dosimeters 
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Fig. 2. * The TLD-holder. The calamity TLDs (2) are positioned at the top. 
Below them are the environmental TLDs (3). which are placed in nylon 
(4) and surrounded by two-millimetre copper (5). Both TLD-groups are 
embedded in PVC (6). 

B The pick-out platforms. The TLDs are placed on these platforms when 
they have to be annealed or read out. 

C The readout table (8). The pick-out platforms are placed on the 
"legs" of the table, so that the TLDs can be accurately positioned 
under the TLD-reader by stepping motors (9). 

are placed above the environmental dosemeters (see Figure 2A). The treatment 

of these calamity TLDs is very simple. After a surveillance period, they are 

pur on the pick-out platforms which in their turn are placed directly on the 

readout table. The first readout in eleven seconds at 300*C is the pre-reading 

anneal as well as the data collection readout. The second readout, with the 

same settings, is the pre-lrradiation anneal. After these two readouts, the 
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Fig, 3, Simplified blockdlagran of the electronics. 
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Ever since these TLD-systems have been in use, no exposure data have been lost 

by a aechanica). electronic or software error. Once, a human error (both 
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subgroups were subjected to a reference exposure) caused the standard 

deviation of the exposure rate to increase from less than 5% to 30% in 16 

TLD-groups. in Figure 4. plots are shown of the exposure rate of typical 

locations of the Dodewaard and Borssele environment. 

The Increased exposure rate at the Dodewaard location (Figure 4A) is caused by 

Chernobyl (see month 14). This phenomenon is not observed in Borssele (see 

month 29 in Figure 4B). The increased exposure rat* in month 6 at the Borssele 

location is due to the use of slugs with a high amount of natural 

radioactivity for a cycle track near the measuring spot. 
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EXPERIENCE WITH IN VIVO THERMOLUMINESCENT DOSIMETRY FOR TOTAL 

BODY IRRADIATION 

J. Van Dam and A. Rijnders 

University Hospital St. Raphael, Department of Radiotherapy, 
3000 Leuven, Belgium. 

I. INTRODUCTION 

Total Body Irradiation (TBI) is used in our centre prior to bone marrow 

transplantation for treatment of leukaemia. A dose of 8 Gy is delivered 

in a single fraction midline in the patient, at a dose rate of about 

4cGy.min" . 

In our set-up the measurement of the dose distribution in the patient 

relies on in vivo dosimetry. Due to the low dose rate the dosimetry has 

to be based on a method kith sufficient sensitivity. Up to now we have 

used thermoluminescent detectors (TLD) for these measurements, although 

semiconductor dosimetry is also commonly used in other centres. This 

contribution is intended to illustrate the possibilities of the TLD 

method under the difficult conditions of TBI at low dose rate. 

II. MATERIALS AND METHODS 

II.l. Thermoluminescent dosimetry 

Extruded LiF (Harshaw TLD-100) ribbons of about 3mm x 3mm x 1mm are 

used. They are read out with a Harshaw system consisting of a model 

2000-C TL detector end a model 2000-B automatic integrating 

picoamperemeter. The photomultiplier tube is operated at a high voltage 

of 700V. The heating cycle starts with a fast rise of the temperature 

to 100CC, which level is maintained during 10s. After this "post 

irradiation annealing" the temperature increases linearly with time 

during 30s up to an end temperature of 300°C. During this period the TL 

signal is integrated and displayed. The "pre Irradiation annealing" 

consists of a heating at 400eC for 2 ^ours followed by a cooling to 

80eC, which temperature 1s maintained for 24 hours. 

With this method a typical standard deviation of • 35 1s obtained under 

reference conditions, I.e. for a set of dosemeters irradiated 

simultaneously in a phantom to a dose cf 1 Gy. The dosemeters are not 
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individualized and the spread in response may amount up to ̂  10 * of the 

average. 

II.2. THE TBI METHOD 

Our TBI method is derived from the method developed at the Royal Marsden 
1 2 

Hospital in Sutton and has been described elsewhere. In summary, 

patients lying supine are irradiated with two laterally opposed 18KV 

X-ray beams (Fig.l). They are positioned as close as possible to one of 

the treatment room walls, which is at a distance of 350cm from the 

focus. At half-treatment the couch with the patient is turned 180°. As 

the field size at the level of the wall is only 140 cm x 140 cm, adults 

have to bend their legs in order to get the whole body within the field. 

To ensure electronic equilibrium at the level of the skin a 2 cm thick 

Perspex plate is placed close to the patient's side facing the beam. 

\ 

\ 

• \ 

\ \ w 
Fig. 1 - Treatment set-up and positions of the TL doseneters for TBI at 

low dose rate. Patients are irradiated in supine position with two 

laterally opposed fields at a focus skin-distance of about 300 cm. Lead 

compensators are positioned at 150 cm from the focus. A Perspex sheet 

ensures electronic equilibrium at the entrance side of the beam. 
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Compensators are positioned at 250 cm from the focus and are aligned in 

order to compensate for tissue defect at the level of the head and of 

the lower limbs. They consist of lead sheets with a thickness 

calculated according to the patient's transversal diameters. In order 

to achieve a satisfactory dose homogeneity it is necessary in some cases 

to apply additional polystyrene sheets against the patient at the level 

of the thorax, pelvis or abdomen. 

11.3. Dosimetric procedures 

For TBI applications the TLD's are packed in plastic begs, each 

containing 4 ribbons, which are taped on the patient's skin. The 

Perspex plate in front of the patient (see fig. 1) is supposed to 

provide the necessary electronic equilibrium at the level of the 

entrance dosemeters, while the bags at the exit are covered with 5 mm 

Perspex. 

About one week before the TBI, a test irradiation up to a dose level of 

about 5cGy is performed to verify the homogeneity of the dose 

distribution over the patient's body in cranio-caudal direction. TL 

desemeters are applied at the beam entrance and exit side at the level 

of the ears, neck, shoulder, thorax, abdomen and pelvis end in the 

middle between the knees and the ankles. The midline doses are 

calculated as the square root of the product of the measured entrance 

end exit dose. For the test irradiation the doses received by the TLD 

range between about 3 and 10 cGy, which is much smaller than for in vivo 

measurements during the other treatments, where they are typically 

between 1 and 2 Gy. Nevertheless the standard deviation of the meen 

remains at the same level (3*) compared to the reference conditions. 

During the period between this "test" and the actual TBI, the TL 

dosemeters are read out and the compensator thicknesses are considered 

as satisfactory if the midline deses at the different levels 

investigated do not differ more than + 10 " from their average value. 

If this condition is net fulfilled, the compensator thickness is 

adjusted based upon the measured dose deviations. 

During the TBI the TLD's are positioned on the patient during the first 

ten minutes of the irradiation and are irradiated at dose levels between 

20 and 70c6y. The dosemeters are read out while the irradiation 
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continues. As the time needed for reading all dosemeters is of the 

order of 1 hour, a first quick analysis is performed based on one 

dosemeter per site, giving results after about fifteen minutes. Despite 

an obviously relatively large uncertainty, these results are y/ery 
important as they will show any "dramatic" dose inhomogeneity which, if 

not immediately corrected, would lead to an unacceptably large dose 

variation. If the information gained from the complete set of 

dosemeters still shows some minor problems, the compensators are adapted 

at half treatment when the patient is turned 180°. At the beginning of 

this second half of the treatment, the dose distribution is checked a 

last time. Compensator corrections at this stage of the treatment are 

however seldom necessary. 

III. RESULTS. 

This method was started in 1983 and has been applied for 65 patients. 

For 30 patients the dose homogeneity was found satisfactory during the 

test irradiation. For only 50 % of these patients the satisfactory dose 

distribution was confirmed at TBI, while the other half required 

compensator thickness adaptation during TBI. For 39 patients the 

calculated compensator thickness had to be adapted according to the TLD 

results obtained for the test irradiation. This adaptation resulted ir. 

a homogeneous dose distribution during TBI for 26 patients, while for 

the remaining 13 patients a second adjustment of compensator thickness 

during TBI was performed. 

IV. DISCUSSION. 

The TLD method has allowed us to perform TBI treatments according to the 

common standards of dosimetry for this kind of application. Despite the 

relatively smell doses delivered to the TLD, the accuracy of the method 

remains as good as observed under reference conditions. 

For 28 patients the results obtained at the test irradiation were not 

confirmed at TBI. Most likely, however, the reason for these 

discrepancies is not at the level of dosimetry, but due to unavoidable 

small differences between test Irradiation and TBI concerning patient 

positioning. Although the patient is more or less immobilized, some 

miner movements are necessarily allowed which can cause differences in 
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tissue thickness in front of the exit dosemeter and in body composition 

(e.g. bowel gas}. 

The main advantage of TLD for 2" vivo dosimetry at low dose rate is the 

absence of any cable around the patient. These cables could indeed 

hamper patient care when nausea and ernesi s occur. 

On the other hand some drawbacks of TLD ij} vivo dosimetry for TBI at low 

dose rate can not be denied when comparing this method to semiconductor 

dosimetry. The main disadvantage of TLO is its delayed information, 

which excludes continuous dose monitoring. This is certainly for TBI at 

low dose rate an important issue. As already mentioned, the patient is 

not completely immobilized and this could lead to deterioration of the 

compensator alignment during the course of treatment. A satisfactory 

dose distribution during the first ten minutes provides in this case no 

absolute guarantee for the rest of treatment. For this reason we plan 

to replace, at least partly, the TLD by semiconductors for TBI 

dosimetry. This does, however, not hold for the test irradiation in 

which the TLD's are on the patient only one and a half minute. 

Moreover, the resolution of the Therados DPD-6 semiconductor dosemeter, 

which is used in our centre, is, Kith maximum gain factor, equal to 

2x10 cGy per reading unit. For doses as low as those delivered during 

the test irradiation (see above) this resolution does not allow one to 

analyse the dose homogeneity with sufficient accuracy. By contrast, the 

resolution of the TLD-method is, under the conditions specified above, 

very fine (5x10 cGy per reading unit). Also at least two DPD-6 

systems, each allowing a total number of 6 simultaneously explored 

sites, would be necessary to measure all relevant sites, while keeping 

the patient dcse at a satisfactory low level. Although the use of TLD 

for TBI will be possibly reduced, the method will still maintain its 

place in the overall dosimetric approach for this kind of treatment. 
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TL - DOSIMETRY IH CLINICAL PRACTICE 

D. Bakker, M.A. Croonelin and V.J.F. Drits 

Catharina Hospital, Radiotherapy Department, 
Michelangelolaan 2, 5602 ZA Eindhoven, The Netherlands 

INTRODUCTION 

At the Radiation Therapy Department of the Catharina Hospital, thermolumi-

nescence dosimetry is used since 1974 for several purposes: 

A: DOSIMETRIC STUDIES WITH PHANTOMS, e.g.; 

Preparation and verification of calculation of absorbed dose before 

introduction of new irradiation techniques, including the CATHETRON high 

dose rate after-loading apparatus for gynaecological cancers and the 

breast sparing treatment vith Ir-192 vires and various external beam 

applications. 

B: IN-VIVO DOSIMETRY, e.g.; 

1) Determination of absorbed dose and dose distribution in individual cases 

where (computer) calculations may not accurate enough because of the re­

strictions associated vith the beam model e.g. vith special moulds, or 

vith treatment techniques like electron beam arc therapy. 

2) Dose measurements at critical organs close to the direct beam in indivi­

dual patients, e.g. eye lense, gonads. 

C: RADIATION PROTECTION MEASUREMENTS,e.g. j 

Measurement of radiation dos* received by personnel involved in prepara­

tion of braehytherapy sources and vardroom staff. 

This paper is meant as an overview of our materials and methods. A few 

applications will be illustrated and some results will be presented. 

MATERIALS AND METHODS 

Equipment; 

The equipment consists of a HARSHAW 2000A TL detector, a HARSHAW 2000B 

integrating picoammeter and a separate oven for annealing. As TLD material 

HARSHAV TLD-100 LlF ribbons and rods are used. 

Calibration: 

The ribbons and rods have been selected from batches of 100 crystals by 

means of an iterativ« process, leading to three sets vith increasing stand­

ard deviation. The set of ribbons and rods vith the smallast standard 

deviation is mostly used for doaimttrle studies vith phantoms. A record of 
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the individual sensitivities and the standard deviation is kept. Optimal 

calibration accuracy is accomplished by placing the TLB's in a polystyreen 

phantom mounted on a rotating platform in order to minimize beam flatness 

deviations. 

The linearity of the readings of ribbons and rods is determined in the dose 

range 0.25-50 Gy. The lover part of this range is typical for fractionated 

external beam treatment. The data for the high doses may be useful in 

intra-operative radiotherapy where single doses in the range from 10-20 Gy 

will be delivered. The results are presented in fig. la and lb, shoving 

supralinear behaviour over the full range for TLD-100 rods, for ribbons 

only above 4 Gy. 
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Fig. la and lb. Relative sensitivity as a function of absorbed dose 
of TLD-100 ribbons and rods. (Sensitivity normalized to 1 for 1 G y ) . 

Measurements were also carried out to investigate the influence of high 

doses (>10 Gy) on sensitivity. After irradiation with a high dose, a number 

of cycles consisting of a sensitivity measurement at the 1 Gy level plus 

standard annealing, were performed. The results *r» shown in fig 2a and b. 
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Fig. 2a and 2b. Relative sensitivity (normalized to and measured at 1 
Gy) as a function of pre-irradiation dose and number of annealings. 
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Sensitivity inert**«« significantly after these high doses and returns to 

the initial value after minimal 5 annealing cycles for rods and after 

minimal 6 annealing cycles plus sne hour at 400*C for ribbons. 

Measurement procedures; 

For phantom measurements TLD rods are commonly used, 4 at each position 

when possible. For in-vivo applications commonly a group of 4 TLD ribbons, 

packed in a sealed plastic bag, is used on each position. An extra set of 4 

ribbons, packed in a special lucite block guaranteeing full build-up of 

dose, is irradiated vith a calibration dose. After irradiation, the TLD's 

are kept either for 24 hours at room temperature or for 10 min. at I00*C to 

reduce the unstable lov temperature peaks. The glow curve is integrated 

between 120*C and 220*C (fig.3). Annealing for the standard external 

therapy dose range is obtained by heating up to 400*C and a slow cooling 

period to room temperature during about 10 hours (fig.4). For dose measure­

ments below 0.01 Gy we normally use the TLD's and read-out service of the 

Radiological Service TNO (ref.l). 

•500 «. 
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Fig.3. TLD 100 Glow curve and 
integrating rang* 

Fig.4.TLD annealing temp­
erature curve 

At DOSIMETRIC VITH PHANTOMS FOK BRACHTTHERAFT: 

Verification of Irradiation Techniques and Calculation Model« with TLP'S. 

At the introduction of nev irradiation techniques or prior to the clinical 

acceptance of computer calculation models it is necessary to verify the 

accuracy of the absolut* dose and dos* distribution. Such studiet hav* been 

carried out at the introduction of a high dose rat* afterloading device 

(TEH Cathetron) and for interstitial brachytherapy with Cs-137 needles. 

TLD's are very convenient for this purpose because of their small dimensi­

ons, which allows measurements is regions vith large dose gradients inhe-
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rent to brachytherapy. A recent example of this application is the verifi-

cation of intarstitial irradiation with Ir-192 viras in brtast sparing 

traatnant. To verify tha dose distribution, TLD rods are positioned at 8 

places in a polystyrene phantom (density 1.05 g/cc, fig. 5a) around a 

single 77 an long Ir-192 vire (4.44 GBq/a). Another phantom vith 7 Ir-192 

vires in a configuration which resembles the clinical situation is used to 

measure the dose in two midplane points (fig 5b). The results are corrected 

for supralinearity. A comparison was performed with the Philips OSS brachy-

therapy program. All results agreed within 21. 

Fig. 5a and 5b. Phantoms used for verification of Ir-192 interstitial 
therapy dosimetry. 

B: IN-VIVO DOSIMETRY; 

1) Individual Verification of Dose and Dote Distribution 

Breast cancer patients vith local recurrence undergo irradiation of the 

chest wall (ref.2). To reduce the dose to the underlying lung tissue 

rotation therapy with electrons of 6 to 10 KeV is frequently used at the 

Catharina Hospital. To compensate for variations in the thickness of the 

chest wall a customized bolus of tissue equivalent material is constructed, 

based on thickness information from serial CT scans. Compensation for 

variations in body contour requires a variable slit electron beam collima­

tor which, amongst other reasons, makes computer calculations not yet 

adequate to determine dose and dose distribution. Therefore, before star­

ting the patient irradiation sessions, phantom measurements with TLD's and 

films are performed to find optimal settings of treatment parameters, i.e. 

collimator width, horisontal table rotation, position of isocentre, gantry 

rotation speed, etc. During the first treatment session these settings are 

checked with in-vivo TLD-measurements. 

B: IN-VIVO DOSIMETRY; 

2) Individual Critical Onan Pose and Tart at Pose Measurements with TLD'S 

As a routine procedure, all teletherapy treatments are prepared and checked 
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with • simulator and dot* distributions are calculated on tha Philips OSS 

system. However, in clinical practice an additional measurement is someti­

mes requested, especially in the first treatment session, for several 

reasons, e.g: 

- Due to a very irregular geometry (e.g. nose, ear) or the use of bolus 

material or irregular field blocking, calculations may not be accurate 

enough, especially in the case of electron beams. 

- The dose calculation model does not take into account the effect of 

compton electrons from a tray. This is relevant in the case of inverted-

T field irradiations, where the dose on the male gonads has to be 

minimized (ref.3). 

- It is not always clear whether critical organs like gonads or eye lenses 

are adequately kept outside the treatment portal. Occasionally the 

target volume can be very close to the eye lense. 

The absorbed dose in the eye lense is estimated from sealed TLD ribbons on 

the lid of the closed eye. For gonad measurements, sealed TLD's are placed 

on the scrotum and an extra set is packed in 2 cm thick lucite to filter 

out the contribution of the compton electrons. 

In our clinic, these TLD measurements are done since 1975 and recently the 

stockpile of individual reports is put into a database management system to 

see whether useful information could be extracted from a systematical 

analysis. Because the decision criteria to request a verification measure­

ment have not been canstant and uniform, one must be cautious to draw 

statistical conclusions from this evaluation. Another disturbing factor is 

the fact that the total dose to an organ cannot be derived from a measure­

ment in one treatment session because sometimes, after a certain target 

dose is reached, the field size is reduced. However, some figures might be 

informative: 

- In total 420 times the dose to one or more locations on the patient was 

measured, 156 on the eye lense(s), 123 on the testes and 227 times the 

target dose was verified. 

- These 227 target dose measurements were performed for 27 total body 

irradiations, 85 electron arc therapies, the remainder for stationary 

electron fields. 

- 16% of the critical organ dose measurements showed a dose > 6% of the 

target dose. In these eases it might be worthwile to reconsider the 

treatment setup. In most therapies this level results in a total absor­

bed dose which is still below the tolerance dose for eye lente and 

gonads (ref.4). 
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- During * certain period, testis dose measurements were done systemati­

cally in inverted-Y field treatments. Fig 6 shows a frequency histogram 

of the extrapolated total testis dose. In this figure, three classes are 

indicated, according to Hahn et al (ref S). Patients in class A (0.25-

0.75 Gy) show recovery after temporary sterility within 18 months. In 

class B (0.75-1.5 Gy) after 12-24 months of sterility recovery is 

reported after a otal period of 24-30 months. Patients with testis dose 

> 2 Gy (class C) are reported to remain sterile for more than 4 years. 
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Fig. 6. Frequency histogram of extrapolated total testis dose 

C: RADIATION PROTECTION MEASUREMENTS 

In order to evaluate the radiation dose to personnel, involved in the 

application of Ir-192 wire for breast sparing treatment, we measured the 

dose to the fingers of the technician and of the radiotherapist, respecti­

vely while preparing the sources and while applying the sources to the pa­

tient. Using standard protection measures like lead shields etc, an average 

application leads to a finger dose of 0.7 mSv for the technician and of 0.6 

mSv for the radiotherapist. This means that with the present frequency of 

•tout 70 applications per year finger doses are less than 10X of the dose 

limit. Similar measurements were done on the wardroom staff. 

CONCLUSIONS 

Our experience in using thtnoolumiuescence dosimetry shows that it is a 

very useful method for calibration and verification procedures in brachy-

therapy. In teletherapy and in radiation protection of personnel and 

patients TLB's can be applied next to other dosimetry methods. 
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APPLICATION OF TLD FOR DETERMINATION'S OF DOSE DISTRIBUTIONS 

FOR PHOTON IRRADIATIONS IK RADIOBIOLOGY 

J. Zoetelief and N.J.P. de Wit 

Radiobiological Institute TKO, P.O. Box 5815, 2280 KV Rijsvijk, The 
Netherlands 

INTROD0CTI0N 

TOsPredict the responses of irradiated biological specimens, it is essen* 

tial redetermine the energy dissipation with a sufficient degree of accu­

racy and precision. Investigations in radiobiology have demonstrated that 

differences of rfî per cent in absorbed dose can produce clearly observable 

variations in biological response. It has been suggested that an accuracy 

of i 5 per cent and a precision of t 2 per cent (one standard deviation) is 

required for the determination of absorbed døse in radiobiological stu­

dies . The irradiation of a target volume >e.g., tissue, organ or animal) 

should be uniform. The condition for uniform irradiation is that the inevi­

table variation in absorbed dose throughout the volume of interest should 

be small enough to prevent a sigrificanc effecByon the biological response 

considered. The criterion for uniform irradiationX^s a maximum ratio of 

1.10 in the absorbed doses in the target volume but preferably less than 

1.05 . For partial body irradiations, the absorbed dose in other essential 

organs should be a« small as practically possible, certainly restricted to 

levels which 4& not interfere with the projected course of the experiment. 

Advantageous features of thermoluminescent (TL) dosemeters are their small 

size ape their applicability over a vide dose range. Their small size makes 

them particularly suitable for studying the dose distribution within small 

rensis f«-gM aly» ""j raff) Examples of dose distributions measured with 

TLD are given for partial and whole body irradiation of rats in radiobiolo­

gical studies and compared with the results of the use of ionization cham­

bers. 

PRINCIPLES OF DOSIMETRY USING TLD 

The TL dosemeters used for the experiments are LiF;Mg,Ti (TLD-100, Harshaw) 

rods with a diameter of 1 mm and a length of 6 ma. A pre-reading anneal of 

1 hour at 100'C was applied; the pre-irradiation annealing was generally 

carried out in the TLD reader (Harshaw 2000D) up to 350eC. 
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If R.,, B., R , and B . arc the results of four readouts (R refers to rea-
i i cl cl 

ding, B to background and index c to the calibration situation) of the i-th 

dosemeter from a set, the dose, D., at the position of dosemeter i, is gi­

ven by: 
Di • < V B i ) / s i 

. is the calibration factor of the individual dosemeter i derived 

from comparison with a calibrated ionization chamber under secondary char­

ged particle equilibrium for both TL dosimeters and the ionization chamber. 

EXAMPLES OF PARTIAL BODY IRRADIATIONS 

For studies on the entry of the prothymocyte into the thymus after irradia­

tion and bone marrow transplantation several types of Irradiations of mice 

were carried out with 6 MV X rays produced with a Philips MEL SL75 linear 

accelerator. Mice were irradiated with or without thymus shielding (10 cm 

high cyclindrical bar with a diameter of 12 mm) and on the thymus only (a 

10 cm thick lead block with a apertrre of 23 mm diameter). For the irra­

diations with thymus shielding, measurements were made with TLD rods with 

their longitudinal axis in the beam direction inside a polymethylmethacry­

late (PMMA) mouse phantoo to which a 10 mm thick PMMA build-up layer was 

added. The results are shown in Table 1 for various shielding diameters. 

Table 1: Relative doses D (1* determined with TLD rods at 8 mm depth in a 
PMMA mouse phantom irradiate« with thymus shieldings (10 cm thick) of dif­
ferent diameters (d) for 6 MV X rays where 1 (in mm) is the distance to the 
central shielding axis. The doses are given relative to the unshielded si­
tuation. 

shielding D (0) D (2) Df(5) Dr<6) Df(9) 
diameter 
(mm) 

12 0.061 0.068 0.195 0.214 1.002 
16 0.038 0.040 0.047 0.057 0.195 
20 0.033 0.033 0.036 0.050 0.109 
20* 0.047 0.049 0.054 0.058 0.133 

* For irradiation with 12 cm x 14 cm field instead of 4 cm x 14 cm. 

It can be concluded from Table 1 that the doses behind the shielding In­

crease with decreasing shielding diameter, with increasing distance 1 to 

the central shielding axis and with Increasing field size. 
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For studies on volume effects of spinal cord tolerance of rats after CKS-

irxadiation, dose measurements were made inside a (20 on x 25 am x 59 am) 

PMHA phantom with TLD-100 rods and an 0.2 CD Baldvin-Farmer ionization 

chamber. The phantom simulates the neck of a rat. Irradiations witl« 6KV X 

rays were carried out with a field length (perpendicular to the spinal 

cord) of 5 cm and field widths varying from 2 to 15 mm. The TLD rods were 

placed with their longitudinal axis parallel to the length axis of the 

field at different depths. The doses at different field width (s) and depth 

(d) and distance to the centre of the field (a) (see Table 2) are normali­

zed to the doses at 15 mm field width, 5 mm depth in the centre of the 

field, D(15,5,0). 

Table 2: Relative doses determined vth TLD-100 rods at depth (d) inside a 
FMMA phantom (20 mm x 25 næ x 59 mm) irradiated with 6 MV X-ray fields 
of various vidths (s) and a length of 50 mm. 

s 

(mm) 

2 
2 
2 
2 

2 

5 
5 

5 

10 
10 
10 

15 
15 
15 
15 

d 

(mm) 

5 
10 
15 

5 

5 
15 

5 

5 
15 
5 

•0' 
5 
15 
5 

a 
distance to 
field centre 

(mm) 

0 
0 
0 
0 

6.5 

0 
0 

6.5 

0 

6.5 

0 
0 
0 
6.5 

D(s,d,a) 
D(15,3,0) 

0.7520.03 
0.70*0.03 
O.681O.03 
0.63*0.03 

-

0.93*0.03 
0.87*0.03 

-

1.00*0.03 
0.95*0.03 

0.98*0.03 
1 

0.95*0.03 

D(s,d,a) 
D(s,5,0) 

1.07*0.05 
1 

0.98*0.04 
0.90*0.04 

0.026*0.002 

1 
0.95*0.03 

0.069*0.002 

1 
0.95*0.03 
0.137*0.004 

0.98*0.03 
1 

0.95*0.03 
0.92*0.03 

To facilitate the depth dose comparison at different field widths end the 

relative dose in the shielded area, also the values for D(s,d,a)/D(s,5,0) 

arc given. It can be concluded that the depth dot« distribution li steepest 
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for the 2 am field width. For field widths of S, 10 end IS mm the depth 

dose distributions differ aot significantly. There is a significant depen­

dence of the dose in the centre of the field at 5 mm depth on field size 

for field widths up to 10 mm* The differences between field widths of 10 

and 15 mm are not significant. The doses behind the shielding vary with 

distance to the edge. Within the largest field the variation is about 6 per 

cent. 

The absolute dose determination was made at 10 mm depth with the 0.2 cm 

ionization chamber, which showed previously good agreement with in vivo 

dosimetry carried out with TLD rods placed in a vinyl tube inserted in the 

spinal canal of a sacrificed rat . 

WHOLE BODY IRRADIATION OF RATS 

To investigate the influence of phantom shape, dose measurements were made 

in rectangular and cylindrical phantoms of similar size irradiated uni- and 

bilaterally with 300 kV X rays (HVL, 3.2 mm Cu). The distance between the 

centre of phantoms and the source was 1.5 m. Dose measurements made with an 

ionization chamber in the central circular/square plane of the phantoms in 

absence of side or back scatter material showed maximum to minimum dose 

ratios (D/D) of about 1.9 and 1.1 for uni- and bilateral irradiation, res­

pectively. In addition, dose decreases in excess of 10 per cent were ob­

served toward the distal ends of the phantoms. Dose deviations are also to 

be expected near the surface and at extremities of real animals, but this 

can not be measured with ionization chambers. 

Therefore, measurements were carried out with TLD in real shape rat phan­

toms for uni- and bilateral irradiation with 300 kV rays on the sides of 

the animal phantom as shown in Figure 1 and for irradiation on the top of 

the phantom under full back scatter conditions as shown in Figure 1. For 

the unilateral and bilateral irradiation on the sides of the real shape 

phantoms maximum to minimum dose ratios (D/D) in the trunk were found of 

about 2.5 and 1.25, respectively, which is considerably larger than compa­

rable values for rectangular and cylindrical phantoms. 
A V 

For the unilateral irradiation under full scatter conditions a D/D value of 

about 1.26 was found. The doses in the extremities arc only about 5 per 

cent higher than the dose in the centre of the phantom. The use of TLD pro­

vides the possibility to realistically compare bilateral irradiation with 

unilateral irradiation under full scatter conditions. 
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CONCLUSIONS 

Because of their small size TL detectors cart provide essential infor­

mation on doses for snail field sizes or behind small shieldings. 

Employing TLD, dose napping in small realistic animal phantoms is pos­

sible and is providing interesting information. 

».!• ~//\ r\ 
Fig. 1. Relative dose distributions measured vith TL detectors for uni- and 
bilateral irradiation with 300 kV X ray* (KVL, 3,2 mm Cu) on the sides of a 
rat phantom under low scatter conditions. 
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INTRODUCTION 

Thermoluminescent dosimeters are s*-'. most appropriate detectors lor in-vivo dosimetry m 

radiotherapy due to their reproducibility and sensitivity, their small size and their independable 

from electronic devices during irradiation. The aim of this paper is to study the variation of the 

relative sensitivity (kjj) of Lithium-7 Fluoride (TLD700) as a function of the neutron er.e'gy 

and the depth of irradiation in a phantom : 

Sens i t iv i ty of the TLD to neut rons 

U = Sensit iv i ty of the TLD to Co-60 photons 

The determination of the Hy-value of these TLD's requires the knowledge of the ga^rra 

contribution (D3) to the total absorbed dose (DM * D Q ) a: the point of interest, in a mixed nej^on 

•¥ gamma field, the gamma component is obtained by the two detector method. This method. 

recommended by the ICRU 2 and the ECNEu protocol 1 . is based on the responses of a 

tssue-eqyivaient ionization chamber and a less neutron-sensitive detector (GM-counter). 

EXPERIMENTAL PROOF HIRES 

The TLD material used for this Study was 7LiF from Harshaw (UF:Mg:Ti chips Of 3x3x0.8 mm3). 

A total 01144 chips were divideo into 16 sets of 9 chips each. All points reported, consist of data 

obtained from at least 1 set of 9 TLD's. Each detector was identified and put in a labeled 

compartement between alluminium plates, used for handling and annealing. The reading was 

carried out using a Harshaw 2000 reader in the temperature range from 100CC to 300'C The 

annealing of the TLD's, prior to each irradiation, consisted in a heat treatment at 400eC for 2 

hours followed by 80eC for 20 hours 4 . 

The gamma calibration was performed using a Cobalt-60 treatment source. The sets of 9 chips 

were irradiated separately in a polystyrene phantom at a depth of 5mm; doses of iGy were 

delivered. One set of 9 TLD's was irradiated with gamma's only, each time the others received 
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neutron doses. In this way, no difference in the variation of the neutron- and y - sensitivity with 

accumulation in time of neutron- and gamma doses respectively was observed. 

The neutron irradiations were carried out at the neutron therapy facility of Louvain-ia-Neuve7 

using the d(20)+Be. d(50)+Be. p(34)+Be. p(45)+Be. p(65)+Be and the p(75)+Be neutrons 

and at the facility of Gent5 using d(i4.5)+Be neutrons. These irradiations were also performed as 

a function of depth in the phantom, different doses from 0 5 to *Gy were delivered. Total absorbed 

doses were determined following the ECNEU protocol1. 

BESULE 
a. The namma-comaorient 

Figure 1 illustrates the variation of the gamma-component for all beams as a function of depth in 

a polystyrene phantom for a 10cm x iocm field size. These data are obtained from Vynckier et ai8 . 

At the entrance. D Q is equal to about 5% or less. A rapid increase with depth is observed for the 

small energies (eg. d(i4.5) + Be) whereas for the higher energies (eg p(65) • Be) the gamma 

component remains small (less then 8%) and shows less variation with depth. 

b suara!mearitv 

Supralinearity is observed for these TLD's for gamma doses higher than 1.5 Gy. For neutrons. 

supraimearity was investigated for both extreme neutron energies. Doses from 0.2 to 3 Gy and 

from 0.1 to 2 Gy were given for the d(i4.5)+be and the p(65)*Be neutrons respectively. Up to 

these doses nearly no supraimearity effect was observed. 

neutron beam 

Depth (cm) 

Fig 1 : Variation of the gamma component as a function of the depth in a polystyrene phantom for 
different clinical neutron beams (10cm x 10cm field size). 
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Rp. 2 : Variation of the kyj value of TLD700 as a function of the HVT(at a depth of 2cm ane a 10cm 

x 10cm fie'd sire). 

c. Variation as a function of enemy 

The relative sensitivity k(j of the TLD700 is shown in figure 2 as a function of the HVT (Half Y_alue 

Jhickness) of the different neutron beams. This HVT is known to be a good parameter for 

presenting the mean neutron energy of a neutron beam whose neutron energy spectrum is not 

known^. 

At the depth of dose maximum the kj -value increases rapidly with the HVT, hence with neutron 

energy. Indeed, its value varies from 10.5% for the d( i4 .5 )+Be neutron beam to 5 7 % for the 

P(65)f Be beam at wich energy it seems to level off. 

d. Vacation as a function of depth in a ohanlom 

The neutron energy spectrum might vary slightly with depth in a phantom. Therefore a variaiion 

of the k y value with depth can be expected. This value increases significantly with depth for 

neutron beams produced from protons (f ig3) : e g it varies by 1 0 % when the depth increases 

from 2 cm to 20 cm for the p(45)+Be neutrons. This variation is much less for neutrons 

produced from deulerons. 

DTJ^SlQNANDCnNCLUSlQNS 

The present results for the d ( i 4 .5 ) *Be neutron beam are in good agreement with published 
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values1 0 'S'3 . Small differences are to be attributed tc differences in the irradiation conditions 

and to differences in utnijm-6 concentration in the TLD700. Tnis shows the importance to 

performe such a study with a single set of TLD. At higher energies no data are available m :*.e 

literature. 

Our results show that these detectors can be used in therapy under weii-estabiisned conditions. 

Due to their small ky value UF-7 detectors allow the determination of the gamma component for 

low neutron energy beams (e.g. d(i*\5)+Be) by means of a two detector method. At high neutron 

energies we showed that the gamma component is small and 'hat the ky value is relatively 

important This means these detectors are appropriate for the measurement of the neutron dose or 

the total absorbed dose when the y-component is known. However, for accurate measurements, it 

is advisable to take into account the variation of ky with depth. 
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IBIMWCTIW 

The relative biological effectiveness of fast neutrons differs considerably 

froa that of gamma radiation. Therefore in a mixed (n,y) radiation field it 

is important to determine the separate contributions of the neutrons and 

gamma rays to the total absorbed dose. The usual technique comprises two 

detectors, one neutron insensitive and the other having equal sensitivity to 

neutrons and photons. Fro« the signals of the two detectors the neutron and 

gamma doses can be derived1. 

A disadvantage of this technique is the need for two separate measurements. 

Moreover, the spatial resolution is in current practice relatively small 

since the detectors usually involvtd are relatively large. The spatial 

resolution can be improved by applying the same technique with a small 

neutron sensitive and neutron insensitive thermoluminescent dosemeters 

(TLD's). Even a single dosemeter can be applied since some thermoluminescent 

(TL) materials show glow curves where the different peaks exhibit a diffe­

rent dependence on the LET of the radiation. This property allows determina­

tion of both gamma and neutron dose in a mixed (n,-.) radiation field with 

the so-called two-peak method2-1. However, the .eutron sensitivity of 

TL-materials depends on many factors* which must b« known before reliable 

dose determinations can be made. 

The TL-material CaF2:Tm (TLD-300) shows a glow curve with several separate 

peaks. Two of these peaks show a great difference In neutron sensitivity9, 

which makes application of the two-peak method possible. Schraube* stated 

that with this method at high neutron energies, i.e. 15 MeV, photon to 

neutron discrimination is possible up to a photon to neutron dose ratio of 

about 1. According to Rassov at ml.', however, the two-peak method used in a 

mixed (tt.8 HeV n,7) radiation field with CeF, :Tm (TLD-300) was not ap­

plicable for clinical dosimetry due to great uncertainties of the 

TL-signals. The object of this study is to determine the relative neutron 

and gamma ray sensitivitis* of the flow peaks of CaFa:T« (TLD-300) and to 
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study the applicability and limitations of tht two-peak method with CeF2:Tm 

(TLD-300) in a mixed (14.1 HcV neutron, gamma) radiation fitld. 

HEZBQBS 

Tha normalized responsa of a TL-doseaeter to a type of radiation j is de­

fined as: 

where t i i and R1C are peak areas of peak i in the glow curve for a> type of 

radiation j and a C0Co g i — ray calibration irradiation respectively, and 

Dg is the (0Co gamma ray calibration dose. According to ICRU-261 the norma­

lized TL-response in a mixed (n.7) radiation field H ^ can be described by: 

»in " »is + "*• (2) 

- k(i)Dn • hfDDg (3) 

where k(i) and h(i) are the relative neutron and gamma ray sensitivities for 

peak i respectively, and Dp and Dg the absorbed neutron and gamma doses 

respectively. Generally k(i) and h(i) are denoted as kg and hg for neutron 

insensitive peaks (detectors) and as k, and hj for neutron sensitive peaks 

(detectors). This notation is not used here, because it is not a priori 

known whether a peak is sensitive or insensitive to neutrons. For a TL-ma-

terial with two peaks, with one peak neutron sensitive and the other neutron 

insensitive, one gets two equations with two unknowns D, and Ds. In this way 

it is possible to determine separately the absorbed neutron and gamma dose 

in a mixed (n,7) radiation field with one detector. 

To derive the relative neutron and gamma ray sensitivities, equation (3) is 

rewritten as: 

— 5 — - k(i) • (h(i) - k(i)) -jj- with D, - D, • Ife (4) 

By determination of Mm/Df for various values of Dg/D, a linear relationship 

results. k(i) and h(l) can be derived from the slopes and intercepts with 

the ordinate of straight lines fitted to the data. 
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EXPERIMENTAL TECHNIOPES 

The TL-material uud in this study vas CaF2:Tm (TLD-300), purchased froa 

Harshav Chealcal Company (Ohio, USA; ribbons 3.2x3.2x0.9 ma3). At tha start 

of tha investigation all tha ribbons possessed a history of saall irradia­

tion dosas. Bafora each irradiation tha ribbons vara annaalad ir a special­

ly designed aicroprocassor controlled annealing even (Norhof, Vianen, Tha 

Netherlands) for 1 hour at 400 ± 1 *C followed by • fest cooling 

(360 "Cain'1). Tha oven demonstrates highly reproducible annealing cycles 

(in heating and cooling). 

The 14.8 MeV neutron Irradiations were performed at the TKO-facility descri­

bed by Zoetelief et al.7. The gaaaa ray fraction of the total keraa aeasured 

in air was (6.8 ± 0.7)%. Dosimetry was carried out vith an Exradin T-2 

tissue equivalent ionization chaaber with a reproducibility of ± 2%. For the 

calibration and additional gaaaa ray irradiations a 37 CBq (1 Ci) "°Co gaaaa 

ray irradiation facility at IRI has been used. The absorbed dose in tissue 

has been dcterained vith a calibrated 30 ca3 air equivalent ionization 

chaaber (PTW, type M 23361 accuracy i 0.5%) employing an exposure to absor­

bed dose conversion factor of 9.62 aCy.R'1. 

A group of 50 CaF2:Ta (TLD-300) ribbons vas divided into subgroups of 4 rib­

bons. Every subgroup has been exposed to a test irradiation with 14.8 MeV 

neutrons (10.0 aCy), preceded by an additional ,0Co gamma ray irradiation 

vith doses varying froa 0 to 41.2 aCy i.e. a Dg/Dy variation (taking into 

account the gaaaa ray contribution of the neutron beaa) froa 6.8% to 82%. 

Every ribton vas calibrated individually vith (0Co gaaaa radiation (10.0 

mGy). All irradiations vere performed in an A-150 plastic (tissue equiva­

lent) container with 4 am aaterial in fronc of and behind the ribbon. 

Irradiated TL-aaterials vare read out vith a aodifled aicropxocessor con­

trolled Harshav 2000 TL reader, described elsevhere*. The reader is equipped 

vith a bialkali photocathode photoaultiplier tube (no 9757B, EMI Electron 

tubes, Middlesex, England) and en infrared filter vith a aaxiaum transmit-

sion range of 350 • 650 na (type KC-1, Spindler u. Hoyer, Cottingen, FRC). 

The reading vas performed vith e heating cycle of 39 s at 312 K followed by 

heating during 321 s at a linear teapcracure increase rata of 1.0 K.s*1. 

Clov curves vere recorded by sampling the digitized PM-current and planchet 

temperature every 0.75 s. Each ribbon vas read out tviee. The second readout 

is considered to be the reader background and subtracted froa the first one. 

The glow curves vere analyzed vith • curve fitting program for thermally 

activated processes*. In the program a linear least-square minimization 

procedure is used to determine simultaneously the actual parameters (peek 
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area, aetivation energy and frequency factor) of all peaks in the glow-

curve. 

RESIILTS ANP DISCHSSIOE 

A typical glow eurv« of CaF, :Tm (TID-300) after irradiation with 14.8 MeV 

neutrons and the results of the fitting procedure are shown in figux« 1. The 

best fit was obtained assuming for peaks 3, 4 and 5 first order a-' * for 

peaks 2 and 6 second order processes. For all peaks, except for peak 2. a 

very small residue was obtained. The process order for peak 2. especially in 

cases with low Dfc/Dj. set«* neither first nor second. Further Investigation 

with regard to the fitting of this peak is necessary. Th* standard deviation 

of the fitted activation energy of peak S of all 50 measurements made with 

Fig. 1. 
Clow curve and 
r e s u l t s of the 
f i t t ing procedure 
f o r C i F 2 : T i 
(TLD-300) after an 
irradiation with 
9.3 aGy 14.8 MeV 
neutrons and 4.0 
•Cy gamma rays. 

300 350 400 450 500 550 600 

TEMPERATURE (K) 
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different values of Dc/D,, was 1.7%. This illustrates the internal consis­

tency of the fitting procedure. However, the comparable value for peak 3 vas 

6.5%, due to the less good fit of peak 2. 

1.00 

too 

Fig. 2. 
Normalized TL-response as a function of the relative absorbed ganma 
dose of CaF2:Ta (TLD-300) for (a) peak 3 and 5 and (b) for peaks 4 
and 6. The straight lines are the result of a linear regression. The 
points are averages of four measurements with error bars of ± one 
standard deviation. 

Figures 2a and 2b show the normalized TL-response as a function of the 

relative absorbed gamma dose of peaks 3 and 5 and peaks 4 and 6, respective­

ly. Table 1 summarizes the resulting relative neutron and gamma ray sensiti­

vities with their standard deviation. The sensitivities of peak 2 are not 

calculated because of fading of this peak (a half life of 16 ± 1 h when 

stored at room temperature was deduced) in the course of the experiments. An 

experiment in which the sequence of additional gamma ray and neutron irra­

diations was reversed demonstrated no changes in the glow curves and sensi­

tivities derived. This implies that the readings due to gamma and neutron 

doses are additive. 

Variation of Ds/D, from 6.8% to 62% changes the peak area ratio of peak 5 

and 3 (RJH/RJH) from 1.28 ± 0.02 to 0.56 ± 0.01. The neutron sensitivities 

of these main peaks of CaF2:Tm (TLD-300) differ by a factor 3.2 (see table 

1). Therefore, peaks 3 and 5 arc the most appropriate peaks for the two-peak 

method. Since peaks 4, 5 and 6 show, within the experimental error (see 

table 1), the same relative neutron sensitivities the sum of the three peaks 

can also be used *» a neutron sensitive signal. The accurate determination 

of peak 3 (the gamma ray sensitive signal) is influenced by the overlap from 

peak 2. By waiting 48 h before readout, thus allowing peak 2 to fade, a more 

accurate value of the area of peak 3 can be obtained. In is case the peak 
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height instead of area can be used as well. In an earlier study, using peak 

heights, the same k values for peaks 3 and 5 were found3. 

The relative gaama ray sensitivities (h(i)) found for peaks 3, 4, 5 and 6 

are all equal to 1. This result is expected since both the additional dose 

and the calibration dose were due to from 60Co gamma rays and the energy of 

the photons in the 14.8 HeV neutron bean is comparable to the energy of *°Co 

gamma rays. 

Table 1. The relative neutron (k(i)) and gaama ray (h(i)) sensitivities of 
glow curve peaks of CaF2:Tm (TLD-300) in A-150 container (4 mm in 
front and behind of the ribbons) 

peak nr. i k(i) h(l) 

3 0.13 ± 0.01 1.003 ± 0.004 
4 0.48 ± 0.07 0.97 ± 0.04 
5 0.41 ± 0.02 1.01 ± 0.01 
6 0.40 + 0.02 1.02 ± 0.03 

A study on the accuracy of the calculated values of D„ and Ds using the 

two-peak method based on the measured sensitivities and TL-response has been 

carried out. It appears that the uncertainty in DR is approximately 10% if 

D8/Dt < 0.5. The same applies for DG if D6/DT > 0.2. The main contribution 

to the uncertainty originates from the error in the k values. Reduction of 

this error will improve the accuracy in D, and Ds proportionally. Above 

DS/DT - 0.5 the uncertainty in DB increases rapidly. The same holds for Ds 

when D6/D, < 0.2. 

A systematic error- will be introduced when the neutron energy in the phantom 

cannot be considered constant, since for lower neutron energies the relative 

neutron sensitivity will be lower9. Another error will be introduced when 

the gamma ray contribution has low energy components since the relative 

gaama ray sensitivity will be greater than 1 for low energy photons. 

CONCLUSIONS 

Dosimetry in a mono energetic mixed (14.8 MeV n,7) radiation field in air is 

possible with CaF2:Tm (TLD-300) using peak 3 in the glow curve of the 

TL-macerial as the neutron insensitive and peak 5 as the neutron sensitive 

signal. When TLD-300 is used in a tissue equivalent container these peaks 

differ in neutron sensitivity by a factor 3.2. Complicated peak fitting 

procedures appear unnecessary provided that proper use is made of the fading 
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off peak 2. Hore simple methods such as determination of peak height or light 

integration between certain temperature limits give the same results. 

The accuracy in the determination of the neutron and gamma doses strongly 

depends on the gamma ray contribution to the total dose. The uncertainty in 

the neutron dose is approximately 10% if DG/DT < 0.5. The uncertainty in the 

gamma dose is approximately 10% if D̂ /D,. > 0.2. Outside the mentioned re­

gions the uncertainty increases strongly. 

It should be noted that these conclusions are only valid for measurements 

performed in air. The use of this method for dose determinations in a phan­

tom irradiated by a 14.8 HeV neutron beam will be limited due to the strong 

variation of k(i) vith the neutron energy. 
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TLD USING LiF POVDER APPLIED IN RADIOTHERAPY; 

PRACTICAL ASPECTS AND RESULTS. 

J.P.A. Marijnissen and B. GObel-

Dr Daniel den Boed Cancer Centre, 
Groene Billedijk 301, 3075 EA Rotterdan, The Netherlands. 

INTRODUCTION 

Small underdosage of the radiation delivered to a tumour volume may 

dramatically decrease the tumour control probability. On the other hand small 

overdosage in the surrounding normal tissue may cause severe damage. Margins 

vith respect to the dose as veil as to the geometry are often small. These 

problems are frequently encountered in interstitial radiotherapy 

(brachytherapy) and in external radiotherapy vith adjacent field treatments 

using photon and/or electron beams. TLD is applied to check dose and dose 

distributions in vivo and in phantom studies to verify and/or optimize 

treatments. The main advantage of TLD in these applications is its small 

detector volume of only a fev mm3. LiF 700 powder is chosen because of the 

possibilty to match the dimensions of the TLD detector volume to the spatial 

resolution required for dose verifications in radiotherapy. Furthermore the use 

of TLD powder is rather easy in practice, because bookkeeping arising vith 

solid TLD dosemeters (chips, discs, rods, etc.) vith various sensitivity is not 

necessary. Moreover, LiF povder encapsulated in polyethelene tubing is 

insensitive to mechanical damage compared to solid TLD dosemeters, vhich is an 

advange in clinical dosimetry (e.g intracavity dosimetry). 

In this paper, the precision of TLD vith LiF 700 povder at radiotherapy dose 

levels (0.1 - 15 Gy) is evaluated. 

MATERIALS AND METHODS 

Almost all data presented in this paper have been obtained for Barshav 1KTU and 

B701 LiF 700 batches vhich have been in use over a period of at least 10 years. 

Recently Vinten LiF 700 povder from batch 118 (160-012p) has also been 

evaluated. The thermoluminescence of the LiF povder is measured vith a Pitman 

model 654 TLD-reader, equipped vith a research heating control module. This 

heating control module allows for an independent adjustment of the temperature 

and duration of preheating, read-out and internal annealing. In addition the 

heating rate and cooling rate can be chosen. Via a 654/SA Linear Ratemeter the 

heating profile and glow curve can bt recorded simultaneously vith an x,y-t 

recorder. Glov curve analysis during linear, heating facilitates an accurate 

tuning of the read-out cycle to the »ctual TL-properties of the TL-materials. 
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Internal annealing in the TLD-reader is not applied for TL-powders. Annealing 

of LiF powder is always performed in the Pitman model 622/B annealing facility. 

Usually 2.5 gran LiF is annealed in a sealed stainless steel container placed 

in an anodized aluminium block ( 9.5 x 7.5 x 5 cm), flanked by tvo blocks of 

the sane size. The annealing cycle involves a high temperature annealing of 1.5 

hours at 400°C, natural cooling in the oven to 80°C, followed by a low 

temperature annealing at 80°C for 16 hours and subsequent natural cooling down 

to rooa temperature. The large heat capacity of blocks and oven ensures a 

unifora temperature distribution throughout the LiF and slow cooling down to 

room temperature. After annealing the powder is well snaked to spread out 

homogeneously a possibly variation over the sample. 

For a single TLD read-out 6 + 1 mg powder is used which is uniformly spread 

over the 25 mm3 area of the type M-tray (heating planchet) of the reader. This 

amount is dispensed by a home made dispenser. For common use the LiF is 

encapsulated in polyethelene tubing of 0.25 mm wall thickness and 1.0 or 1.6 mm 

inner diameter. Typical dimensions of the sensitive part of single read-out LiF 

capsules are 6 1.0 x 5.5 mm or 6 1.6 x 2.2 mm. The total lengths of the 

capsules are II and 8 mm respectively, nylon end stops included. Capsules 

containing more read-out samples can easily be composed. Either the powder is 

encapsuled in bulk or nylon spacers are introduced to maintain separate read­

outs. Using the dispenser the amount of powder from bulk capsules is divided in 

individual read-out sa pies of 6 + 1 mg. For each TLD read-out the mass of the 

LiF povder together with the planchet is determined by a Hettler M5 analytical 

balance. The actual mass of the LiF is calculated by subtracting the mass of 

the planchet (192 mg) from the total mass. One LiF povder read-out takes 60-

90 seconds, including the spreading of the powder over the planchet and the 

weighing. 

The results presented in this paper are obtained using a multi plateau TLD-

read-out cycle, viz. a preheating of 134°C for 16 seconds followed by a read 

temperature of 235eC for 16 seconds. The pre read-out heating at 134°C - 16 

seconds effectively suppresses the effect of fading. Usually the LiF is read* 

out the day after irradiation. Read-out directly after irradiation results in a 

2 + 1 per cent higher response. A time lapse of about A hours to one week 

yields no significant difference in response. The present temperature and 

timing makes the light yield only slightly sensitive to the read-out 

temperature. A difference of +3°C affects the TL light yield by about +1-2 per 

cent. 
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After each annealing the LiF is calibratec in a A MV photon beam against a 0.6 

caJ thimble ion chaaber in a perspex phaitom. The capsules are located at the 

effective measuring point of the ion chambar. 

RESULTS 

The precision of the TLD procedure has been evaluated by read-out of 8-9 LiF 

samples, taken from capsules irrad .ated under calibration conditions. The 

histogram in figure 1 shovs the result • for a person having much experience in 

TID work. 

n-9 
D-203 cGy | 1 1 

1 

9 

7 

4 

3 

2 • « |T| 
0.960 0.970 0.980 0.990 1.000 1.010 1.020 1.030 1.040 

Fig. 1. Results of TLD- read-outs. The bar gives the 95Z confidence limits of 
the mean measured dose. Numbers indicate the sequence of the read-outs. 

It should be noticed that these results include all random errors due to 

variations in sensitivity of each LiF grain, sensitivity of the TLD reader, 

weighing, e t c The mean dose calculated from these measurements is 2.03 Gy, 

although the dose obtained from the ionization chamber is 2.01 Gy. A systematic 

error of about 1 per cent may be due to converting TL yield per unit mass to 

dose. 

The actual mass of the LiF during read-out does not affect the detected light 

yield per unit of mass (fig. 2). It was anticipated that differences in the 

mass of LiF easily lead to different responses per unit of mass due to self 

absorption of the fluorescent light, scattering, inhomogeneous heat contact, 

etc.. These effects appeared to be negligible in the mass range of 6 + 1 mg. 

To convert response per unit mass to dose, a dose-response curve has been 

established over the dose range 0.1 to 100 Gy. However, the usual dose range 

for most TLD applications in radiotherapy is 0.1 to 15 Gy. A measure for the 

supralinearity is defined as the supralinearity ratio : 

R/D { Dx ) 
Fs . (1) 

R/D { D-l } 

where R - response per unit dose, D « dose in Gy, Dx • dose for which the 

supralinearity is calculated relative to the response to a dose of 1 Gy. 
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bar: + 1* 

*& 1 1 1 i r i i r i 1 

5.8 6.0 6.2 6.1* 6.6 
WEIGHT OF POWDER (ng) 

Fig. 2. Respons« in Pn/ng versus the weight of povder. The unit Fm stands 
for "Pitman", an apparatus bound arbitrary unit for response. 

This ratio Fs is plotted in figure 3 for the 0.1 - 15 Gy dose range. From 

figure 3 the phenomenon of supralinearity is obvious. The dose response 

relationship is accurately described over the 0.1 to 70 Gy dose range by: 

Fs(D) « aD + b (2) 

which can be rewritten, using (1) to: 

R(D) . (aD2 * bD)*R {D-l Gy) (3) 

Thus the response appears to be a quadratic function of the dose. The response 

to dose formula, which is of interest to calculate the dose from the measured 

response, is the inverse function of (3) and is obtained easily by simple 

algebra. 

After each annealing the supralinearity Fs is measured at a dose of 10 Gy. For 

the Harshaw LiF 700 batches the value Fs is 1.21 + 0.01 and the Vinten batch 

tends to 1.18 + 0.01. The supralinearity appears to be constant when the 

annealing procedure is highly reproducible. Annealing in the Vinten oven has 

proven to be highly reproducible. The sensitivity of the LiF after annealing 

may vary by about • 2 per cent. Therefore calibration at a single test dose 

(reference test dose is 1 Gy) should be sufficient. But because the 

supralinearity is highly dependent on the annealing procedure, at least one 

additional test dose (i.e. 10 Gy) is required as a check on the supralinearity. 
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Retrospectively, a calibration at only one test dose at 1 Gy vould never have 

lead to an error exceeding *2 per cent over the 0.1 to 15 Gy dose range. 

'•}'.• 

fcSKSrJU »;r-7CS 9C-r«r :•:;- S " : 

Fig. 3. The ratio Fs (eq.3) plotted versus dose. Supralinearity is already 
obvious at the radiotherapy dose level. 

DISCUSSION 

The use of povder has several advantages over solid TLD doserneters- At first 

sight the use of povder for TLD seems laborious due to veighing of the povder: 

an accurate analytical balance is required as veil as a TLD-reader which is 

economically suitable for reading TLD povder. But then, after annealing of 

e.g. 2.5 gram povder approximately 400 readings with the sane sensitivity and 

calibration constants are available. There is no selecting and bookkeeping of 

individual TLD doseaeters with respect to their sensitivity. Dimensions of the 

TLD capsule are easily adapted to the experiaental conditions, e.g. in case of 

steep dose gradients and/or directional dependence and in case of adjacent 

field treatments. The einiaal LiF detector volume is only * • 0.5 mm3, which 

allows high spatial resolution. The overall uncertainty in a single read-out by 

an experienced user is • 1-2 per cent (95 X confidence limits), estimated from 

experiments similair to figure 1. The systematic error in the response to dose 

conversion is estimated to be 1 per cent for the 4 MV photon reference beam. 

Supralinearity and sensitivity to high energy photons and electrons with 

respect to Co-60 are discussed elsewhere in these proceedings1. 

Extended measurements on the dose response relationship (0.1 - 100 Gy} have 

indicated that the quadratic dose response function (3) is accurate over a dose 



range of 0.1 - 70 Gy. Above 70 Gy the measure of supralinearity slightly 

decreases and equation (3) is not longer valid. 

git should be realized that supralinearity is highly dependent on the annealing 

procedure. Formerly a rapid cooling down from the high temperature annealing to 

rooa temperature vas applied for the 1KTU batch. Although this yielded a 25 Z 

higher sensitivity, this procedure is not acceptable because the sensitivity 

altered by • 12 Z after subsequent annealings and the observed supralinearity 

ratios varied between 1.16 to 1.29, coapared with 1.21 • 0.01 for the present 

annealing procedure (1.5 hours at 400*Ct natural cooling in the oven to 80"Ct 

followed by 80°C for 16 hours and subsequent natural cooling dovn to rooa 

temperature). After rapid cooling dovn also a slight decrease (several per 

cent) in sensitivity during a post anneal period of 1-2 aonths vas observed. 

With the present annealing procedure the supralinearity ratio fs remains stable 

after repeated annealing procedures. Changes of sensitivity in the post anneal 

period were never observed. 

CONCLUSION 

The use of LiF 700 powder has proven to be a reliable and accurate nethod for 

dosimetry in radiotherapy. Reliability is significantly influenced by the 

annealing procedure- The dose response relationship is supralinear. A 

correction for this phenomenon is required. The dose-response relationship is 

accuratelly described by a quadratic function over a 0.1 - 70 Gy dose range. 

The snail volume of the LiF capsules and the accurate response to dose 

conversion over a broad dose range, makes the LiF powder also suitable for in 

vivo dose verification in single high dose treatments e.g. in brachytherapy. 
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HGTHEEN MONTHS OF CONICAL TLD-DOSIMETRY: EQUIPMENT. CALIBRATION- AND 

ANNEALING PROCEDURES. REPRODUTTIBnJTY AND APPLICATIONS IV 

RADIOTHERAPY 

R. Van Loon.B. Sdueken,L. Coppens. M. Van Lancker and C. Goor 

Departement Ramotherapie, Akademisch Ziekenhuis. Vrije Univeisiteit Brussel 
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INTRODUCTION 

It is the aim of a radiotherapy session to deliver throughout the Treatment volume the prescribed dose. All 

authorities agree on the fact that a precision better dun 5 * in the dose delivery is needed. This requires a 

quality assurance program verifying every step in the treatment procedure. One must be concerned about 

the calibration procedures of the treatment facility, the acquisition of the patient data, the correct setting of 

the parameters of the treatment unit, dose distribution calculation and finally direct measurement in situ of 

the dose delivered to the patient in treatment conditions. 

The recent development of small and reliable semiconductor dosimeters announced a possible "in-vivo" 

use that could give a real time dose determination, avoiding the cumbersome read-out and anneal 

procedures of TLD's. However, recent experience 1 ] shows that multiple factors can increase the 

uncertainty on the dose determination with semiconductors Consequently TLD remains a most valuable 

aid for die ultimate verification of die dose delivered to the patient. 

The purpose of this study was to assess if a not specialized laboratory could obtain with commercial 

equipments a reproducible and accurate dose determination in both reference and clinical conditions. 

MATERIALS AND jifETHQPS, 
1. Thermoluminescent dosimeters. 

The dosimeters used are Mg and Ti doped 7LiF chips (4.5mm diameter, 0.8mm thick: Vinten 160-052). 

The isotopic abundance of 7Li is better than 99.95% and the mean atomic number is 8.14. The chips 
investigated belonged to one single batch. The read-out peak luminescence is at An, = 400nm. Preliminary 
investigations also have been done on U2B4O7 disks and 7LiF rods. 

2 TLD-reader 

A Vinten TOLEDO 654D universal thermoluminescent dosimeter reader was used. The heating is by 
thermal contact of the dosimeter with a heating "finger". The temperature of the heating element is 

controlled to better than 1°C by means of a feed-back circuit. Pure nitrogen was flowed at 500 cm /̂min. 
The reader is equipped with an automatic sample changer Vinten 233. 

The heating cycles are fully programmable: preheat and anneal zones can be switched in and out, time and 

temperatures are freely adjustable, linear and "ramp-and-hold" heating cycles may be programmed and read 

zone heating rate and anneal zone cooling rate can be adjusted 

Glow curve investigation of the 7LiF chips (160-052) resulted in the following optima] procedure. Preheat: 

22s at 120eC; reading cycle: total time 20s with a ramp of 20°C/s to a temperature of 260eC; no anneal 

cycle (external annealing). 
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1 Annealing facilitv. 

Saattconsnmsensmviryofdictlieimoluffu^ 
decided to use an external programmable annealing facility (Vinten 622E). This facility allows two suge 

•mealing up to 400*C with time settings between 0.1 and 99.9 hours. 
The final setbnfs for chips annealing aie 1 h at 400*C followed by 16h at 80*C; no control is available for 

the cooling down to 80*C (natural cooling down). 
A raihrarinn facility. 

The calibration is done in a 8 MV (nominal) photon beam of a linear accelerator (Philips SL75/20). 

The chips are irradiated at maximum build-up in a compact polystyrene phantom. The dosimeters exactly 

fit in a grid of holes (spacing 1 cm) were. The polystyrene phantom is irradiated with a square field of side 

20cm at a source phantom distance of 100cm. Field flatness was bener than 1 %. Calibration was done 

against an iongation chamber (0.6 cm3, NE2S71) win Fanner electrometer, at maximum build-up in water 

under identical irradiation conditions. Doses stated are obtained from die NFL calibration in exposure at 

Co*0 according to the HPA protocol2]. 

PROBLEMS EVCQUXTERED 

Three types of dosimeters have been investigated: nuuumfluoride rods of lmm diameter (LiF700). 

U2B4O7 chips (Vinten 160-051) and 7LiF chips (Vinten 160-052). 

The rods have been eliminated after a few calibration cycles: deformation of the rods took place in the 

reader, causing bad contact with me heater and resulting in bad reproducibility. 

The reproducibility of die L12B4O7 chips was not as expected: a mean standard deviation of 6-7% was 

obtained for 5 readings of 20 chips (Fig. 1). 

By recording glow curves systematically, it was noticed that the preheating and reading times had to be 

increased with respect to those recommended by Vinten. Light output for Li2B407:Mn was low, mainly 

due to the fact that the spectral peak of the glow curve is about 600nm (Li2B4C*7:Mn) 3 ] whereas the 

quanrumefficiency of the photomukiplier tube peaks at 400nm, better suited for LiF. 

• chip 
Fig. 1. Standard deviations of 20 lithiumboraie chips • 5 readings. 

Irradiation of LiF chips with a dose of 2.00Gy lead to a an unexpected result, when the Vinten prescribed 

anneal cycle (In at 300°C, followed by 16h at 80°C, natural cooling to 80°C)4] was used: a sensitivity 
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increase of about 10 $ after each exposure (Fig.2). A constant sensitivity is obtained when annealing is 

doneat400°C 

Fig. 2. Relative mean of read-out of 20 LiF chips irradiated with 2.16 Gy. Irradiation 1 -4 was after 
annealing at 300*0, irradiations 5-9 after annealing at 400CC. 

Some irregularities in reading were observed, due to alack of contact between heating system and heating 

tray. After correction of the mechanism by Vinten, no problems were encountered with the heating system. 

It has to be mentioned that this problem can occur when different shapes of dosimeters are used. 

Positioning of the TLD-dosimeter in the center of the tray is critical for obtaining reproducible readings. 

With the automatic sampler changer is happens that die chip shifts towards the edge of the tray during 

transport, giving a lower reading. This has been prevented by using a tray with a inner ring. A new type 

of tray with a circular rim witfi an inner diameter equal to die chip diameter is under examination. 

RESULTS (Phvsics\ 

Rcrrcducibiijry, 
A test of reproducibility was performed on the TLD-dosimeters Vinten 160-052, and the batch clearly 

separated in two categories: "good" ones with standard deviation of about Vk and others above the level of 

5-6* (Fig. 3). 
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Fig. 3.Reproducibility test. Percentage standard deviation on 5 readings. Dose: 2 Gy. Separation into two 
distinct categories. 
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Read-tkit efficiency. 

A second read-out performed immediately after die normal read-oui, gave second read-out values of 0.1 to 

0.5% of the former. 

Supiabnearitv. 

After selection on reproducibility, we irradiated 7LiF dosimeters with doses of l,2,4,8,and 16 Gy. 

Sensitivity clearly increases with dose, and the departure from linearity is significant above 2Gy (Table 1. 

and Fig.4.). 
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Fig. 4. Relative reading of 7LiF dosimeters. Quadratic fit. Mean of 25 dosimeters, 3 readings. 

Table 1. Relative readings in function of dose. 
dose (Gy) 

1 
2 
3 
4 
8 
16 

relative readuif 

1000 
2075 
3 211 
4.234 
8.848 
19.071 

Residuals Residuals 
HI' 

20-

0-

-a-
-40. 

•id-

• 

• 

• 

-f— 

• 

-t— -1— 

quadnuic 

• 

' > ' • • 1 t —t— 

• 

• 1 -
2 4 i • 10 12 14 I« I I 0 2 4 i $ 10 12 14 1É 18 

Dose (Gy) Dose (Gy) 
Fig.5. Plot of residuals after a linear and a quadratic fit, without constant.Doses from 1 up to 16 Gy. 
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The relative reading were fined with a linear and a quadratic function (without constant) and a plot of the 
residuals (Fig.5.) shows a better representation with the liner, although errors in reproducibility of the 
individual chips will be of the same magnitude as the errors of the fit But Table 1. clearly shows that a 
linear extrapolation towards high doses is not allowed. 
Stability. 

It is well known that TLD-dosimettrs are very sensitive to die history of irradiation and annealing. One of 

the possible applications of TLD's is to accumulate die daily dose to a patient during 10 or 20 sessions. We 

investigated this possibility by irradiating 7LiF dosimeters on 8 successive weekdays with a dose of 

2.00Gy, and reading the dosimeter after the complete session. The results were again unpredictable: die 

dose expected was 16Gy, but the use of the calibration curve of Fig. 4. leads to a dose of lS.lCy. 

Recalibration at 2Gy confirmed die change in sensitivity due to high dose irradiation (up to a total dose of 

220Gy): sensitivity decreased to 0.849 of the initial value. 

RESULTS minican 

Most often TLD's are use in clinical routine for verification of treatment conditions. Following their small 

size, they can be positioned nearly everywhere. 

Notwithstanding the increasing sophistication of treatment planning systems, situations remain wherein 

these machines cannot inform us. This is die case when values of treatment parameters are chosen outside 

the range were die calculation model is valid. 

A flagrant example is irradiation at unusual focus-skin distances, e.g. for total body irradiation (500cm). 

During such treatments TLD's are fixed to the skin of the patient, at corresponding entrance and exit 

points (the entrance-TLD being covered widi plexi till maximum build-up). Knowledge of the thickness of 

die patient between these points allows one to calculate die dose Dmid at midplane from the doses D ^ and 

Dposi measured at entrance and exit5J. Correction factors C defined as C= 2 Dmj<j / (Dam +Dposi) have 

been measured with an ionization chamber and TLD: agreement is bener than 5% (Table 2). 

Table 2. Correction factor C= 2 Dmid / (DUt +Dposi) with TLD and with ionisation chamber. 

tfacJtMJs(cm) 

5 
9 
13 
17 
21 

C[TLD] 

1.024 
1.043 
1.092 
1.044 
1.078 

C[ion) 

1.024 
1037 
1.041 
1.038 
1.028 

CITLDVCIton] 

1.000 
1.006 
1.050 
1.006 
1.049 

It is often difficult in treatment planning systems to determine accurately the dose at points at shallow 

depths (<0.5cm). If superficial regions (e.g. lymph nodes) have to be treated, bolus thickness has to be 

chosen experimentally with TLD, to find a good compromise between lymph node dose and skin sparing. 

Repeated measurements on patients in treatment conditions (EST tumors) indicated that a bolus diickness 

of .5 cm is ideal for most applications. 
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Example: two opposing lateral beams on the neck. Distance between entrance points is 12 cm. 

FSD: 100 cm Energy: 8 MV. Midline fraction size: 200 cGy. 

bolus thickness (cm) "skin" doses (cGy) 
(meanof4TLD) 

0.0 166 
0.5 203 
1.0 223 

It appear clearly that the use of 1 cm bolus would overdose the skin by more than 10 %. 

We use TLD dosimeters, in particular, for measurements of the dose on the eye, by fixing them on plastic 

eye-caps. If suitably protected against moisture, they can even be used in mouth and rectum (e.g. during 

intracavitary applications). 

CONCLUSIONS. 

We succeeded in the control of main physical parameters to use the LiF chips with a reproducibility of the 

order of 2%, sufficient for clinical applications. Their use is appreciated by the physicians. However a 

drawback is still the time consuming read-out procedure. We work presently on the automatization of the 

acquisition of glow curves and readings. 
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