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Dpw Relationship, Energy Response and Rate 
Dependence of LiF-100f LiF-7 and 

CaSO.-Hn fro« 8 KeV to 50 MeV. 

by 

G. Eggeraont f R. Jacobs, A. Janssens , 0. Segaert, G. Thi el ens. 
Dept. of Radiologic si Protection and Control and Natuurkundig Laboratoriua(+) 
Ghent State University, Proeftuinstraat, 86, 9000 Gent, Belgium 

Abstract 

The energy response, the dose relationship and the dose rnte dependence of 
commercially available Harshaw LiF-lOO ribbons, Con-Fad LiF-7 teflon rods 
and Con-Red CaS0.-Mn teflon rods are investigated within the energy region 
fro« 8 keV to 30rMeV. The energy response calculations for different grain 
sizes are based on the general cavity theory for gamma ray energies fron 
10 keV to 3 HeV and for electron energies between 10 MeV and 50 HeV. The 
experimental results obtained with CaSO.-lta confira the Burlin theory and 
the grain size dependence of the T.L. doseaeter response. The decreased 
sensitivity of LiF-100 at high electron energies can only partially be 
explained by the cavity theory. 

Dose response .curves are given for doses ranging from 10 rads to 10 radr 
forLiF-7 for 8.3 keV off X rays and cobalt-60 and for UF-100 for cobalt-60 
gsaaa rays and 15*5 MeV electrons . Dose estimation i s aade by evaluation 
of the integrated area and the peak value of the glow curve. Variation of 
Bupralinearlty and saturation is established for the different radiation 
qualities. 
The modification of the Con-Rad 5100 reader extending its sensitivity and 
ita possibilities is discussed briefly. 

Introduction 

In order to obtain a consistent view on the dose relationship, energy 
response and rate dependence of thermoluminescent materials a systematic 
theoretical and experimental study is made on Con-Rad CaS0.-Mn teflon rods, 
LiF-7 teflon rods and Harshaw LiF-100 ribbons. 
The experimental work by Zanelli indicates a grain size dependence of the 
theraoluninescence doseaeter response. A theoretical approach based on the 
cavity theory was published by Chan and Burl in , The present investigation 
was undertaken in order to predict the theoretical dose response for a 
nuaber of thermoluminescent materials of different grain sizes, to make 
a ooaparison with the experimental results and to test the validity of the 
cavity theory* Attention i s also given to the energy dependence of 
supralinearity of LiF-100 and LiF-7 phosphors. 



"M5 -

Thsoretioel troatnont of the cr-ergy dependence of theraolasinaBcent 
reapoaao. 

If tba energy dependence of tharaolisuaescent dosentera varies with the 
grain sine of the themolusineseent nsterial together with the nature of 
the surrounding substance and if the grain foras a cavity in the 
irradiated nediua (e.g. a teflon aatrii or a perspei phantoa etc.) then 
the cavity theory relates the dose in the TL grain D to the dose in the 
•ediua D through the relationship D . f °D , where f* i s the energy 
and grid! Bias dependent stopping power ratio, cavity to aediua. The 
f-r&lue can be calculated exactly for every aaterial and size by Mans of 
the general cavity theory. Since the TL response is proportional to Dc ( 
the stopping power ratio f£ is proportional to ( TL response / D )• 

In order to evaluate the energy dependence of a given TL aaterial to i ts 
cobelt-£0 response, stopping power ratios aunt be calculated for all 
energies including the eobalt-60 photon energy and for the specific size 
and nature of phosphor and sedim. 

Fron the equation derived by Barlin * 

f° (T .A) 

• »..llfT.AK-

stopping power ratios are calculated for Conrad CaSO,-Kn in teflon rods, 
Oon-flad LiF>7 teflon rods and Harshaw LiF-100 ribbons in perspex. 
In the cass of electron beans tbs ratio of the nass energy absorption 
ooefficienta is replaced by the ratio of the electron densities, hence 
the last tern in the equation vanishes . For initial electron energies 
T «j the energy A at which electrons will on the average just cross the 
osvity, the integral fros A to T is replaced by zero. The ratio of the 
total to tin prinary electron f i b S (T , T) i s calculated for teflon and 
perspex using the expression deriveO>y° Spencer end Attix', An/Tis the 
nass energy absorption coefficient derived fron the tables of Store and 
Esrsel6 

i 

Ba (To, T) . 1 • t"' / ix'[ l-t(t '-t) '] 
K W„, T-) 

B, t f ) 
, T' 

With X • TA0 and X . , auusing charged particle aquilihriua, 
T 
o 

secundary electron energtee less than 1/2 and neglecting breasstrshlung-
oorreotions. This Volterra integral equation i s solved as indicated by 
Spenser and Faro'. ' 
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The nunerical calculations are executed on a PDF computer with an 
accuracy better than 1 $. 
Stopping power ratios are evaluated for 1°) Conrad CaSĈ -Hn (4 * by weight) 
in a teflon Matrix with an unknown grain size distribution (maximum 
disaster of 75 micron with a mean value of 5 micron) for grain diameters 
of 1.2$ micron, 5 micron and 49 micron. The teflon medium has a density 
of 2-09 g/cm?. 

2°) Conrad LiF-7 (4 * by weight) 
teflon rods with an unknown grain size distribution (maximum diameter of 
75 micron with a mean value of 12 micron) for grain diameters of 12 micron, 
56 micron and 1,4 micron. 

3») LiP-100 ribbons of (3.175 nm 
x 3.175 mm x • 89 mm). 
The stopping numbers B(T) are directly deduced from the continuous 
slowing down approximation collision stopping power data tabulated by 
Pages**. The Values for the cavity sizes are derived from the values 
for air tabulated by Spencer and Attlx"'10, simply by multiplication 
with the ratio of the continuous slowing down approximation ranges in the 
medium to the corresponding values in air. The range-energy relations 
used in.the derivation of the weighting factor d are taken from Katz and 
Penfold11 for electron energies from 10 keV to 2*5 MeV and from Marcutil? 
in the region from 2.5 MeV to 30 MeV. 
The stopping power ratio must be averaged over the energy spectrum of the 
electrons generated by the incident monoenergetic gamma rays. The contri
butions to the mass stopping power ratio of the photoelectric, Compton and 
pair production processes are weighted by their respective mass energy 
absorption coefficients. 
The photoelectric electron energy i s the gamma ray energy minus the 
binding energy , for the Compton process the average Compton recoil energy 
and for pair production the middle of the symmetric energy distribution 
i s chosen. From the calculations of stopping power ratios for Compton 
spectra and for monoenergetic electrons made by Spencer and AttixlO c a n 
be concluded, that for the low Z materials under consideration, this 
approximation rather than taking into account the whole spectrum does 
not introduo« errors greater than 1 % 

Instrumentation and experimental techniques 

a) Irradiation facil it ies 
In order to cover the wide range of X, gmrna and electron energies 
different sources and machines were used. 1) X-ray I (contact therapy 
machine) tKaXm - 50 kVp, E ^ f m 8.3 keV, I - 2 mA, no added f i l ter. 
2) X-ray II (dental X-ray machine) % „ , - 60 kVp, Eeff. . 15 -45 keVeff. 
by adding f i l ters . 3) X-ray II (diagnostic X-ray machine) %ax. * 
93 kVp, E«ff. • 22 and 38 keV eff. by adding filters. 4) X-ray IV 
(therapy machine) E , ^ * 200 kVop, added filter 2 mm Al + 0.5 mm Cu 1 
84 keV eff., Eg« » 100 kVcp, added filter 2 mm Al 1 40 koV eff. 
5) Cobalt source (gamma cell 220) cylindrical shape 3400 Ci dose rate 
50 rads/s • 6) Radium source, 300 mCi point source. 7) Linear accelerator 
E - 10 - 30 MeV energy resolution 1 £ , I (max.) a 1 A A, pulsewidth 
0,25 /t sec, 50 Ha, collimated beam) used with perspex phantom following 
A.A.P.M. recommendation«!? • 



b) The TLD read-out systea 

For the read out of the doseaeters a Cou-Rad 5100 reader i s used. The 
integrator and the cathode follower circuit are aodified into an act ive 
integrator using an operational amplifier. This allowed to obtain an 
increase of i t s sens i t iv i ty by a factor of 35, the extension of i t s range 
up to 9 decades and the poss ibi l i ty of autoaatic range switching within 
5 decades 1 ' 

c) Calibration 

Vietoreen Radocon ionisation chambers for low, aedisa and high energy were 
used together with a Tictoreen Condenser Hatemter and a Farmer secondary 
standard* In addition t o t h i s , ferrous sulfate Fricke solution in perspez 
c e l l s were used at the eobalt-60 irradiation f a c i l i t y and at the l inear 
accelerator* In order t o express the dose in rad i n the aedion e&vity 
theory was taken into account* 

Correction factors are calculated accounting for the attenuation (both 
i n the wall and in the cavity) and the divergence of the bean* The choice 
of the effect ive attenuation coefficients i s jus t i f i ed on account of the 
following statements. 
Fricke solutions in cylindrical perspez c e l l s of different s i z e s and wall 
thicknesses received a constant dose within the cylindrical oobalt-60 
unit . For the ce l l e used the stopping power rat ios (Fricke solution to 
perspex ) are nearly independent of the cavity s i z e , consequently the 
systes&tic difference between the dossseter responses are due t o 
variations of attenuation and absorption for different saeple geoaetr ies . 
Correction factors were evaluated using respectively attenuation 
coeff ic ients or absorption coefficients for va i l and cavity. The deviat ion 
i s minimised and brought back within the experimental error, by using 
the attenuation coefficient excluding coherent seatt ing for the perspex 
wall and using the energy absorption coefficient for the cavity. 
For the cylindrical shape of the cobalt^O source a eoaputer progrsaa was 
worked out to evaluate these correction factors. 

Theoretical and experimental resul ts 

1) Energy dependence 

Froa equation (1) i t can be shown that theory and experiment are re lated 
by the equation 

rad« K I 
_ — . — (2) 

rad, Co 

Ina ratio tM/tCo i» the »topping pover ratio noraaliead to tho »topping 
povejr rat io of coBalt-60 deduced fro« the calculations baaad upon tho 
general oarity theory. In order to interocnpare the experimental and 
theoretical result« , the fjv-value ia derived froji the to ta l spectral 

" a d i i l , i o n V r r * * i , * 1 0 n *** *' >ilmiB8 f o r l o v * r mutO scattered 
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At 1.2$ MeV t h i s r e s u l t s in a f c 0 value difference of 0,01 * down to 
1*3 i , according to s i z e and wall thickness* 

The theoret ical surres of fg / fco for different grain s i z e s for each of 
the three theraoluainescent a s t e r i a l s are shown in figures 1, 2 and 3 , 
together with the •/**n/f - r a t i o , 

\ ( ^ ) c ^ ^ ) i « ] K
: & " S ~ * A " y ? j y j ^ which i s usualy taken as the 

theoret ical expression for the energy dependence of the doseaeter response. 

The theoret ica l evaluation of the energy dependence of T^-100 ribbons was 
Bade using tbe average pathlength across the cavity and U3ing a pathlength 
equal t o the thickness of the cav i ty In the direction of the incident beaa. 
For eleetroaagnetic radiation t h i s nakes no difference (c fr . figure 1 ) . 
In figure 2 the representation of ( /*ei»/ f ) - ra t io curve for CaSO^-Hn, 
coinoides prac t i ca l l y with curve 3- In figure 1 the (/*«* / f ) - rat io 
curve for LiF-100 coincides with the grafical representation of the 
stopping power rat io* 

For reason of coaforaity with current l i t t era ture the energy dependence 
of I iF -7 . w i t h reference to rads in te f lon (figure 5) i s converted to i t s 
energy dependence with reference to rads in air (f igure 4)* 

The autual distance between the grains within a te f lon aatr ix i s 
appxtudaately equal to the average range of secondary electrons with an 
energy of 400 keV. At energies greater than 400 keV, the poss ible 
influence of surrounding grains on the charged par t i c l e equil ibria« f lux 
generated i n t e f lon can be neglected; the stopping power rat io of both 
materials does not d i f fer great ly at energies above 400 keV. If there i s 
any influence i t should tend the result ing stopping power rat io nearer 
to one. 

The reproducibil i ty of the response and the degree of absolute accuracy 
of the cal ibrat ion are i l l u s t r a t e d by the experimental data (c fr . f igure 
1 and 2 ) . 
For CaSQi-Mn** specia l attention was given t o the diagnostic X-ray energy 
region where for different KVp se t t ings and added f i l t e r s the response 
i s given at the corresponding e f f ec t ive energies. 
The administered doses and irradiat ion t i a e s are kept constant, fading 
corrections are accounted for . 

The experiaental r e s u l t s obtained with LiF-100 ribbons in the diagnostic 
X*>ray region and at 84 keV e f f ec t ive are shown in f igure 1, together with 
the dose response value obtained with 20 MeV electron bean incident on a 
perspax phantoa. At the pos i t ion of the thermoluainescent aatarial the 
electron energy i s reduced about 15.3 MeV. At t h i s energy the experiaental 
value shown on the graph i s taken at a dose of 10* rad. An experiaental 
value at a lower dose, within the l inear s e n s i t i v i t y region, could not 
be establ ished, due t o the l~'-i at ions of the transfer instrument at the 
l inear accelerator. 

As the experiaental error on the dose response data for LiF-7 i s greater 
than the difference between tbe theoret ica l stopping power ratio curve 
and the /*••••/* - ra t io curve, the experinental re su l t s are irrelevant. 
these resu l t s are not inserted i n the grafical representation. 
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2) Dos« response 
For U.F-7 the experimental dos« responsa data, expressed in rad in teflon, 
for an 8.3 keT effective X-ray spectrin and for cobalt-60 gamma radiation 
in the region froa 10 rad to 10* rad are shown in figure 5- For oobalt-
60 the experiaental curve can be extended down to 10*2 r a l l > f r o B 102 r a d 
down to 10*2 r a d ti,e sensitivity remains constant. The constant sensit i 
vity ratio in the linear region is taken equal to the ratio predicted 
by the cavity theory, for, a small error in the energy measurement at 
8,3 keT off. gives rise to a great uncertainty concerning the 
attenuation correction factor applied to the calibration. If the 
attenuation correction is evaluated at 6 keV and at 10 keT, i t appears 
that the theoretical value at 6.3 keT l ies between the, for 8 keT 
attenuation , and the for 10 keV attenuation corrected experinental value, 

The doae responae measurements based upon the evaluation of the maximum 
of the glow curve did not differ froa those baaed upon the evaluation 
of the integrated area. Exception i s made in the saturation region where 
they oross each other. This effect is explained by the reduction of the 
integrated area due to the fixed read out tlae. 
In the superlinear region a high tenperature part is observed which 
increases at higher doses. If not stated otherwise doses are evaluated 
using the integrated area. 
In figure 6 dose response curves for LiF-100 for cobalt-60 and 15.3 HeV 
electrons froa 10* to 10° rad are given.For Co-60 radiation a constant 
sensitivity was observed fro« 10-2 to 3 . 1 # rad. The sensitivity curve 
i s derived froa the dose response curve, and i s given in figure 7. 

3) Rate dependence 

At the present state of the investigation the results on the rate 
dependence of the thernoluninesoent material do not allow any conclusive 
statement. 
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Discussion 

From the experimental and theoretical results the grain size dependence 
of the thermoluminescent response i s evident, particularly for CaSÔ -Kn 
were the effect i s striking. The numerical values of the calculated 
stopping power ratios are of course dependent on the input data used 
in the Burl in equation. This mav explain the difference in shape of our 
curves, for gamma ray energies higher than 50 keV, compared to those 
published by Chan and Burl in 2 . 
This fact does not alter our conclusions since most of our measurements 
were performed at energies below 50 keV effective« 

In the comparison of theory and experiment two approximations are made : 

• the experimental results obtained with continuous X-ray spectra 
characterised by a given effective energy are compared with the 
corresponding theoreticaly predicted values for monoener getic gamma 
rays . 

- the results for a teflon matrix with a distribution of grain sizes 
i s compared with the theoretical values for the mean grain s ize, 
however upper and lower limits are given. 

The grain size dependence may explain the discrepancies in the 
experimental results on energy dependence shown by Attix*'. 
Insufficient information on grain sizes and experimental conditions does 
not allow to compare these data with the theoretical predictions of the 
cavity theory. The selection of grain sizes during the preparation 
process of the thermoluminescent dosemeter^ could lead to the production 
of dosemeters with a definite response within an appropriate energy 
region* 

The 10 f> smaller response of LiF for high electron energies deduced from 
our experiments are in agreement with the measurements of Crosby18. This 
reduction can only partially be explained by the 4 r smaller response 
predicted by our cavity calibrations. 
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Webb 

Your curve for l.k ym grain size of CaSO. :Mn in teflon did not show a flat 

energy response. What grain size would you need to have to get the uniform 

response in the diagnostic region you just indicated was possible« 

Fowler 

How far can you go towards achieving a flat response (i.e. independent of 

photon energy) in the low keV range by choosing the grain size distribution? 

Can you reduce the response of LiF at 30 keV by 3o06,.'for example, so a? to 

eliminate its energy dependence altogether? 

Eggermont 

Although we concluded that a flat TL response in a limited energy region could 

be achieved by approiate choice of grain size distribution, up till now we 

have not made any calculations on this matter. With much smaller grain sizes 

( « 1 tat) the response will approach unity, but this might be limited by 

practical difficulties. 

Suntharalingam 

In one of your slides you indicated that the response per rad for 15 NeV 

electrons was about 10£ lower than for Co-60 gamma radiation. Ch another 

slide showing the TL response as a function of dose, where you compared 15 MeV 

electrons and Co-60 gamma radiation, it appeared that there was closer agree

ment at certain doses. Does this imply that the energy response is also a 

function of dose? 

Eggeraont 

Over the doee region considered the experimental decrease in energy response 

varies between 0.38 and 0.92* This range in efficiency is well within the 

experimental error* The dose response at the doses you are referring to in

cludes a greater experimental inaccuracy due to limitations of the transfer 

instrument of the linac at low dose rates« We have reached no definite con

clusion on the agreement between theory and experiments for electrons, and the 
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problem will be studied again with a more sensitive transfer instrument in the 

linear TL region. However, I see no reason why a dose dependence of energy 

response should exist. 

Carlsson, C. 

With C0-6O gamma radiation the dose distribution within your grains depends 
on the direction of the incident photons as shown by Dutreix and Bernard. 
The Burlin formula neglects this effect of electron scattering« For this 
reasr • your normalization of experiments and calculations at 1.25 MeV may be 
questioned* 

Eggermont 

Ve agree that the Burlin theory in i ts actual form i s not yet sufficiently 
refined. In our opinion the corrections for lov-Z- materials are negligible 
and within the large experimental error. 
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On the Non-Linearity; and LET Effects of the Themio-

luminescence Response 

Toshiyuki Nukajima 
Division of Physics, National Insitute of Radiological Sciences 

9-1, 4-chome, Anagawa, Chiba-shi, Japan 

Abstract 
A releasing probability change model has bee proposed through investi

gation of the properties of LiF glow curve. In this work, it is mathema
tically discussed on the releasing probability change model for the 
problems of the thermoluminescence response. It has been revealed that 
this model can qualitatively explain these problems better than other 
models. 

Introduction 

Recently, thennoluminescence dosimeter has been widely utilized in 
the radiation dosimetry. However, it has been found the following pheno
mena by many of investigator; 

CI) transformation of the glow curve due to the irradiating dose of 
low LET radiation,1 

(2) absorbed energy independence of the glow curve of the phosphor 
irradiated with high LET radiation,2 

(3) dependence of thermoluminescence response on the absorbed energy 
or LET,3 

(4) decreasing non-linearity of the response with increasing the LET 
of irradiating radiation,^ 

C5) influence of exposure on the energy dependence of the phosphor,^ 
(6) dependence of sensitization factor on either the absorbed energy 

or LET of the post- and test-radiations,S 
To explain the dose dependence and IJBT effects of the sensitivity of 

the phosphor, Cameron and his co-workers, and Attix et al. proposed the 
competing trap model and track model, respectively.5»6 But these 
models have not been satisfactory to explain these phenomena. Recently, 
it has been proposed a model through investigation of the experiment 
which has been designed to measure the transformation of the glow curve 
due to the energy absorbed in the phosphor.* 

This paper reports the result of mathematical analysis of the this 
model on the above phenomena. 

Notations 

A: number of electron produced by irradiation per unit energy which 
the phosphor absorbed, 

D; the energy absorbed in the phosphor, 
1^: the thermoluminescence yields due to electron released from trap

ping level, Ei, 
k: Boltanann constant, 
n^: number of captured electron in the trapping level, hi, 
N^: number of electron trapping level, Ei, 
R: dose rate of irradiating radiation or absorbed energy rate, 



SJ: frequency factor of the trapping level, Ej., 
S: thermoluminescence response of post irradiated phosphor, 
Sø: thermoluminescence response of the virgin phosphor, 

t, t': irradiating period, 
Tn: irradiating temperature, 
TY: maxiimjn heating temperature, 
B heating rate of phosphor, 
*t: releasing probability of trapped electron in trapping level, Ei, 

at irradiating temperature, 
ey: intensity fraction of photon energy, j, in thennoluminescence 

emitted by releasing electron from trapping level, Ei, 
YJ_: escaping probability from trapping level, Ej, at a given tempera

ture, 
oi: capturing probability of trapping level, Ei, 
5i'. quantum efficiency of photo-detector for the emitted photon of 

energy, e^, 
øijitransition probability of electron remained in the level, Ei, to Ej. 

Theory 

The radiation produces clusters of electron and hole along the track 
of energetic recoiled electrons, A concentration of these carrier in the 
cluster increases with increase of either LET of irradiating radiation or 
energy absorbed in the phosphor. Each traj Ing level near or in the cluster 
has a proper capturing probability of electron which contributes to ther-
moluninescence, and this probability of each trap varies with change in 
either the concentration of electron near or in the cluster, or the 
absorbed energy as a result of interaction between each other of the clus
ters. 

Let us formulate a mathematical description of the model. According 
to Randall and WilJcins' model of thennoluminescence mechanism ,6the thermo-
luminescence yield, I, is represented by fbllowings; 

- j T n dt (1) 

where dt and Y are defined as follows, dt = dT/p, Y - s exp(-E/kT). 
Now, when their model applies to all the trapping levels in the phos

phor, and when I is corrected with quantum efficiency of a photcoultiplier 
tube and with a fraction of each emission in thermDiuminescence, total 
light yields detected by the photomultiplier tube are represented as 
follows; 

all 
f1' 

C2) 2 2 Ei Ujc Ve'J'.-'i dT 

Now, if i t is assumed that the c.. is unchanged against the absorbed in 
the phosphor and against LET of radiation, eq.(2) is proportional to the 
concentration or number of trapped electrori in the trapping levels. There
fore, i t has need to know the concentration of the electrons in each trap
ping level in order to study the dose dependence on the response and so on. 

Changes in the concentration of the trapped electron in each trancing 
level are given by eq. (3), •.»•H^UI« 



dnj/dt «= - «i i^ • AQL - n ^ Ji R . (3) 

The boundary conditions can be given by the xollowings, t = 0, ni = 0. 
The nunber of the trapped electron in each trapping level is presented by 
the following equation, 

nA * (oi A Ni R/(«i + °i A R))(l - exp(-c. AR - ̂ H ) 

(4) 
If it is assumed that the nunber of the trapped electron, which is releas
ing from the trappling level, Ei, for irradiating period is very small, 
the concentration of the trapped electron is approximate I v given by eq. 
CS). 

^ = NjCl - expC-oi A R t ) ) , as ct^ A R t4t 1 

ni = Oi A ̂  R t = ej A Nj D (5) 

When the phosphor is heated from T to T* with the dosimetric reader, 
the dosimetric thermoluminescence light yields, Ij, are presented by the 
following, 

Id = Z S K ^ D oi (6) 

where Kij is A^ij ^ijr fri/B) dt. 
It may be revealed that when the experimental results of the phenome

na mentioned in the Introduction are mathematically expressed, OJ in LiF 
phosphoT is characterized by the followings; 

O »i/»D)hlgh ^ = O a / H J ) , ^ ^ SS 0, ( ? ) 

C» °i/3D>low LET > ( 3 V 3D)high LET - °> C8) 
in case of low irradiation dose range, 

& " i /^ ' low LET - &>å/ 3D)l0W ^ - 0, (9) 
in case of high dose region, 

O °i/3D) l0K un- > 0 ° d / 3D)low ^ - 0. (10) 

Let us consider various phenomena of the response in LiF thermolumine
scence dosimeter. 

(1) Non-Linearity of Response 
In case of irradiation of low dose with lower LET radiation, the clus

ter has lower concentration of electron created in the phosphor and 
scarcely interact with each other, because each track is so far separated 
from each. Accordingly, a value of i is independent of the absorbed 
energy within some ranges. Now, if the response is defined as 7-j/S, the 
dose dependence of the response is represented as follow, 

(aS/SD)^ - " 2 S Kij Oo i /SD)^ (11) 

In this case, eq.(11) from eq.(9) is nearly equal to zero. The respon
se is independent of the absorbed energy. On the other hand, in case of 
the high doeeregion of low LET radiation, the eq.(ll) from eq.(10) is 
larger than zero. Accordingly, the sensitivity of the phosphor irradiated 
with low LET radiation becomes to reveal the non-linearity. 



Let us suppleoent on ai from Carlsson's results in addition in eqs. 
(7). (8), (9) and (10). Namely, i t is follow; 

(s<,i/30Er))D/ (5oa/3(LBT))D>l. (12) 
in these equations, ai is of the dosimetric trap and ai is of the non-
dosimetric deep trap. 

In case of irradiation with higher LET radiation, eq.(ll) from eqs. 
(7) and (12 ) is approching to zero with increasing LET of radiation. 
Therefore, the dependence of the response on the absorbed energy dec
reases with increasing LET. 

(2) Dependence of Energy Dependence an Dose 
In general, the energy dependence of the response is given by a ratio 

between theraioluminescence responses, S^ and Sn, of the phosphors irra
diated with X- and 60Co gamna-rays, respectively, 

V S Q T s i Kij o i / 2 s K'ija'i • ay 
j i j i 

The dose dependence of the energy dependence i s considered by followings; 

(3i*/aDV( asco/æ) - 2 2 Kij (aoi/ao)/ Ky^'j/sD) (14) 
i i 

In the energy range of 150 keV or below, LET of X-rays is larger than 
60&J gamma-rays. Accordingly, a function F(D) is an increasing function 
due tc eqs. (7),(8) and (9), 

dF(D) = (3=1/30)0, - (s* j/SD)x (15) 
Therefore, it may be reaveled that eq.(13) is a decreasing function of the 
exposure. 

(3) Sensitization Factor of Lif Phosphor 
Author reveales that the cause of the sensitization factor and the of 

changes in the sensitivity of the phosphor due to repeated uses is a 
radio-stimulated thenuoluminescence due to the trapped electrons in the 
non-dosimetric deep trapping l e v e l s . 1 Therefore the sensitization 
factor, S/Sn, is given by the followings; 

Y = s/so - 1 •(£ 2, E Kjk8ij Ni(i-Pi>i a, /» /so 

(16) 
Where Pi ?s releasing probability of trapped electron due to annealing. 
In eq. (16), the second ttrm is presented the radio-stimulated thermoluiiii-
nescence yieldj of the non-dosimetric deep trapping levels. 

Dose dependence of the sensitization factor, Y, is given by the fol
lowings; 

(3Y/sDp)- 2 K;jk ey Ni(l-<J.1/DtS0))(qi + D.Ooi/sDp)) 
13 (17) 

where Dp and Dj are post radiation dose and test radiation dose, respecti-

In case of low LET radiation, eq.(17) from eq.(10) is an increasing 



function of the dose, but in case of irradiating of high LET radiation 
eq. (17) from eqs. (7) and (12) decreases with increasing LET of post 
radiation. These result may reveal that mechanism for the sensitization 
factor can be explained by the releasing probability change model. 
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On the Sensitivity Factor Mechanism of Some Themolvminescence 

Phosphors 

Toshiyuki Nakajima 

Division of Physics, National Institute of Radiological Sciences, 
9-1, 4-chcme, Anagawa, Chiba-shi, Japan 

Abstract 

The sensization factor of MgjS^CTb) and LiF is studied. It is obtained 
that the factor diminishes with increasing annealing temperature, and i s 
dependent on linear energy transfer of both the previous and test radiations 
and that the sensitization factor of the sensitized phosphor with radiation 
of higher LET is greater than un-sensitized one even in the low dose region 
of the previous dose. The sensitization factor phenomena of LiF and Mg2Si04 
phosphors are caused by the radio-stimulated thermolumijiescence of electron 
and hole captured in the deeper trapping levels. 

Introduction 

It has been reported that sensitivity of LiF TLD phosphor, annealed at low 
temperature after irradiation, increases with decrease of the annealing tempe
rature, and that one of causes of changes in the sensitivity is radio-stimula
ted théimoluriinescence of trapped electron in deep non-dosimetric traps.1 On 
the other hand, Cameron and his co-workers have found the sensitivity factor 
phenomena in LiF phosphor which are similar to the sensitization of the an
nealed phosphor after irradiation, and have tried to explain them with the 
competing trap model. Sut mechanism for the sensitivity factor and sensiti
zation of the annealed phosphor after irradiation is not yet clarified. 

The present experiment was made to obtain information on the mechanism 
for the sensitization (sensitivity) factor of LiF and Mg2

si04(Tb) phosphors. 

Experiments 

Powdered MgjSiCjCTb) phosphors, enclosed in a glass capsule of about 15 
m length and 2 urn m dia, and powdered TLD-100 LiF phosphor were used in this 
experiment. The sensitization of ItøSiO.tTb) phosphor has been especially in
vestigated, 

The sources of y-ray radiation were both 2000 curie 137Cs and 60Co units 
designed for the radiation theraphy. The X-ray radiation of 38 keV was obtain
ed from a machine designed for the theraphy. The exposure to the phosphor was 
measured with Victoreen condenser chamber. Sad Con chamber or Fricke dosimeter 
according to the order of irradiating dose. 

After irradiation at room temperature and subsequently thermal treatment 



at the temperature from 300 °C to 500 °C, the phosphors were irradiated with 
a test radiation and subsequently their thermoluminescence yields were mea
sured to obtain the sensitization factor with a Dai Nippon toryo TLD Reader 
of model 1200 as a TLD reader. 

Experiment on radio-stimulated thermoluminescence from the irradiated 
phosphor is undertaken to obtain some information on the mechanism for the 
sensitization factor. The radio-stimulated thermoluminescence is obtained by 
following processes: 

1) The phosphor is irradiated at room temperature with 10"* or 10 R of 
Y-rays from 60co 

source and sensitized. 
2) The irradiated and sensitized phosphor is thermally treated at 300 °C" 

or 350 °C for one hour. 
3) Both the treated and virgin phosphors are irradiated again with either 

X-ray or Y-rays to compare die glow curves between them. 
4) The irradiated phosphors are heated with a constant heating rate of 
, . 10 .°C/min and its glow curves are recorded. 

Results 
1) Dependence of S/Sø on Anneal ing' 3tanperature 

Fig. 1 presents the changes in the sensitization factor of N^SiO^CTb) 
phosphor, irradiated with one R of the test radiation, as a function of an
nealing temperature and as a parameter of the previous and sensitizing ir
radiation dose. 

As can be seen in Fig, 1, it is observed that the sensitization factors 
diminish with increasing the annealing temperature regardless of the sensiti
zing irradiation dose. However, a tendency of the deterioration of the sensi
tization factors markedly varies with the sensitizing irradiation dose. In 
case of the phosphors which are thermally treated at a relatively lower tempe
rature, the sensitization factor of the phosphor, irradiated with high dose 
of the sensitizing radiation, is very large and is greater than that irradia
ted with lower dose. 

In fig. 2, presents also the dependence of the sensitization factor of 
Mg?Si04(Tb) phosphor as a function of the given dose of sensitizing radiation 
and as a parameter of annealing temperature. From Fig. 2, also, the sensiti
zation factor of the annealed phosphor at higher temperature is smaller than 
that at lower temperature. 

2) Dependence of S/SQ on Irradiation Dose of Sensitizing radiation 
Effect of sensitizing irradiation dose on the sensitization factors of 

Mg2SiO.(Tb) phosphor is observed. 
Fig. 3 shows the changes in the sensitization factor of Mg2SiC>4(Tb) 

phosphor, as a function of the sensitizing irradiation dose. 
Qirve A in Fig. 3 is the changes in the sensitization factor of the 

phosphor irradiated with the sensitizing radiation of 38 keV X-rays and curve 
B is of Y-rays from *>0co source. 

In case of using the Y-rays for the sensitizing irradiation, the sensiti
zation factor is nearly equal to unit value of one in the sensitizing dose 
range from 3 R to about 100 R, but it gradually increases with increasing the 
sensitizing dose. 

On the other hand, the sensitization factor of the sensitized phosphor 
with the radiation of 38 keV X-rays is greater than the unit value in the low 
dose region of the sensitizing irradiation. This fact reveals that the sensi
tivity of these treated phosphors with higher LET radiation is greater than 
the un-treated one even in the low dose region of the sensitizing irradiation. 
However, a gradient of the 38 keV X-ray irradiated sensitization factor on 
the sensitizing dose was smaller than that of the 60Co y-ray factor. In the 
sensitizing dose region of 600 R or over, the X-ray sensitization factor was 



smaller than that Y-ray factor. 
It is obtained from this result that, in the region of low sensitizing 

irradiation dose, difference in linear energy transfer(LET) of the sensiti
zing radiation brings about the different sensitization factor of the phosphor. 
But, Cameron and his co-workers have reported that difference in LET of the 
sensitizing radiation dose not bring about the different sensitization factor. 

3) Dependence of S/Sn on Test-Irradiation Dose 
Fig. 4 presents the changes in the sensitization factor of NføSiCtø (Tb) 

phosphor as a function of the test radiation dose. The crystal was thermally 
treated at 350 °C for one hour after irradiated with 10* R of either Y-rays 
or X-rays. In fig. 4 the vertical axis reveals a thermoluminescence yield 
divided by the test radiation dose. Curve A is the dependence of the sensiti
zation factor of the ir-ray irradiated phosphor on the test irradiation dose 
of Y-rays from 137Cs source, after irradiation of 38 keV X-ray. Curves B and 
C show the changes in the sensitization factor of the sensitized phosphors 
with ™ C o Y-rays due to different LET of the test radiation. 

As shown in curves B and C of Fig, 4, in case of the different LET 
of the test'radiation, the sensitization factor is different from each other 
even though the phosphor is irradiated with the sensitizing radiation of the 
sane LET, Furthermore, it is obtained from curves A and B of Fig. 4 that, in 
case of the different LET of the sensitizing radiation, although the LET of 
the test radiation is same, the factor differs from each other. 

In case of the former results, when the phosphor is irradiated with the 
test radiation of higher LET, the sensitization factor is neaTly equal to one 
in the dose region from one roentgen to about 50 R. But after reaching the 
maximum value at 300 R, the factor decreases with increasing the test radian 
tion dose. On the other hand, in case of the latter, it is observed that when 
the phosphor is irradiated with the test radiation of same low LET, the sensi
tization factor of the sensitized phosphor with the radiation of higher LET 
is greater than that of lower LET. 

4) Radio-Stimulated Thermoluminescence as Mechanism for the Factor 
It has been found difference of the sensitization factor of LiF phosphor 

due to irradiation of different LET radiation. But the cause' on the differe
nce is not yet clarified. 

Experiment has been undertaken to obtain some information on the causes 
of this difference. 

Fig, 5 shows a glow curve of the Harshaw TLD-100 LiF irradiated with 10 
R after annealing at 300 °C for 30 min in the atmosphere of 10-2 jm Hg vacu
um. In general, the peaks which appear in the temperature region from room 
temperature to about 300 °C, are used for the dosimetry. Accordingly, the 
glow peaks in the region of 300 °C or over is not used for the dosimetry and 
the trapped electron which contributes to these glow peaks remains in the 
phosphor. Actually, the glow peak is observed from the annealed LiF and Mgi-
Si04(Tb) at about 300 °C and 400 °C, respectively, after irradiation. 

To obtain the sensitization factor, the phosphor has been thermally 
treated at 350 °C or below for one houT. But it is clear from Fig$. 5 and 6 
that the annealing temperature is not suitable for releasing the trapped ele
ctrons in all trapping levels of the phosphor. 

Figs, 7 and 8 show the effects of the re-irradiation on the remained 
electron captued in the deeper traps. 

It is known that photo-stimulated thermoluminescence is emitted from the 
irradiated crystal, when it is heated after illumination at lower tempera
ture than the irradiated temperaure. The photo-stimulated thermoluminescence 
has been reported to be caused by the photo-stimulation of the deeper trapped 
electron due to illumination.1 As can be seen in curve of Figs. 7 and 8, the 
dosimetric glow peaks from the sensitized phosphor are greater than that from 



the un-sensitized one. Especially, all glow peaks of the sensitized Mg^SiC^ 
(Tb) phosphor were higher than the un-sensitized one. 

These results may reveal that when the phosphor which involves the elec
tron captuTed in the trapping levels, is irradiated again, the re-excited 
electrons with radiation is re-trapped in the shallow trapping levels. Accor
dingly, the glow peak height from the sensitized phosphor is composed of the 
intrinsic and the radio-stimulated heights. Namely, it is concluded that the 
phenomena of the sensitization is caused by the radio-stimulated thermolumi-
nescence due to re-trapping the remained electrons in the deeper traps into 
the shallow traps. 

Discussion 

The experimental results described in the present work has been provided 
information that should help in explaining the causes of the sensitization. 
The causes of the sensitization phenomena can be explained as follows; 

When the thermolnnrjiescence phosphors are excited with ionizing radiation. 
many of the electron are trapped at tlie trapping levels. Now, if the trapped 
electrons in the trapping levels between Eo and E^C^Eo) are released by 
thermal treatment, the electrons in the levels of Ej(>Ei) will remain in the 
phosphor. 

When the remained electrons in the deeper trapping levels Ej are excited 
again with irradiation the radiation, the electron of Ej transfer into the 
trapping levels below Ej. The transfered electrons contribute to the thermo-
luminescence for the dosimetry. Therefore, the gross dosimetric thermolumine-
scence yield for the dosimetry is the sum of the intrinsic thermoluminescence 
yield due to irradiation and the radio-stimulated the..i»luminescence yields. 

Next, causes on the different sensitization factor due to different LET 
of both test and sensitizing radiations will be discussed. 

To obtain the relative glow peak heights from the glow curve, the glow 
curve is recorded through • heating the irradiated phosphor with heating 
rate of 10 °C/min. When the crystal of LiF is irradiated with y-rays, its 
relative glow peak heights are changed with increasing the absorbed dose, as 
can be seen in Fig. 9. The relative heights in the higher temperature region 
— the non-dosimetric peak temperature region increase with the absorbed 
dose. 

The behaviour of the glow peak heights has been found in the Mg2SiC>4 (Tb) 
phosphor, also. As abovementioned, if the cause on the sensitization factor 
is due to the radio-stimulated thermoluminescence, it will be easily under
stood that the sensitization factor of the phosphor with higher dose of the 
sensitizing radiation is greater at lower annealing temperature than that with 
lower dose. 

On difference in the sensitization factor due to different LET of the 
sensitizing radiation, it will be explained by following; 

The radio-stimulated thermoluminescence yields are increased with the con
centration of the trapped electron which stores in the non-dosimetric deep 
traps of the sensitized phosphor. According to the Carlsson's results ,3 in 
case of irradiation of high LET radiation, the relative concentration of the 
trapped electron between the deeper and shallow traps is scarcely dependent 
on the dose. 

On the other hand, in case of low LET radiation, as shown in Fig. 9, the 
relative concentration of the trapped electron in each trap increases with the 
absorbed energy. Therefore, after annealing, the relative concentration of the 
trapped electron which remained in the traps is influenced by both LET and 
absorbed energy of the sensitizing radiation. If the absorbed energy of the 
phosphor due to irradiation of the sensitizing radiation is a constant, the 
concentration will be increased with increasing the LET. Therefore, the sen
sitization factor of the phosphor with the higher LET of the test radiation 



is greater than that with the lower LET. If the LET of the sensitizing radia
tion is a constant, the concentration per dose increases with increasing the 
absorbed energy, as can be seen in Fig. 9. Therefore, the sensitization factor 
increases with the dose of the sensitizing radiation 

Conclusion 

The sensitization factor has been found to be diminished with annealing 
temperature, and to be differed with changing the LET of both sensitizing and 
test radiations. Furthermore, i t is obtained that in the low dose of sensiti
zing irradiation the factor of the sensitized phosphor with 38 keV X-rays is 
greater than that of the un-sensitized one. 

It nay be concluded that the sensitization factor phenomena are caused by 
the radio-stimulated thermoluminescence due to re-exciting the trapped ele
ctrons remained in the deeper trapping levels. Various phenomena in the sen
sitization of the phosphor response have been found to be easily understood 
by the radio-stimulated thermoluminescence and our model for the non-linear 
response of the phosphor. 
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Fig. 3. Changes in the sensitization factor of Mg-SiO.CTb) as a 

function of the sensitizing irradiation dose and as a para

meter of the LET of the sensitizing radiation 
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Fig. 5. Thermoluminescence glow curve of Harshaw TLD-10Q LiF irradiated 

with 10 R after thermal treatment at 300 °C for 30 min in 
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Fig. 6. Thermoluninescence glow curve of the Mg^SiO.CTb) phosphor 

irradiated with 10 R 
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Fig, 7, Radio-stimulated theimoluminescence of T1D-100 LiFfcurve A: 

the virgin of the crystal irradiated with 10 R after thennal 

treatment at 300 °C for one hour in argon gas, B: irradiated 

with 10 R after irradiation and sensitization with 10 R 

and subsequently annealing at 300 °C for one hour in argon gas) 
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Fig. 8. Radio-stimilated thermoluminescence of Mg.SiO. (Tb) (curve A: 
3 3 

the virgin crystal irradiated with 10 R, B: with 10 R after 

irradiation and sensitization with 10 R, and subsequently 

annealing at 400 °C for 30 min) 
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Abstract 

Owing to the very thin layer involved in exoemission process, the 

response of a TSEE detector i s largely influenced by the material used 

as cover during y and X rays i r rad ia t ion . 

In t h i s paper a study was conducted on the TS5E response of ceramic 

BeO covered with mater ials of different atomic number such as aluminium 

and gold. 

For X rays of 66 keV effective energy, the response with gold cover 

i s 18 t ines higher than with aluminium. With a gold cover the response to 

X rays i s much higher than to cobalt . I t i s a lso shown that the simultaneous 

use of two BeO detectors covered respectively with aluminium and gold can 

be u t i l i z ed for evaluating the low energy X ray component in an unknown 

f ie ld of photon radia t ion . I t has been observed the diffusion of the 

gold in the BeO produces the same effect of covering the BeO with gold 

layer during i r rad ia t ion . 

INTRODUCTION 

The in terac t ions of photons with the mater ia ls covering TSEE de tec 

to rs give r i se to cany e lect rons , which reach the sens i t ive layer and 

contr ibute to *,h« exoemicsion phenomenon. 

At photon energies wher* the photoelectr ic process predominates, 



this contribution varies strongly with the atomic number. 

This paper is mainly concerned with the response variations produced 

by covering ceramic BeO with gold or aluminium during irradiation. 

Moreover, measurements nave been carried out with gold impregnated 

samples, to investigate whether the gold diffused in the BeO increases 

the response enhancing the exoemission probability or giving rise to more 

electrons available to be trapped. 

1. EXPERIMENTAL 

The measurements have been carried out on both bare and gold plated 

samples of sintered ceramic beryllium oxide , Thermalox 995 (discs 0.9 cm 

in diameter and 0.5 cm thick). 

The apparatus, reported elsewhere consisted of a *as flow Geiger 

counter provided with a linear heating rate system. 

To obtain a good thermal annealing the BeO was maintained, before 

being used, at 600 C for 20 minutes. Each reading was terminated at 550 C 

and the sample was reused without annealing. 

The irradiations have been performed with Co and X rays of SS keV 

effective energy. 

2. RESULTS AND DISCUSSION 

2.1. BeO bare sample - Co° irradiation 

During the cobalt irradiation the BeO discs have been covered with 

either an aluminium or gold layer of thickness 600 mg/cm . 

The exoemission curves reported in Fig. 1 are relative to 1 H ex

posure, the curve 1 refers to the sample covered with gold, the curve 

2 to that covered with aluminium. The corresponding integral counts are 

19000 and I6OOO, with standard deviation a = 6#. 

The results show that at the cobalt energy the TSEE response is 

rather insensitive to the different Z of the covers. Indeed in this case 

Compton interactions and pair production are predominant and the mass 

energy absorption coefficient varies slowly with the atomic number. 

P.2. BeO bare cample - X rays irradiation 

For low energy X rays the situation is quite different since the 



photoelectric process, which is Btrongly energy ana atomic number dependent, 

predominates. 

In Fig. ? the results obtained with BeO samples covered respectively 

with 10 mg/cm^ of aluminium and gold are reported. The exposure was 50 mH, 

the curve 1 (integral counts ?6000» a = 6%) corresponds to the sample 

covered with gold, the curve 2 (integral counts 2000, a = €%) to that 

covered with aluminium. The response with gold ie 18 times higher than that 

with aluminium, in good agreement with mass energy absorption coefficient 

ratio of the two metals at the considered energy. 

Comparing X rays and cobalt results and taking into account the 

different exposures involved, it follows :hat the response to X rays is 

higher than to cobalt. This effect is greatly increased when using gold 

as a cover, pointing out the strong energy dependence introduced by the 

presence of a high Z material during the irradiation. 

From the above considerations the possibility arises of using the 

energy and Z dependence to evaluate the low energy X rays component in an 

unknown field of photon radiation. 

The measurements carried out in this connection have been reported 

in Fig. 3. The BeO sample, covered in turn with aluminium and gold, was 

irradiated with 1 R of cobalt plus 50 mR of X rays. The curve 1 refers 

to the sample covered with 10 mg/cm' of gold, the curve 2 to that covered 

with 10 mg/cm of aluminium. The difference between the two curves is due 

essentially to the 50 mR of X rays component since 1 ft of cobalt gives in 

both cases approximately similar contributions, as seen before. 

2.3. Gold Plated Sample 
p 

The BeO discs were plated with 50 vg/cm of gold and heated for two 

hours at 600 C to achieve the diffusion of the gold in the BeO. 

Concerning the cobalt irradiation the gold plated samples give the 

same response as bare ones. The gold diffusion in the BeO does not produce 

any change in the sensitivity. 

For X rays, 1 R exposure, the response of the goJ.d plated sample 

was three times higher than the bare one, as shown in Fig. k. 

To investigate whether the increase in the response can be attributed 

entirely to the photon interaction with gold, the following experiment was 

performed. 

The bare and plated samples were covered w-"th a gold layer of 10 rag/em' 

thick a.»i exposed to 50 mR of 7 rays. The results obtained are shown in 

Fig 5 and it can be seen, that the response of the two samples is very 



similar. 

Therefore ve nay conclude that the difference in the response observed 

in Fig. *t is only due to the photoelectric process which takes place in 

the 30 lig/cm of gold diffused in the sample. 

In speculating whether or not the gold diffusion process modifies 

the physical properties of the sensitive layer, we can say, as far as our 

experiment is concerned, that if changes occur they do not influence the 

ezoemission process. 
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Fowler 

Do you know whether the diffusion of the gold occurs e f f i c i ent ly at 600 C? 

Vhj did you choose this temperature? 

Rotoodi 

I cannot give an answer about the efficiency of the diffusion, but, as re

ported by other investigators, it is likely that diffusion takes place at 

least into the sensitive layer. The temperature of 600 C has been chosen to 

conform with the thermal treatment used for annealing of the bare samples. 

Different temperature treatments would introduce sensitivity changes not 

related to gold diffusion in the BeO. 
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Abstract 

Organoleptic test ing of radappertized foods has shown that accepta
b i l i t y i s highly correlatible with irradiation temperature. In general, 
irradiation temperatures in the region of -30*C yield the most acceptable 
product. Thus, a requirement has been generated, particularly in cummin i a l 
applications, for a dosimeter capable of being used in radiation f i e l d 
napping and production dcse Bonitering at these teaperatures. 

Of the various dosimetry systeas considered for th is application, a 
thermoluminescent systev shows the aiost pronise. Samples of the coanercially 
available materials were subjected to a screening and evaluation procedure 
to determine their applicabil ity. The results of this study are discussed 
including calibration data for these themoluninescent naterials for gamma 
irradiations at various tenperetures. for example, a sanple of TLD-10O in 
i t s loose powder fora yields values twenty to forty percent lower when 
irradiated at -196*C than when irradiated at 25"C. Such resu l t s show the 
potential usefulness of thermoluminescent materials but point to the cr i t i ca l 
dependence of the calibration function on temperature. 

A standard procedure for "reading out" thermoluminescent materials i s 
discussed. This procedure involves, among i t s other features, a ten minute 
annealing period at 100'C prior to readout. This was found necessary in 
order t o eliminate a number of low energy traps that contribute to spurious 
resu l t s . 

Again, for commercial radio-sterilization applications, a suitable 
to ta l dose range i s necessary. The potential applicability of certain high 
dose (in the megarads region) naterials i s discussed. For example, our evalu
ation of Isomet l iF in both i t s single crystal and loose powder forms w i l l be 
contrasted with results on this material as reported by Tochlin. 

This paper demonstrates the requirement for a low-temperature dosimetry 
system and evaluates the presently available thermoluminescent materials 



(both inajMiiiially available or those in a developmental stage) with respect 
to their potential for aeeting this requirement. 

General Introduction 

In nuatrous applications of ionizing radiation there exists the need 
for a dosimetry system with a rather specialized set of properties - the 
capability of measuring doses in the aegarad region and at sub-zero centigrade 
irradiation teaperatures. It i s the intent of the present work to explore 
the applicability of theraoluminescent materials in fulfilling this dual re-
quireaent. Ihe developaent of a satisfactory readout technique and some of 
the aore significant pitfalls encountered are discussed. Several selected 
thermoluminescent materials are evaluated and discussed relative to their 
"ambient** and low temperature dose response. 

This work was performed using the irradiation facilities of the U. S. 
Army Nmtick Laboratories, Natick, Massachusetts, U. S. A. The Irradiation 
laboratory bas a nine kilowatt electron linear accelerator capable of pro
ducing 12 MeV electrons, three Cobalt-60 sources (1.5 megacuries, 35 kilo-
curies, and 7 kilocuries) and a 200 kilocurie Cesium-137 source. All gamma 
irradiations were made using the two smaller Cobalt-60 research irradiators 
which have dose rates of 4.4 kilorads and 0.56 kilorads per second. 

Introduction 

The basic phenomenon underlying thermoluminescent dosimetry (TLD) i s 
the freeing of trapped electrons by thermal stimulation. A plot of the 
intensity of die light emitted by the luminescent material as a function of 
i t s hmat treataent i s the familiar "glow*1 curve. Since the heat treatment 
involves a teaperature-tiae relationship, the glow curve and hence the results 
of a theraoluminescent dosiaeter reading must be considered relative to the 
aode of heat treatment. A large number of temperature profiles are possible; 
three basic types are illustrated in figure 1, The first type (Figure la) 
features a preheat rate from A to B followed by the primary heating rate 
from B to C. A second type (Figure lb) involves only the primary heating rate 
froa A to C. A aore versatile type (Figure Ic) inserts an annealing plateau 
between the preheat part of the cycle and the commencement of the primary 
heating. In all cases C represents the maximum temperature achieved and i s 
us> ally the point where the integration of the light output is terminated. 

The basic commercial instrument used was the Harshaw Model 2000 
Analyzer (I) . It was operated in the temperature range 40"C to 410*C using 
various primary heating rates. Samples of the thermoluminescent powder were 
dispensed onto the heating pan and then subjected to the desired temperature 
profile. 

Post Irradiation Annealing 

It has been suggested (2) that annealing the material for 10 minutes 
at 100*C after irradiation and before reading the samples would improve the 
results. This improvement i s based upon the fact that heating at 100'C 
would greatly reduce or remove the traps below that temperature and give a 
reliable base line. We evaluated the effectiveness of this annealing pro
cedure by dispensing a sample of irradiated TLD-100 powder into the heating 
pan of the reader and observing the output signal of the photoauLtiplier tube 
as a function of time when the sample was heated to and held at 100 C. It 
was observed that the signal approached a constant value after 8.5 minutes. 



These results demonstrate that if the staple is held at 100'C for 10 minutes 
the base Una is stable and any inaccuracy in tiling would have a negligible 
effect. 

Based upon the fa« that post annealing stabilited the base line wo 
modified our reader to allow post annealing to be perform«! in the reader as 
typified by Figure Ic. It is possible to vary the post annealing temperature 
(•) to any value and the annealing time (B to B1) to any period. These modi
fications also allowed us to reduce the post anneal time to less than 10 
minutes as the samples are now held for an exact time which eliminates the 
inaccuracies which would be involved in heating the samples in an oven for 
less than 10 minutes and transferring them to the reader. For most of the 
results reported we used this procedure with an annealing time of 0.S minutes. 
It should be noted that the coulomb meter operates only during the period B1 

thru C. An additional advantage in using this readout procedure is that the 
temperature of the pan and sample, prior to the start of readout, has less 
effect an the peak height and integrated charge values. Therefore, we 
improved the readout reproducibility with this heating procedure. 

As is obvious from the preceding description of an optimum readout 
technique, aa integrated peak area as well as peak height(s) is a useful 
parameter in correlating luminescence with dose level. Based upon the standard 
error of ten readings at a given dose i t was, in fact, determined that the 
integrated charge (output from the photomultiplier tube) gave the more repro
ducible results. The standard error using peak height measurements was 
approximately 5% as contrasted to a value of 2% using integrated charge 
measurements. The doses used for the evaluation were in excess of ten kilorads. 

There are several effects observed incidental to the heat treatment 
which might lead to inatrumental artifacts. These involve mainly the 
composition and pre-hi story of the heating pans and the contribution of infra
red radiation at the higher temperatures. 

During the course of these studies we were supplied with experimental 
type heating pans from Harshaw. While evaluating the use^ilness of these 
pans at high readout temperatures we observed a rather impressive effect on 
our readings as a result of pan condition. This effect was observed by 
making a number of readings using irradiated TU) powder, that had been heated 
in an oven at 100*C for 10 minutes, in both new and used pans. The readings 
showed that the condition of the heating pan can affect the peak height 
values by as much as 35 percent and the integrated charge values by at much 
as 25 percent. Calibration curves made with the different pans had the same 
general shape but were displaced by various anounts. 

According to the procedure described by Webb (3), the best readout pro
cedure i s that which integrates the total area under the glow curve peaks but 
excludes the rising contribution occuring at high teaperatures. This artifact 
at the end of the glow curve i s attributable to the omission of infrared 
radiation from the phosphor and pan. Hence, the optimal readout conditions 
for the higher dose levels must be compromised in order to minimize the con
tribution of this effect. 

When quantative comparisons are made between glow curves, particularly 
when certain peaks are to be identified and compared, the calibration of pan 
temperature indicating device is crucial. A convenient alternative to the 
use of calibrated thermocouples if a paper thermometer (*). These devices 
are available in ten degree Centigrade) increments and may be conveniently 
placed directly on the pan. Gross errors in the pan temperature may be 
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quickly discovered using these thermometers. 

TLD Materials Evaluated 

Various thermoluminescent materials were evaluated with respect to 
their fulfillment of part of the dual dose range-irradiation temperature 
requirement. In addition to regular lithium flouride (LiF Harshaw TLD-100), 
the dose response of lithium boTate (Li2Bj|07:Mn), isomet lithium flouride, 
strontium fluoride and lead fluoride .was studied. 

Hie thermoluminescence powders weTe dispensed into gelatin capsules 
5 x IS mm) for irradiation. Each capsule contained sufficient powder for 
seven readings. Exposed powder was dispensed in 28 mg. lots into the built-
in heating pan for analyzing the radiation induced thermoluminescence. 

The capsules of powder were irradiated to the desired doses in electron 
equilibrium shields using one of the Cobalt-60 irradiators previously 
mentioned. Doses were based on chemical dosimetry using the Fricke dosimeter 
(G value • 15.6} 

Most of the low temperature irradiations were conducted at -40*C using 
cold nitrogen gas to regulate the temperature of the irradiation chamber. 
The several comparisons made at 196*C were achieved by irradiating the 
samples immersed in liquid nitrogen. 

Lithium Florida - TLD-100 

This material i s one of the most researched and used thermoluminescent 
materials available. He therefore initiated our studies using this material 
and observed many interesting phenomena. Our first temperature response 
studies showed that the loose powder samples irradiated at -196*C gave results 
that were twenty to forty percent lower than samples irradiated at 25*C. These 
studies were over the limited dose range of 103 to 5 x 101* rads. To evaluate 
the temperature response in a temperature range more nearly approaching that 
to be used in radappertized foods we selected -40°C. It is observed in 
Figure 2 that in the dose range from 103 to 3 x 10s rads the integrated 
charge values of samples irradiated at -40°C are sixteen to thirty percent 
lower than similar samples irradiated at 25'C. Above 3 x 10s rads it appears 
that radiation damage to the crystal is more pronounced in the 25*C samples 
as evidenced by the reduced response. The peak height values differ quite 
considerably between the two temperatures as shown in Figure 3. 

Lithium Borate 

Two commercial forms of lithium borate were evaluated for their useful
ness at doses greater than 103 Tads and at two temperatures 25* and -40'C. 
They are loose powder and Conrad's teflon disks. 

The powdered lithium borate was treated prior to irradiation by baking 
for 15 minutes at 300'C. The irradiated samples were annealed in an oven at 
100'C for 10 minutes and read out with nitrogen gas purging the sample. The 
response curves of this material (Figure 4) show that i t may be used into the 
megarad range depending upon the accuracy required in the dose measurement. 
The difference in response between samples irradiated at the two temperatures 
i s approximately ^ 6% of an average value. This is approximately equal to 
the standard deviation of our peak height readings and three times the 
standard deviation of our integrated charge readings. 
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The lithiua borate teflon disks show the l w e s t s ens i t iv i ty to irradi
ation temperature of any of the systens we tested (figure 5 ) . All the i n t e 
grated charge values for these disks between 103 and 3 x lO* rads were within 
the normal fluctuation of readings. Above 3 x 10* rads the 2S C samples give 
•ore l ight output per red than the samples irradiated at -40 C. 

Isomet Lithiun Fluoride 

In our search for a high dose phosphor we obtained a sample of the 
Isoaet LiF suggested by Goldstein (S). This material was »ported to be 
usable in the megarad range and to have a high temperature peak between 400 and 
450"C. Tochlin reported (6) reading out 16 mg samples by preheating the 
sample to 350*C to erase the earlier dominant peak, and then reheating the 
samples to read out the 450*C peak, he irradiated samples in the megarad 
range and using Tochlin*s procedures tried without success to locate the 450°C 
peak. He tried using a fast heating rate of approximately 40 C* peT second 
and a slow rate of approximately 7 C* per second. The maximum temperature 
peak we were able to locate was at approximately 340*C (figure 6 ) . 

I t was observed from the glow curves that the height of the 340*C peak 
was a function of the irradiation dose, while the lower temperature peaks 
remained relat ively constant. Following the reasoning previously stated with 
regard to annealing the low energy traps, the samples were dispersed onto the 
heater pan and rapidly heated to 240*C. They were held at th is temperature 
for 0.5 minutes and then heated to a temperature maximum of 390*C at a rate 
of 5*C per second. Figure 7 shows response curves we obtained for samples 
irradiated at 25* and -40*C, using the peak height values at the 540*C peak 
and the integrated charge values above 240°C. These curves show that there 
i s considerable effect on the response of th i s material as a function of the 
irradiation dose. In the dose range of 10s to 3 x 10e rads, the samples 
irradiated at 25*C response i s approximately four times that of similar 
samples irradiated at -40°C. I t i s noteworthy that using the above procedure 
th i s material i s a potential high dose phosphor. Our main concern i s the 
avai labi l i ty of similar material in the future. 

In an effort to put the phosphor in a form which would be more usable 
than the loose powder we had Tyco Laboratories (7) grow single crystals .125 
x .25 x 1.5 inches. These crystals were made by the continuous growth method 
(8,9) which allows the dimension of the crystal to be controlled independent 
of the growth rate. The glow curves for these single crystals might indicate 
that the concentration of the impurities in the original Isomet crystal are 
modified by the crystal growth method. It was observed that the main response 
peak to irradiation dose in these crystals i s at ISO'C in contrast to peak 
posit ion at 340*C in the loose powder. 

While we were not successful in our i n i t i a l attempt to incorporate the 
Isomet material into single crystals that had a megarad dose response, Tyco's 
growth process shows two potential areas for development. First they are 
able to control the impurities in the growth crystals under some conditions 
so that they can conceivably dope the crystals . Secondly, these crystals axe 
very transparent and could be grown in shapes which would allow the crystals 
to be read spectrophotoasterically as well as thermally. These crysta ls ' 
dose response resembles more the TLD-100 results than the original Isoaet 
powder resul ts . Figure S. 

Strontium and Lead Fluoride 

Samples of strontium fluoride and lead fluoride were obtained from 
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Harshaw as materiels that Bight be useful in aeasuring doses in the aegarad 
nag*. These staples »ere irradiated with dose betveen 0.S and 7 aegarads 
and evaluated using Harshaw's standard readout procedure of heating to 100*c 
rapidly and than to teaperature aaiiawa using a loner heating rate. The 
results obtained were negative in that there uas no appreciable change in the 
tlienoluwinescence as a function of dose. 

Conclusion 

These studies ra-oaphasize the iaportance of careful control of the 
readout equipment, especirlly the condition of the heater pan. It nay be 
advisable to maintain a calibrated phosphor that i s read periodically to 
assure that the pan has not degraded to a point that i t i s giving erroneous 
readings. In order to reduce the background, calibrations should be made for 
each phosphor using the optiaua set of reader conditions. It has been deaon-
strated that an iaproved readout procedure is obtained by holding a saaple at 
an annealing teaperature in the reader (without integrating the signal) for 
a predetermined tine and then continuing the heating at a fixed rate while 
integrating the signal. The reproducibility of the readings i s iaproved in 
this nanner and the contribution fron the low energy traps is reduced or 
eliminated. 

Cuamiii ially available TIP aaterial nay be used at low irradiation 
teaperatures provided they are calibrated at the teaperature. More studies 
need to be conducted to determine the decrease in response as a function of 
temperature. 
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Abstract 

The response as a function of energy of a detector for electromagnetic 
radiations made up of L1F TLD 100 powder incorporated in silicone rubber has 
been calculated and measured. I t has been shown that the response Is due 
not only to the atomic composition of L1F, silicone rubber and the respective 
percentages by weight, but also to the mean weight diameter of the incorpo
rated powder. Within the errors, the measurements f i t the calculations 
which show that the crucial parameter is the mean weight diameter of the 
powder. In practice, i f the mean weight diameter of the powder is larger 
than 70-80 urn, the detector has a response almost similar to that of the 
L1F TLD 100 used alone. 

I . Introduction 

A thermoluntnescence powder, incorporated in silicone rubber or other 
materials, makes i t possible to prepare even very thin radiation detectors 
fyr various uses in dosimetry >. These detectors have a response as a func-
/J?2 " L ^ f . e l e S t r o m , s n e t , c r s d 1 a t 1 l » . determined by the kind of powder 
(L1F: Mg, L12»407: Nn, e tc . ) , the kind of binder (silicone rubber, teflon. 
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etc.) and the respective percentages by weight. Moreover, the response 
depends also on the grain size of the powder 2. in this research the de
pendence of the response on the various parameters has been calculated and 
measured with particular reference to the geometric parameter (the grain 
size of the powder). 

II. Method of Calculation 

The calculated energy dependence (S = -j-SL—•medlu"' ) 3 of LiF TLD 100 
luen' " a i r 

(curve a ) , of silicone rubber (curve c) and of a homogeneous mixture: LiF 
plus silicone rubber, 301 and 70% by weight respectively (curve b) are shown 
in F1g.l. The silicone rubber RTV-615 used in this work 1s produced by the 
General Electric Company and it has the following composition by weight: 
C-31.3I, N-7.3«, 0=21.9«, Si=38.7%. 

The experimental response of the detector, made up of L1F and silicone 
rubber (30* and 70% by weight respectively), does not fit the curve b) 
calculated for the homogeneous mixture, because, as has been said, it depends 
also on the grain size of the powder. A homogeneous mixture means that the 
LiF molecules are homogeneously distributed among those of silicone rubber. 
The detector response may be correlated to the curves of Fig.2 or Fig.3. 
These curves have been calculated with two different approximations, but, 
In both cases, bearing in mind the powder grain size. The ordinate gives 
the ratio I between the energy actually absorbed by the powder grains, and 
the energy they would absorbe if they stayed in a homogeneous medium, i.e. 
In LiF. The H values have been normalized to that of Co-60. The parameter 
Is the diameter D of the powder grains. The larger the diameter, in compari
son with the range of the electrons arising in the medium, the more the ratio 
approaches unit value, I.e. the response of the loose powder. In other 
words the energy absorbed in the grains may be subdivided into two components: 
one Imparted by the electrons generated in the silicone rubber and entering 
the grain, the second imparted by the electrons arising in the same grain. 
When the grain size increases, in comparison with the electron range, the 
first component becomes much lower than the second. Obviously, by keeping 
constant the grain diameter and varying the radiation energy, we have the 
former or the latter situation; this accounts for the bell shape of the curves 
of Fig.2 and Fig.3. The calculations have been made with J.L.Howarth's * 
method, because of its simplicity 5"6. The Howarth method gives the dose 
distribution inside a spherical grain. The distribution function is: 

H (x) = 1 + I, K, G, (1) 

where, H (x) is the ratio between the dose actually absorbed at the point P 
that has a distance x from the spherical grain surface and the dose there 
would be at P, if the grain were surrounded by LiF only (homogeneous medium). 
The sua Is extended to any group 1 of electrons having Initial energy T,; 
G, 1s a geometric factor that depends on T. and x; K, 1s a function of the 
miss energy absorption coefficients of the two mediums. 

The mean value of H (x), within a grain, corresponds to the detector 
experimental response. The mean value 1s expressed by 

D 

H . i / H (x) d x (2) 
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Abstract 

The response as a function of energy of a detector for electromagnetic 
radiations made up of L1F TLD 100 powder Incorporated in silicone rubber has 
been calculated and measured. It has been shown that the response is due 
not only to the atomic composition of LiF, silicone rubber and the respective 
percentages by weight, but also to the mean weight diameter of the Incorpo
rated powder. Within the errors, the measurements fit the calculations 
which show that the crucial parameter Is the mean weight diameter of the 
powder. In practice, if the mean weight diameter of the powder is larger 
than 70-80 \m, the detector has a response almost similar to that of tie 
L1F TLD 100 used alone. 

1. Introduction 

A thernoluminescence powder. Incorporated in silicone rubber or other 
materials, makes it possible to prepare even very thin radiation detectors 
for various uses in dosimetry '. These detectors have a response as a func
tion of the electromagnetic radiation, determined by the kind of powder 
(LIF: Hg, L1Z»407: Hn, etc.), the kind of binder (silicone rubber, teflon. 
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etc.) and the respective percentages by weight. Moreover, the response 
depends also on the grain size of the powder 2 . In this research the de
pendence of the response on the various paraaeters has been calculated and 
measured with particular reference to the geometric parameter (the grain 
size of the powder). 

I I . Method of Calculation 

(u / p ) j - ^ 
The calculated energy dependence (S = -r-2>—™eaiun ( -J o f L i F T L 0 1 0 0 

luen' " a i r 
(curve a ) , of silicone rubber (curve c) and of a homogeneous mixture: LiF 
plus silicone rubber, 30* and 70S by weight respectively (curve b) are shown 
in F ig . l . The silicone rubber RTV-615 used in this work is produced by the 
General Electric Company and i t has the following composition by weight: 
C=31.3X, 11=7.3%, 0=21.W, Si=38.7». 

The experimental response of the detector, made up of LiF and silicone 
rubber (301 and 701 by weight respectively), does not f i t the curve b) 
calculated for the homogeneous mixture, because, as has been said, i t depends 
also on the grain size of the powder. A homogeneous mixture means that the 
LiF molecules are homogeneously distributed among those of silicone rubber. 
The detector response may be correlated to the curves of Fig.Z or Fig.3. 
These curves have been calculated with two different approximations, but, 
in both cases, bearing in mind the powder grain size. The ordinate gives 
the ratio H between the energy actually absorbed by the powder grains, and 
the energy they would absorbe i f they stayed in a homogeneous medium, i .e . 
in LiF. The T values have been normalized to that of Co-60. The parameter 
is the diameter D of the powder grains. The Urger the diameter, in compari
son with the range of the electrons arising in the medium, the more the ratio 
approaches unit value, i . e . the response of the loose powder. In other 
words the energy absorbed in the grains may be subdivided into two components: 
one imparted by the electrons generated in the silicone rubber and entering 
the grain, the second imparted by the electrons arising in the same grain. 
When the grain size increases, in comparison with the electron range, the 
f i r s t component becomes much lower than the second. Obviously, by keeping 
constant the grain diameter and varying the radiation energy, we have the 
former or the latter situation; this accounts for the bell shape of the curves 
of F1g.2 and Fig.3. The calculations have been made with J.L.Hawarth's * 
method, because of i ts simplicity 5"6. The Nowarth method g-'ves the dose 
distribution inside a spherical grain. The distribution function i s : 

H (x) = 1 • I. K, G, (1) 

where, H (x) 1s the ratio between the dose actually absorbed at the point P 
that has a distance x from the spherical grain surface and the dose then 
would be at P, 1f the grain were surrounded by LiF only (Homogeneous medium). 
The sum is extended to any group j. of electrons having initial energy T,; 
G* is a geometric factor that depends on T. and x; K, Is i function of the 
mass energy absorption coefficients of the two mediums. 

The mean value of H (x), within a grain, corresponds to the detector 
experimental response. The mean value Is expressed by 

D 

H • i / H (x| d x (Z) 



All the calculations have been made with the computer. First of a l l , in 
order to test the computer program, the marrow dose in spherical bone 
cavity 50 urn in diameter has been calculated. The results obtained for a 5 
50 KeV electromagnetic radiation is 2.4 rad/R. F.W.Spiers gives 2.28 rad/R J 

for the same situation. The slight difference is probably due to the differ
ent choice of the parameters employed (* ) . 

Thefl values of Tab.I have been calculated by supposing that the LiF 
grains are spherical and the binder boundless. In other words the distance 
betwe-n one grain and the nearest one is larger than the maximum electron 
range, whatever the radiation energy. However this is not the actual situ
ation. The order of magnitude of the mean distance between the grains may 
be evaluated by supposing,to make calculations easier,that the grains are 
cube shaped (side 0) and arranged at the lattice points of a simple cubic 
space lattice of side L. 

It results: 

L = D / i^r+ n (3) 

where P S = 1 , Ps= 70%, p.-2.6, pf=30% are the densities and the percentages 
by weight of silicone rubber and LiF respectively. In this case L -
2.6 D. When I is shorter than the electron range, the electrons emerging 
from a grain may reach the neighbours. This situation may be approximated 
by supposing that the LIF grains are embedded in a homogeneous mixture 
(L1F plus silicone rubber, 301 and 70% by weight respectively) instead of 
the silicone rubber only. These calculations are shown in Fig.3 or Table I I . 
Both figures 2 and 3 show that the influence of the grain size begin to be 
important when the diameters are lower than 40 no. 

H I . Measurements and Discussion of the Results 

The detectors have the shape of a disc 7.5 mm in diameter and 0.9 mm 
thick. All the discs have the same percentage of LiF (30* by weight). The 
preparation method is described in a previous paper 1 . Two sets of detectors 
have been used, the f i rs t with grains having a mean weight diameter Tj, • 
- 6 urn and the second T), = 70 m». The mean weight diameter ^ is defined 
by 

7 Z< n( D4
3 

* '/-Mr- c« 
where n, is the number of particles having diameter 0.. 

The Incorporated powder was extracted from the commercial powder by 
means of calibrated sieves. The powder 1s not monodlspersed and the size 
distribution was measured in the following way. A layer of L1F particles, 
laid on a slide, was photographed throught a microscope (Fig.4). The 

employed and the computer program will 
•eport. 



particle diameters were measured on the photographs by means of a Zeiss 
particles analyzer TGZ 3 ° . The size distribution is sown in Table I I I . 
From this table and the curves of F1g.2 or Fig. i 1t Is possible to calculate 
the response H of the detector (for a certain energy of the radiation) by 
means of: 9 

I I = i I,, m. Hj (5) 
g m i i i v ' 

where: m- is the total mass of the particles having a diameter that ranges 
in the i-th interval, m = I J m., TTj is the ordinate of the curve having the 
parameter corresponding to the 1-tn interval. 

The detectors were exposed to Co-60, to f i l tered X-rays and to fluores
cence X-rays. The caracterlstics of the beams are shown 1n Tab.IV and Tab.V. 
The exposure measurements were made by means of a cavity chamber, calibrated 
in comparison with the standards of other European Laboratories 9. The 
expo-ure measurements with the cavity chamber are accurate to within a few 
percent. The exposure at the various energies was about 10 R. 

Before Irradiation the detectors were annealed at 300°C for 10 min,then 
at 100°C for two hours. After irradiation, before the reading, the detectors 
were kept at 100°C for 10 min. The reading was taken with a Harshaw 2OO0. 
The maximum heating temperature was 260°C and the heating time 60 sec. 

The results of the f i r s t set of detectors are shown in Table VI . The 
experimental values (column B) are normalized to that of Co-60. The error 
is the standard deviation of the ratio. Column C shows the ratio between the 
values of column B and column F (LiF calculated energy dependence). The L1F 
TLD 100 energy dependence has been calculated with the atomic composition 
given by C.E.KUck et a l . l " . The TL values calculated with reference to the 
curves of Fig.2 and Fig.3 are shown in column D and E respectively. As nay 
be seen the detector response (column C) stays between the values of column 
D and E, as foreseen by the previous considerations. 

As further proof of the results of Table VI the detectors were exposed 
to fluorescence X-rays. These measurements are shown in Table VII and 
confirm the previous ones. 

The results of the detectors, with large grains (E, " 7 0 >")• a r e snown 

In Tab.VIII. As can be seen the response f i ts the calculated values within 
the experimental errors. Also for this set, the experimental results are 
normalized to the respective value of Co-60, so as to account for the large 
rise 1n light yield of LiF with the increase of the particle sizes • ' . The 
light yield of TJ, and U, detectors to Co-60 is respectively 10 + I and 23 + 
+ 1.6 arbitrary unit per R. The light yield would also depeniTon the radi
ation energy but, at least in our case, this effect is contained within the 
experimental errors. 

In conclusion the previous calculations and measurements show that the 
determining parameter of the detector response 1s the mean weight diameter 
of the powder, whereas the LiF percentage affects the detector sensitivity 
only. 

From the practical point of view the results suggest the criterion for 
choosing the most convenient size distribution of the powder to be incorpora
ted 1n silicone rubber. In other words, 1f the mean weight diameter of the 
powder is larger than 70-80 um , the detector has a response as a function 
of energy almost similar to that of L1F used alone. 
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Fig. 4 Photograph of the LiF powder. 

Fig. 4 - Photograph of the LiF powder. 
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Scarpa 

Does the grain s ize used in the Mixture affect a l so the mechanical properties 

of the mixture? 

Burandi 

Tes* It would be »ore convenient to use small grains because the grains 

would then be more homogeneously distributed, and the mixture would be more 

compact. 



Manufacture of Uniform, Extremely Thin, Thermoluminescence 
Dosimeters by a Liquid Moulding Technique 

by 

Geoffrey A . M- Webb and George Bodin 
Teledyne Isotopes, Westwood, N.J-

Abstract 

A technique is described for preparing uniform thin thermoluminescence 
dosimeters It is shown possible to fabricate dosimeters containing 30% by 
weight phosphor as thin as 15 microns with a standard deviation in weights of 
only 3*6&. In larger sizes the measured standard deviation of a batch of 
dosimeters was generally 3 to 4%. 

The silicone polymer before curing has a viscosity high enough to maintain 
the phosphor in suspension but low enough to enable it to be poured and mould
ed easily. After curing it is a tough elastic solid able to ~thstand read
out and 300"C annealing. The optical transmission is nearly 100% and it has 
a similar refractive index to most common phosphors The efficiency and mini
mum detectable doses for different compositions with different phosphors are 
given. The low specific gravity of the silicone binder enables dosimeters to 
be nade with a lower effective thickness for a given physical thickness. A 20 
micron CaSO.iDy - Silicone dosimeter is only 2.1 mg/cm2 effective thickness. 



Introduction 

Thermoluminescence dosimeters provide po ten t i a l sources ot: solid s t a t e 
3ragg-Gray Cavity Chambers for r ad ia t ion research. The major d i f f i cu l ty 
in t h e i r use has been the manufacture of uniform, high s e n s i t i v i t y dosimeters 
t h i n enough to not per turb the surrounding e lec t ron equilibrium but robust 
enough t o be handled-

The th innes t dosimeter ava i l ab le a t present i s the Phosphor—Teflon " I ' l t ra -
t h i n " dosimeter^. These have been shown to agree well 2 with the Solid S ta te 
Cavity Chamber theory developed by Burlin'*- They hcive also been used in i n t e r 
face dosimetry by Schulz*. 

The phosphor-Teflon dosimeters a re manufactured by mieroromiiiy from a 
so l id bar of phosphor-Teflon of t he appropriate diameter {normally t>mm). 
This technique can produce dosimeters of 20 micron nominal thickness but 
t he v a r i a t i o n s in th icknesses between dosimeters i s very great and necess i 
t a t e s weighing and correc t ing each reading to a normalized weight- The pro
duction i s a l s o very laborious and r e s u l t s in a very high unit cost for the 
dosimeters. A disadvantage of Teflon as a c a r r i e r in t h i s instance i s the 
r e l a t i v e l y poor l i g h t t ransmission. Since each dosimeter contains only about 
0.3 mg of phosphor i t i s obviously des i rab le to get as much l i gh t out as 
poss ible• 

Most of t he problems of v a r i a t i o n among a batch of dosimeters seemed t o us 
t o be a t t r i b u t a b l e to the manufacturing technique of machining from a sol id 
so we have inves t iga ted a new technique which enables sheets of mater ial to 
be manufactured d i r e c t l y t o t h e required t h i c t s s . The dosimeters then 
merely have t o be punched t o t he appropr ia te diameter which i s a t r i v a l 
t ask . 

NakajimaS described th in dosimeters of phosphor in a s i l i cone matrix but 
h i s dosimeters could not be made extremely th in because of the r e l a t i ve ly 
high v i scos i ty of h i s ma te r i a l . In addi t ion the finished dosimeters were 
b r i t t l e and hard to handle. We have manufactured dosimeters using a s i l i 
cone elastomer which has a low v i s c o s i t y before curing and which produces 
a f l ex ib le dosimeter which i s very tough. The object of t h i s paper i s to 
report on the manufacture and proper t ies of the dosimeter. No measurements 
using the dosimeters a s cavi ty chambers or in in te r face dosimetry have been 
carr ied out. 

2. Manufacture of Dosimeters by Liquid Moulding 

In preparing the phosphor powder for manufacture of dosimeters, some 
preliminary screening must be car r ied ou t . Since the suspension of powder 
in the s i l i cone i s d i r e c t l y formed t o t he required th ickness , phosphor 
gra ins of a l a rge r diameter than t h i s th ickness should be removed by s ieving. 
I t n ight be expected from the r e s u l t s of Zanell i^ with LiF t h a t use of phos
phor with maximum gra in s i z e of 15 micron would cause a s ign i f i can t reduc
t i on in l i g h t output compared with the normal " f ine" powder ranging up to 
75 micron gra in s i ze ueed i n manufacture of phosphor-Teflon dosimeters. The 
r e s u l t s for CaS0.:Dy did not show t h i s reduction (see sect ion 7 ) . 



The preparation of the compound follows the following steps 

1. Mix silicone poemer with correct proportion of curing agent in 
a clean container. 

2. Add phosphor powder in the correct proportion by weight and mix 
thoroughly. 

3. Deaerate the mixture by reducing pressure to less than 20 mm for 
15 to 20 minutes 

4. Pour mixture into mould taking care not to introduce air bubbles. 
The moulds used have generally been optically flat glass plates with 
a spacer of the correct thickness on the lower plate. Excess mater
ial is placed inside the spacer which has a gap to allow this excess 
to escape during pressing* 

5. Press on the top mould. This is another optically flat glass plate 
which is pressed down to touch the spacer all round. 

6. Cure at room temperature for 7 days or at elevated temperature 
e.g. 100°C for 1 hour. 

7. Punch out dosimeters of the appropriate diameter. 

For making relatively thick dosimeters no support material has been used. 
For very thin dosimeters, however, the handling is much improved by placing 
on the lower mould under the spacer a metal foil (0.001" Aluminium). The 
elastomer bonds with the foil during curing and the foil imparts more rigid
ity enabling cutting and handling to be carried out more readily. The foil 
can be removed before use or left in place. In most of this work it was 
left in place as it appears to assist the heat distribution during heating 
for readout and also makes the very thin dosimeters more convenient to handle. 

Dosimeters have been manufactured by this technique in thickness from 
0.02 mm to 0.5 mm, containing percentages from 0.60% by weight of CaSO.iDy 
phosphors. 

3. Physical Characteristics of Phosphqr-Silicone Dosimeters 

The main physical property made use of during the manufacturing process 
is tiie viscosity of approximately 3500 centipoise. This is sufficiently high 
to hold the powder in suspension with no observable settling out,, but low 
enough to enable the mixture to be poured and moulded with relative ease. 

After curing the silicone elastomer becomes a tough transparent solid, 
with a slightly "tacky" surface. The transmission of visible light is almost 
100% in the thicknesses we are considering and the refractive index of 1.4 
is very close to the indices of most thermoluminescence phosphor materials. 
The material is non-conducting electrically and a relatively poor thermal 
conductor. 
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The resistance to temperature is not very great, however it can with
stand temperatures of 300°C in an oven for periods of 2 hours with no appar
ent deterioration. Higher temperatures can cause the material to turn brit
tle and crack. In addition dosimeters have been put through many readout 
cycles without affect. The material is therefore capable of withstanding 
the temperatures necessary for readout and annealing of all common phosphors-
The readout cycle with anneal described in another paper at this meeting7 

is ideally suited for these dosimeters as the post-readout anneal of 20 se
conds at 305*C proves to be optimum in zeroing the dosimeter without caus
ing 'thermal damage. 

The dosimeters are insoluble in water and resist attack by most common 
solvents. 

4. _ Readout Technique 

Most of the results in this paper were obtained on Teledyne Isotopes 
Model 7100TS reader. This uses a constant heater current through a resis
tive heating element for a fixed time and integrates and displays the light 
emission. The temperature ar" ^low curve were displayed on a dual channel 
recorder. The reader was se_ up for minimum contribution from residual ther-
moluminescence and incandescence emission. 

Since the phosphor^-ailicone dosimeters are slightly tacky they tend to 
stick, to the heater tray and provide good thermal contact. In the case of 
the very thin dosimeters these were generally left on their Aluminium back
ing for irradiation and readout. It was found that as long as the metal 
touched the heater in two or three places the thermal conductivity was good 
enough to provide uniform heating. 

In the newer model 7300 reader7which has a ramp and hold heating pattern 
the heating characteristics should be even better. 

5. Thermoluminescence from the Silicone 

In some earlier dosimeters using Silicone materials the limiting property 
at low levels was the inherent luminescence of the Silicone itself. In the 
material we are using there seems to be no inherent luminescence property. 
Irradiation of discs made from pure silicone elastomer with no phosphor to 
100 R did not produce any increase in signal above background- Irradiation 
of the same discs to laboratory fluorescent lighting also produced no detect
able signal increase over discs stored in dari-ness. The sensitivity was such 
that a signal from a 5 mR exposure of a similar dosimeter containing 3U% by 
weight CaS0.:Dy would have been detectable. 

6. Light Output Efficiency 

The increased l i g h t output eff ic iency was measured by comparison with 
standard CaS0.;Dy Teflon dosimeters containing the same q u a n t i t i e s of the 
same phosphor. The r e s u l t s show t h a t the l i g h t output per mg of phosphor 
from the Phosphor-Silicone dosimeter i s approximately 3 times t ha t from an 
equivalent Phosphor-Teflon dosimeter. This i s d i r e c t l y a t t r i b u t a b l e to the 
improved op t i ca l c h a r a c t e r i s t i c s of t he s i l i cone matr ix . 



This result can be used in two ways for standard dosimeters. If perfor
mance is the objective then the increased signal/noise ratio permits lower 
minimum detectable levels. If cost reduction is the objective then the same 
performance can be obtained with one third of the phosphor content, result
ing in lower costs. 

For thin dosimeters the phosphor cost is insignificant and performance 
improvement is the only criterion-

7. Effect of Phosphor Loading 

To test the effect of different phosphor contents on detection efficiency 
and mechanical strength of the dosimeter, the phosphor content was varied 
from 0 to 60%. Figure 1 shows the relative sensitivity corrected for dosi
meters of different weights after exposure to the same dose as a function of 
phosphor content. 

Although results have some variability the light output is roughly 
proportional to the loading. 

Even for 60% loadings the phosphor does not interfere with the mechan
ical properties of the silicone. 

A further test was the effect of different phosphor grain sizes on the 
efficiency. Figure 2 shows the results normalized to light output per unit 
dose per unit mass of phosphor for dosimeters with different maximum grain 
sizes. It can be seen that the marked fell in efficiency observed by Zanelli6 

for grain sizes below 20 microns is not observed in these circumstances. 

8.M Uniformity of Production 

One advantage of the production process is the much closer tolerance on 
thickness which can be obtained* Since the dosimeters are punched to exact
ly the same diameters a good check on the thickness is the weight of the 
dosimeter. Actual measurements of thickness are difficult as the silicone 
is elastic and compresses rather easily. 

Table 1 shows the standard deviation of weights obtained in several 
batches of dosimeters of different types 
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TABLE 1. Standard Deviations of weights and measured thermoluminescence 
of d i f f e ren t batches of Phosphor-Silicone Dosimeters-

Phosphor Loading Thickness Standard Deviation Standard Deviation of 
% (microns) Weight (%) Signal Corrected fur 

20% 

20% 

30% 

30% 

30% 

40% 

7S 

15 

75 

75 

50 

75 

1.8% 

3.68! 

2.5% 

1.7% 

1.5?. 

0.8S 

Weights (*>) 

1.7".. 

2.8:;. 

2.1*;. 

1.8:., 

l.of, 

0.5?, 

Table 1 a l s o shows the r e s u l t s of t he measured thermoluminescence signal 
from d i f f e r en t batches of dosimeters . The r e s u l t s show the exce l len t repro
d u c i b i l i t y of dosimeters produced by t h i s technique- The production batches 
were general ly small (50-100 dosimeters) and the batch t o batch var ia t ion can 
be an t i c ipa t ed t o be worse than the r e s u l t s shown in Table 1. 

9. Minimum Detectable Dose 

There a r e severa l de f in i t i ons of t h i s but one which i s acceptable i s 
th ree times t he Standard deviat ion of the background from uni r radia ted dos i 
meters-^ Table 2 shows the r e s u l t s according to t h i s de f in i t i on for minimum 
de tec tab le dose for phosphor-Silicone dosimeters. Similar r e s u l t s for some 
phosphor-Teflon dosimeters a r e included for comparison. 

TABLE 2. Comparison of minimum de tec tab le doses for phosphor-Teflon and 
phosphor-Silicone dosimeters. 

Dosimeter Matrix Phosphor Content Minimum De-
% mg t e c t a b l e dose 

, „ mB 

D - C a S 0 4 : D y - 0 . 4 Teflon 30 30 0 .5 

UT-CaS04:Dy Teflon 30 0.3 45 

75 micron CaS0.:Dy Si l icone 30 3.0 1.5 

15 micron CaSO ;Dy Si l icone 30 0.27 20 
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10. Application to extremity Dosimetry 

The current interest in accurate skin dosimetry9 and the excel lent r e 
su l t s obtained by Marshall and Docherty10'*1 using 40 micron thick LiF-Teflon 
dosimeters suggest the poss ib i l i ty of using LiF-Silicone dosimeters for t h i s 
purpose- The increased l ight output should enable doses as low as 10 to 20 
mRad to be detected- The effect of the Sil icone binder on the energy de
pendence of the phosphor would have to be investigated before t h i s applica
t ion could be pursued In th i s connection i t i s interesting to conjecture 
whether a material with an inherent under-response such as Lithium Borate (Mn) 
in a Si l icone matrix would result in a dosimeter with re la t ive ly good energy 
response characterist ics . A further advantage of Si l icone as a binder i s 
a considerable reduction in the effect ive thickness in mg/cnr for a phosphor-
Si l icone dosimeter of the same measured thickness as a phosphor-Teflon dos i 
meter. Table 3 shows the comparison of measured thickness, weight and e f f ec 
t i v e thickness for the two dosimeter types- The difference i s due to the low 
spec i f i c gravity of the Sil icone (1-02) compared with Teflon (2 .7 ) 

TABLE 3 . Comparison of measured and ef fect ive thickness for phosphor-
Si l icone and phosphor-Teflon dosimeters 

Dosimeter Diameter Thickness Weight Effective Thickness 

CaS04:Dy Teflon 12.0 m 0.4 mm 100 mg 90 mg/cm2 

CaSCvDy Teflon 6.0 mm 20 micron 1.25 mg 4.5 mg/cm 

CaS04:Dy Sil icone 11.0 mm 0.4 mm 53 mg 43 ag/cn2 

2 
CaS04:Dy Sil icone 11.0 mm 20 micron 2.6 mg 2.1 mg/cm 

This decrease in ef fect ive thickness for a given physical thickness 
i s an advantage when attempting skin dosimetry. For example a 40 micron 
thick Phosphor-Silicone dosimeter under a 2 rag/cm2 window i s an almost per
fect replica of the basal layer skin depth found9 in recent measurements for 
the trunk. 

11. Conclusions 

The preparation and properties of a new Phosphor-Silicone dosimeter 
type have been described. It has been shown that it is possible to fabricate 
dosimeters as thin as 15 micron with a standard deviation in weight of only 
3.6%. In larger sizes the measured standard deviation of a batch of phos
phor Silicone dosimeters was generally 3 to 4%. 

The principal advantage of the silicone binder in manufacture is its 
viscosity which is high enough to maintain the phosphor in suspension but low 
enough to enable it to be poured and moulded easily. 
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After curing the dosifteter i s a tough e l a s t i c sol id- The optical trans
mission i s almost 100% and the refractive index i s suitable for optimum l ight 
co l lec t ion from the phosphor-

The lower spec i f i c gravity of the Sil icone matrix enables dosimeters to 
be constructed with a lower e f f ec t ive thickness for a given physical thickness,. 
For example a 20 micron thickness dosimeter of CaSO.iDy-Silicone i s 2.1 mg/cm" 
compared with 4.5 mg/cm2 for a 20 micron CaS0.:Dy-Teflon dosimeter- This 
capabil ity has potential for more precise skifl dose measurements than hither
to possible . 
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Suntharalingam 

Is the uniformity of response of these nevly fabricated dosimeters the same 

as the - 3*5% yon stated for the uniformity of weight in the fabrication? 

Webb 

Full infonnation is given in the paper on the uniformity of radiation response. 

A typical figure for 15 pm dosimeters is - j% after correction for weight 

variation or - 6% with no corrections applied. 
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Abstract 

A series of anneal and read-out conditions has been applied to 
7LiP in teflon discs in order to determine the feasibility of using 
this thermoluminescent device as the basis of a personal dosemeter 
for routine whole-body monitoring. It has been demonstrated with 
six different read/anneal combinations that, with the discs protected 
from light, little fading occurs and a sufficiently constant sensi
tivity and an acceptable background can be maintained over numerous 
cycles of use for average doses up to 1 rad per cycle. Of the six 
read/anneal combinations some involved the conventional high plus low 
temperature anneal conditions but in other combinations these anneals 
were replaced by high and low temperature holds introduced into the 
read cycle* It still remains to be demonstrated, however, that the 
performance observed does not deteriorate under operational conditions, 

1. Introduction 

This paper is an interim report on an investigation being 
carried out in order to determine the feasibility of using 7LiF in 
teflon discs as the basis of a personal dasemeter for routine whole-
' jdy monitoring. In considering the suitability of such a dosemeter 
the cost must be taken into account, not only that of the dos ene ter 
itself, but also *ie cost of processing it. Thus the dosimetric 
material must either he inexpensive or be capable of repeated use. 
.̂ie price of LiF discs is, at present, such that they must be capable 
of being u*ed at least 35 times if they are to form an economically 
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viable basis of a 2 element dosemeter. The aim of the study was, 

therefore, to see if a combination of anneal and read cycles could be 

specified which would give rise to little fading and to a constant 

sensitivity and an acceptable background over at least 25 cycles of 

use. 

2. Experimental programme 

The programme included four anneal conditions based on the 
recommendations of the manufacturers of the discs and on procedures 
in current use or being tried in various laboratories. The anneal 
conditions chosen weie:-

A x - 400°C for 30 mins, followed by B0°C for 16h 

k^ - 300°C " " " " " " 

A - 80°C for 16h 

A. - No pre-irradiation anneal. 

Similarly a range of read cycles were chosen. Each read cycle 

can be split into four parts and the following conditions were chosen 

for each part. 

(i) Pre-read treatment Rx low temperature trip* (130 C) 

or R_ low temperature hold** (130 C for 15s 

before trip) 

( i i ) Heating rate R_i„ 10°^s 

or R _ 2 M 20°G/S 

(iii) High temperature R x 260°C 
trip 

(iv) Post read-out R x Nil 
treatment 

or R - High temperature hold (at trip 

temperatare for 15s) 

The anneal conditions Aj. and A2 are typical of those in current 
use in a number of laboratories« conditions A 3 and A 4 have been 
suggested by other authors1 with the idea of keeping the anneal 
process as simple as possible, thereby reducing processing costs. 
In the case of anneal A3 the high temperature anneal is replaced by 
a high temperature hold in the read cycle while in the case of A,, 
the high and low temperature anneals axe replaced by the high and low 
temperature holds xespectively in the read cycle. The combination of 
anneal and read cycles which were investigated are shown in Table 1. 

•Low and high temperature trips are the temperatures between which 
the sicnal is integrated,-

**A temperature hold refers to a period in the read cycle during 

which the temperature is held constant. 
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The signal was integrated between the low and high temperature 
tripe or holds as appropriate. 

The study was split into four parts to observe:-

(i) The variation of background 

(ii) The consistency of sensitivity 

(iii) The degree of fading 

(iv) The useful disc life. 

It was intended that each read/anneal (RA) combination would be 
subjected to the individual parts of the study in the order indicated. 
Failure to provide satisfactory results for any part would eliminate 
the RA combination concerned from the remainder of the study. 
However, more of the RA combinations than expected proved to be 
satisfactory so that the programme had to be reduced where possible. 
Details of the modifications made are given in Section 5 Results. 

3. Experimental method 

3.1. The variation of background 

Ten new discs were allotted to each RA combination investigated 
and the experiment was carried out as follows in each case:-

Anneal 

Read 1 

Anneal 

Dose 

Read 2 

Anneal 

Read 3 

Anneal 

Read 4 

Anneal 

Read 5 

(prior to dose) 

(post dose) 

(1st Background) 

(2nd Background) 

(3rd Background) 

Bo 

D (1 rad) 

S 

Bl 

B2 

B3 

The experiment was thus designed to give information on the 
sensitivity of the system from the values of S and the magnitude and 
constancy of the background from the values of Blt Bj and B- for 
each combination. It was recognised that, for a combination to be 
acceptable, it must enable a threshold dose if a few tens of mrad to 
be maintained. This necessitates a very low background or a very 
constant one which is independent of dose history. 
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3.2. The consistency of sensitivity 

Ten new discs were allotted to each RA combination being investi
gated; each batch was subjected to the following:-

Anneal 

Dose (1 rad) 

Read (S ) 

Read background (B) 

Anneal 

Dose (1 rad} Repeat three times to obtain 

After the second anneal the background was read for comparison with 
the values obtained in the previous experiment. The consistency of 
the sensitivity of the discs was obtained from the values of S x to Ss. 
A particular RA combination was considered satisfactory at this stage 
provided the values of S shoved no systematic change in sensitivity 
exceeding + 15« about the overall mean sensitivity. 

3.3 . The degree of fading 

New discs were taken for each RA combination undergoing this 
experiment and were annealed and exposed to a dose of 1 rad. These 
were read over a period of 26 days, a standard light source being used 
to check the stabi l i ty of the reader. A particular RA combination 
was considered satisfactory provided the fading did not exceed 10S 
over the 28 days. 

3 .4 . The useful disc l i f e 

This experiment was similar to the sensit ivity experiment 
described in 3.2 but involved a larger number of cycles (at least 25) 
The effects of different dose levels and of cleaning the discs by means 
of washing we i also to be observed. The discs were also to be 
examined at various stages during the experiment to observe discolour
ation or any other form of deterioration. 

Thirty-six new discs were allotted to each of the RA combinations 
under investigation. These were spl i t into two batches of 18, one to 
be washed and the other unwashed. These were further divided into 
batches of 9, one to be expos«! to low doses and the other to high. 
At each irradiatic stage, 3 discs in the low dose batch were exposed 
to each of the following doses: 0, 100 and 500 mrad. Doses chosen 
for the high dose batch were 0, 500 and 2,500 mrad. The disc* in Che 
high and low dose batches were randomly chosen for exposure to thr 
Prescribed doses; the average dose per cycle was 200 mrad in the low 
. S . m*VS? l f ? " " ^ l n t h S h l 9 h ' T h e «"**»- P*°cSur" , « , simply agitation in methanol for approximately a minute after .,hieh 
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the discs were allowed to dry. The washing procedure was carried out 
prior to each anneal. 

The experimental procedure was as follows:-

Anneal 

Dose 

Read 

It was intended that this should be repeated at least 25 times 
or until, for some reason, a particular RA combination was found to 
be unsatisfactory and therefore eliminated from the experiment. 

4. The sensitivity to light of LiF in teflon discs 

Initially an attempt was made to carry out the background 
experiment taking no precautions to prevent exposure of the discs 
to light. The RA combinations being investigated at that stage were 
those involving both high and low temperature anneals, i.e. A^ and A2-
The backgrounds observed were high and variable and such that a dose 
threshold of a few tens of mil lir ads could not be maintained. Light 
effects were suspected and simple experiments, in which the behaviour 
of discs handled in normal light conditions was compared with that of 
discs handled in subdued light conditions (i.e. under photographic 
safe lights), showed that the backgrounds were almost entirely due to 
the sensitivity of the discs to light* Some of these experiments were 
repeated with discs of pure teflon and similar counts were observed, 
indicating that the light sensitivity is mainly due to the teflon. 

Several methods of eliminating the effect were tried. The only 
satisfactory method was that of handling the discs in total darkness 
or in subdued light. (Aider these conditions the signal increased 
linearly with radiation dose and the backgrounds were at or near zero 
so that a dose threshold of a few tens of mrads could easily be 
maintained, A possible compromise solution was obtained with a post 
irradiation anneal of 15 mins at 130°C. This was found to reduce the 
sensitivity by a factor of about 2 but the response remained linear 
and the backgrounds were sufficiently constant to be subtracted. 
Discs handled *n normal and subdued light conditions are compared 
in Table 2 and the behaviour of discs exposed to light and then 
subjected to a post irradiation anneal of 15 mins at 130°C are shown 
in Table 3. It can be seen from Table 2 that it would be difficult 
to maintain a dose threshold below 100 mrad if the discs are not 
protected from light. 

At this stage the possibility of investigating the light effect 
in detail was considered as well as the possibility of designing a 
system for personal dosimetry in which the discs could be handled in 
subdued light conditions. It was decided, as a monitoring system 
designed to keep the discs in subdued light conditions was feasible, 
to re-start the study taking precautions to prevent exposure of the 
discs to light. 

5. Results 

The main feature of the study was the experiment to determine 



- 555 -

the useful disc life; the other three experiments were included in 
order to eliminate quickly unsatisfactory RA combinations. It is 
sufficient, therefore, to comment merely on the findings of the 
"background", "consistency of sensitivity" and "fading" experiments 
and to give detailed results only on the useful disc life experinent. 

5.1. RA combinations involving anneal conditions Ai and A2 

RA combinations Rii2l/Al» Ri21l/Al» Rll21yl'A2 a n d R121t^A2 w e r e 

investigated using a disc reader designed at the Atomic Energy 
Establishment, Winfrith^. in this reader a disc, when being read, 
is clamped between upper and lower elements which are heated 
electrically. The lower element is a nichrome block and the upper a 
nickel mesh. The temperature of the lower element is monitored by 
means of a thermocouple and controlled electronically. The reader 
is housed in an air-conditioned room and the temperature of the photo-
multiplier tube is controlled by means of a water-cooled fridgistor 
in order to stabilize its gain and dark current. 

All four RA combinations were subjected to the background experi
ment (Section 3.1). In all cases the values of BQ to B3 were at or 
near zero indicating that a threshold dose of a few tens of mrads 
could easily be maintained. 

All four combinations were next subjected to the consistency of 
sensitivity experiment (Section 3,2) which showed that the sensitivity 
in all cases was sufficiently constant to continue with the remainder 
of the study. However, it was decided that, with the effort available, 
the number of combinations subjected to the "fading" and "useful disc 
life" experiments should be limited to two. Those chosen were 
R112l/Ai atid R1211-^*2• Both were subjected to the fading experiment 
and, in each case, the fading observed over 28 days was less than 10%. 

During the "useful disc life" experiment there was an interval 
of 1 to 3 days between each cycle and 31 cycles were carried out in 
all. As indicated in Section 3.4, the discs were divided into 
washed and unwashed groups, each group being subdivided further into 
high and low dose batches. However, no significant differences in the 
behaviour of washed, unwashed, high and low dose batches were observed. 
Therefore, the readings of all the discs for a given cycle and RA 
combination have been combined and expressed as counts per mrad. 
These are shown plotted against cycle number in Figure 1 for RA 
combinations Rn2l/*1 an<* ^lSll/^* Etror bars corresponding to one 
standard deviation are also shown. The counts for zero dose were 
practically zero in all cases as observed in the background experiment. 

After completing the 31 cycles both sets of discs appeared to be 
in good condition. Discolouration was only slight and the indications 
were that many more cycles could have been successfully carried out. 
The optical density was measured at intervals throughout the experi
ment. The values stayed reasonably constant with cycle number at 
densities of about o»5 and 0-7 for R1121/A1 and Ri2ii/A2 respectively. 

The sensitivity of the discs was found to be a factor 2 greater 
for R1121/A1 than for Ri2ii/A2» *^e overall mean sensitivities 
indicated by the dotted lines in Figure 1 being 1*44 and 0*71 cts/mrad 
respectively. This enhanced sensitivity is due mainly to the different 



anneal condi t ions as the consistency of s e n s i t i v i t y experiment 
showed only a marginal increase in the s e n s i t i v i t y for combination 
RH21/A2 o v e r R1211 / A2» i - e * ° * 9 1 c t s / » r a d a s compared * i t h ° ' 7 1 

cts /mrad. The higher value assoc iated with the Aj anneal cou ld , t o 
sone e x t e n t , be due t o the lower o p t i c a l dens i ty o f the d i s c s 
annealed at 400°C. 

The dot ted l i n e s in Figure 1 show the o v e r a l l mean s e n s i t i v i t i e s 
for the two RA combinations concerned. The s c a t t e r of the po ints ( the 
mean value for each c y c l e ) about the o v e r a l l mean shows no sys temat i c 
change in s e n s i t i v i t y with cyc le number. The random spread of the 
indiv idual means about the overal l mean i s l e s s wi th the 400°C anneal; 
the standard dev ia t i on expressed as a percentage of the o v e r a l l mean 
s e n s i t i v i t y i s 3% whereas i t i s 7% i n the case o f the 300°C annea l . 
The spread i n the values for each c y c l e i s a l s o l e s s for the 400°C 
anneal ; if i s t y p i c a l l y 6JB whereas i t i s 956 i n the case o f t h e 300°C 
annea l . 

5 . 2 . RA combinations involv ing anneal condi t ions A4 

RA combinations R2112/A4» H2212i^A4» R2122^A4 a n d ^2222/^A meIe 

i n v e s t i g a t e d using a powder reader designed by the Atomic Energy 
Establ ishment, Winfr i th3. which had been modified t o take d i s c s . The 
planchet was shaped f o r d i s c s and a n icke l mesh was welded t o i t t o 
form an upper heat ing element. When being read d i s c s are p o s i t i o n e d 
i n the planchet and beneath the n i cke l mesh, both of which are heated 
e l e c t r i c a l l y . The temperature of the planchet i s monitored by means 
o f a thermocouple and contro l l ed e l e c t r o n i c a l l y . The p h o t o w u l t i p l i e r 
tube i s cooled by means o f an a i r - coo led f r i d g i s t o r i n order t o 
s t a b i l i z e i t s gain and dark current. 

A l l four combinations were subjected t o the background experiment . 
The va lues of BQ t o Bj (Sect ion 3 . 1 ) obtained were higher than observed 
w i th the RA combinations involving anneal condit ions A± and A,* This 
was thought t o be due t o the behaviour of the reader and not the d i s c s 
^ i n c e , t o obtain a s e n s i t i v i t y in the region of 1 ct /mrad, i t was found 
necessary t o s e l e c t a high PM tube BUT s e t t i n g wi th a r e s u l t i n g i n c r e a s e 
i n the dark current . However, the va lues of BQ t o B, were approximately 
constant such that a threshold of a few tens o f mrads could be main
t a i n e d . 

At t h i s s tage i t was decided that a maximum o f two RA combinations 
could be subjected t o the d i s c l i f e experiment. Combinations R2112/A4 
and 82222/^4 ™ei* chosen as these represent the two txtrernes o f the 
read c y c l e s under cons iderat ion . Both these combinations were taken 
s u c c e s s f u l l y through the "consistency of s e n s i t i v i t y " experiment . I t 
was considered s u f f i c i e n t to subject combination R2113/A- t o t h e 
"fading" experiment which i t completed s a t i s f a c t o r i l y , t h e experiment 
was o f par t i cu lar i n t e r e s t because i t enabled a comparison t o be made 
o f combinations in which the 80*>C anneal i s replaced by t h e 130OC 
15 s h o l d . 

The »useful d i s c l i f e " experiment was carr ied out without inc luding 
the washing procedure s i n c e the r e s u l t s presented i n S e c t i o n 5 . 1 
showed that t h i s was unimportant. However, the high and low dose 
ba tches were again employed but again no d i f f e r e n c e s i n the behaviour 
of the two groups were observed, Therefore, the readings o f a l l the 
d i s c s for g iven c y c l e s and RA combinations have been combined and 
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expressed as c t s / n r a d . These are shown p lo t ted against cyc le number 
i n Figures 2 and 3 for combinations R211^A4 a n d R2222^A4 respect-
i v e l y for the 25 c y c l e s completed. Error bars corresponding to one 
standard dev ia t ion are a l s o shown. The counts for zero dose wore 
high and varied from day- to-day . This was thought to be due to the 
high PM tube EHT s e t t i n g and not to the d i s c s . The background 
remained s u f f i c i e n t l y constant throughout a given day for a dose 
threshold o f a few tens o f a rads to be maintained. There was a l s o 
very l i t t l e d i f f e r e n c e between the zero dose reading for the high ami 
low dose groups. At the end of the experiment the d i s c s ivoro in aood 
condi t ion and the i n d i c a t i o n s were that more cyc l e s couM have been 
carr ied o u t . 

The dotted l i n e s i n Figures 2 and 3 show the overa l l mean 
s e n s i t i v i t i e s of the two combinations concerned. The s c a t t e r of the 
points ( the mean value for each cyc le ) about the overa l l mean shows 
no sys temat ic change in s e n s i t i v i t y with c y c l e number in Figure 2 , 
i . e . for ^2112^*4" S u p e r f i c i a l l y i t appears that the s e n s i t i v i t y 
indicated in Figure 3 i s l e s s constant than that of Figure 2 but the 
change i n s e n s i t i v i t y i s not s u f f i c i e n t to be considered ser ious as 
far as a personal doseraeter i s concerned. 

The mean <$" values for the spread in the readings for individual 
c y c l e s was 8 * and 9% for R2H2/A4 a n d R2222^A4 r e s P e c t i v c l v ' T n G $~ 
va lues for the spread i n the mean va lues for indiv idual cyc l e s about 
the o v e r a l l weans was 6R and 9% for R2112^^4 aiK* R2222^A4 respect 
i v e l y , 

5 . 3 . RA combinations invo lv ing anneal condi t ions A, 

Experience wi th RA combinations involv ing anneal condi t ions A^, 
A« and A4 showed that the preliminary experiments could be dispensed 
wi th in the case of anneal condi t ion A3, and RA combinations 
R1122/A3 ana" ^ l i i o / ^ w e r e chosen for the "useful d i s c l i f e " exper i 
ment, xhe d i s c s were read-out with the modified powder reader 
(Sect ion 5 .2 ) but the FH tube EHT s e t t i n g was lowered as much as 
p o s s i b l e t o reduce the dark current . I t was adjusted such that the 
s e n s i t i v i t y of the d i s c s was about 0-5 cts/mrad which was considered 
s u f f i c i e n t for personal monitoring purposes . This experiment i s s t i l l 
in progress but so far 16 c y c l e s have been completed. 

The washing procedure of the "disc l i f e " experiment was dispensed 
wi th but the high and low dose batches were r e t a i n e d . There was again 
no d i f f e r e n c e in the behaviour o f the high and low dose batches so 
that the readings were combined and the r e s u l t s expressed as c t s / n r a d . 
These are shown p l o t t e d aga ins t c y c l e number in Figure 4 for RH22/A3 
and Ruia /Ao* Error bars corresponding to one standard dev ia t ion 
are a l s o shown. 

The v a r i a t i o n of the mean va lues for zero dose for the high and 
low dose groups a r e shown in Table 4 for R m ^ * ? " The values are 
reasonably constant from day- to-day , with the except ion of c y c l e number 
8 , and p r a c t i c a l l y equal for the high and low dose b a t c h e s . These 
r e s u l t s support the idea that the high and v a r i a b l e aero dose or 
background readings obtained with the A4 anneal were probably due 
t o the reader and not the d i s c s . Residual backgrounds are governed 
t o a large ex tent by the high temperature treatment in the read/anneal 
c y c l e s . In t h i s respect RA combinations invo lv ing anneal condit ions 
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A. and A are identical in that this is limited to a high temperature 
hold in the read cycle. 

The dotted lines in Figure 4 show the overall mean sensitivities. 
The scatter of the points about the overall mean shows no systematic 
change in sensitivity with cycle nunber so far. The mean fl~ values 
for the spread in the readings for individual cycles were 9« and 12-5« 
for RU12/A, and R1122/A3 respectively. The <T values for the spread 
in the mean values for individual cycles about the overall mean was 
5*5* and 8* respectively. 

6. Discussion 

Table 5 compares the performance of the RA combinations investi
gated. The second column gives the mean G~ value for the individual 
cycles and is included to give an indication of the spread in the 
values of a given batch of discs. The third column gives the d~ 
values for the spread of the means of the individual cycles about 
the overall mean and is included to give an indication of the useful 
life of the discs. 

Combination Rn2i/Ai gave the hest results but there was little 
to choose between the performance of the others. All combinations 
investigated are considered suitable for personal monitoring and it 
is important to note that the discs were still in good condition at 
the end of the experiment. Moreover, improvements in the design of 
the read-out unit would almost certainly improve the results. 

The study is still in progress as not all the RA combinations in 
Table 1 have been investigated but. at this stage, there is no reason 
to suppose that the remaining combinations will not prove satisfactory. 
However, there are some reservations. The anneal-dose-read cycles 
were carried out over regular intervals of a day or so. which would 
not be the case in practice. At least a week would normally lapse 
between the anneal and the beginning of the issue period. The dose-
meter would then be worn for about 1 month before being read-out. 
There may also be some deterioration in performance under operational 
handling conditions. Thus, the study will be concluded with an 
experiment simulating conditions met in practice. This will include 
some dosemeters issued to personnel for wearing alongside their 
present dosemeters. 

The choice of RA combination should depend upon the type of 
service being operated. Although the best results were obtained with 
anneal conditions Ax, this includes a 400°C high temperature anneal 
and is not easy to carry out in practice since teflon undergoes a 
phase change at approximately 320°C. It could, however, be used 
where small numbers of individual discs are concerned, RA combi
nations involving A4 dispense with the conventional anneal procedures 
but reduce the throughput of the reader. Thus, for very large 
services an RA combination involving A2 may be preferred. Clearly, 
a multiplicity of satisfactory RA combinations could now be specified. 
The one chosen should, of course, be optimised for the particular 
service envisaged. What has been demonstrated here is that, subject 
to the reservation referred to in the previous paragraph, the conven
tional high and low temperature anneals can be replaced by high and 
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low temperature holds in the read cycles while maintaining a 
sufficiently constant sensitivity, acceptable background and little 
fading over at least 25 cycles of use for average doses up to 1 rad 
per cycle. 

7. Conclusions 

The experiments described have shown that six of the twelve RA 
combinations given in Table 1 could be used with lithium fluoride in 
teflon discs to form the basis of a personal dosemeter for routine 
whole body monitoring. The other six combinations have not been 
investigated so far but the work reported here suggests that these 
will also prove satisfactory. The choice of read and anneal cycles 
should depend on the type and size of personal monitoring service 
envisaged. It still remains to be demonstrated, however, that the 
performance observed does not deteriorate under operational 
conditions. 
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Table 1 

Paginations of anneal and read cycles 

Anneal conditions 

A i 

*2 

*3 

A4 

R112l 

H112l 

R1112 

"2112 

Read cycles 

R1211 

R1211 

R1212 R1122 B1222 

R2212 R2122 R2222 
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Table 2 

Comparison o f d i s c s handled in dark and sun l ight 

Dose 

Background 

20 mrad 

1O0 Mrad 

1000 »tad 

Count 

Discs kept in dark 

0, 1, 1, 1, 0 

12, 15, 16, 12, 15 

93, 86, 89, 97, 107 

1087, 1013, 989, 991, 1017 

Discs exposed to several 
hours sunlight 

116, 146, 176, 214, 100 

204, HO, 147, 117, 102 

170, 265, 152, 160, 193 

989. 1036, 1039, 983, 912 
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Table 3 

Effect of post irradiation anneal at 130°C for 15 Bin 

Dose 

Background 

20 arad 

50 Brad 

100 arad 

1000 Brad 

Count 

18, 15, 13 
10, 4, 6 

26, 25, 26 
23, 21, 25 

39, 30, 43 
35, 40, 46 

64, 54, 66 
64, 67, 74 

585, 608, 513 
508, 590, 511 

Hean count 

11 

24 

39 

65 

553 

Hean - background 

-

13 

28 

54 

542 
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Table 4 

Backgrounds (zero dose readings) for R m y ^ 

Cycle Nunber 

1 

2 

3 

4 

5 

6 

7 

8 

9 

i o 

11 

12 

13 

14 

15 

16 

Mean background 

Low dose batch 

29 

33 

35 

35 

32 

35 

31 

1 

31 

31 

32 

35 

36 

31 

30 

30 

readings ( e t c . ) 

High dose batch 

28 

33 

39 

38 

36 

33 

34 

5 

34 

31 

32 

38 

36 

29 

30 

31 
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Table 5 

Relevant rvalues for the varions RA conbinations 

RA 
combinations 

R 1 2 1 l ' * 2 

" l l l / ^ 

R1122/*3 

R2112^*4 

R2222 /'A4 

0" values as % o f appropriate Mean s e n s i t i v i t y 

Mean tf" for i n d i v i 
dual c y c l e s 

6* 

9% 

9% 

12-5)1 

8 * 

9« 

<TfoT spread o f Means o f i n d i v i 
dual c y c l e s about o v e r a l l Mans 

3% 

7% 

3-S» 

8S 

6 * 

9% 
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Counts per mrad 

Flour« 1 Useful disc Ufa results for K112i/>'1 »nd R1211//AZ* 
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Pigure 2 Useful disc life results for «2ng/\. 
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Counts per mrad 

Figure 3 Useful disc l i f e results for R^^^^* 
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Figure 4 Useful disc l i f e results for S1122/*3 «xi R m 2 / A 3 -
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Suntharal i ngam 

It is well known that teflon has a softening point close to 530°C. Could you 

please tell us how you have been able to carry out the **00 C annealing for the 

teflon disc dosimeters you described? Are these dosimeters different from 

those commercially available? 

Marshall 

We used the commercially available discs. They do soften during the koo°C 

annealing, which means that they nave to be supported and kept separate on a 

flat plate during the process. Our discs were supported in one of the an

nealing stacks manufactured by D*A* PLtmaim Zitd« 

Webb 

First a comment on the previous question. As the manufacturer of the LiF-

teflon discs we are aware of the *KX> C annealing possibility, hut it must be 

used with care as the dosimeters may turn brown if they are heated under press

ure, and also the large change in optical density must he kept the same for 

all dosimeters of a batch. With regard to the lifetime of the dosimeters 

we have taken them through one hundred readout and annealing cycles in a 

reader with preheating and annealing with a standard deviation of sensitivi

ties of - 3%. 
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Abstract 

Absorbed-dose distributions vere measured in CaF-rMh TU) of thicknesses 
jjetveen 0. S and 3.5mm, Irradiated with an essent ia l ly plane-parallel beam of 
6Qco gamma rays In media of aluminum (homogeneous case ) , polystyrene, copper, 
and lead. Change of average absorbed dose with dosimeter thickness was 
deduced from the dose distribution. Since dosimeter s i ce s were of the order 
of secondary-electron ranges, total energy absorption was found to be 
c r i t i c a l l y affected by Interface e f f ec t s , which caused a loss of l inear i ty 
ri energy absorbed with dosimeter thlcfcness for polystyrene and lead. A 
re lat ive ly strong asymmetry in the absorbed-dose distributions »as found 
near front and rear Interfaces, absorbed dose being ~ 10 percent higher in 
front for polystyrene, and ~ 15 and ~ 30 percent lower for copper and lead, 
respectively. Comparisons of relat ive experimental values of average 
absorbed dose for different dosimeter thicknesses with values computed 
according to Burlin's scheme (which does not consider front-rear asymmetries) 
were not conclusive for polystyrene and lead, since the assumptions regarding 
the electron spectrum at the dosimeter s i t e proved to be c r i t i c a l for 
polystyrene, and the assumptions regarding the photon spectrum c r i t i c a l for 
lead. For copper, there was agreement to within the l imits of experimental 
reproducibility. 

Introduction 

Detailed information on the distribution of absorbed dose In the 
v ic in i ty of Interfaces between media of different atomic composition« has 
bean obtained la the past with thin ion chambers with opposite walls 
consisting of different m»terlal«1.2, with suitably embedded sheets of 
Perspax.J of anthracene In ge lat ine .* or of radiochromlc-dy« dosimeters' 
Ih« Ionisation method requires precision equipment and measurements The 
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thln-fl lm method i s simple and capable of furnishlog dose distributions of 
high spatial resolution, but i t i s insens i t ive , requiring megarads of 
absorbed dose. Also, when so l id systems are used for the dosimetry of x or 
gamma rays, dosimeter dimensions often are comparable to the range of the 
secondary electrons produced by the photon interaction In the dosimeter 
proper and in i t s immediate surroundings. As a consequence, i t i s no longer 
possible to deduce absorbed dose from Spencer-Attix theory, and the 
observable effects are small. Nevertheless, by computing absorbed dose by 
means of Burlin's extension of cavity theory,6 Chan and Burlin, and 
Ilii-Popovic*,* obtained good agreement with experiment for dosimeter thick
nesses comparable to secondary-electron ranges, even when the difference in 
atomic number between dosimeter material and medium was large. They employed 

gamma-ray irradiators delivering high dose rates in cylindrical 
geometries. This l imits the generality of their r e s u l t s , s ince the influence 
of directional effects known to ex i s t at interfaces ' i s removed. Burlin's 
theory, too , i s formulated for diffuse radiation incidence, but this fact i s 
not stated exp l l c i t e ly . 

This paper deals with studies of absorbed-doBe distributions and 
average absorbed dose as a function of dosimeter dimensions, employing hot-
pressed CaF2:Mn thermoluminescence dosimeters (TLDs) in media Irradiated In 
a plane-parallel geometry. Burlin and Chan's earlier work with TU)s was 
inconclusive because of lack of reproducibi l i ty . 7 However, when properly 
cal ibrated, some TU)s are comparable in reproducibility to Perspex, but are 
more sens i t ive by orders of magnitude; therefore, they should lend themselves 
wel l to interface studies in a plane-parallel geometry, which i s easier to 
obtain with a weaker radiation source. Also, s ince TIJ) materials of 
different atomic number (Z) are avai lable , they could be used in the future 
to simulate both the hlgher-and the lower-Z sections of the interface. 

Experimental Setup 

The experiment was performed with individually calibrated hot-pressed 
CaFqiMn samples of dimensions 6.25mm x 6.25mm x 0.5am. Readout was 
accomplished with a linear heating ramp extending from about 100 to 400 
degrees C, and the heating time was chosen so as to produce essent ia l ly 
complete annealing during a s ingle readout. Both glow curves and integral 
readings were obtained. Most of the data presented here are based on 
integral readings over a preselected temperature interval . The re lat ive 
standard deviation for a ser ies of Individual readings was about 0.8 
percent.* 

Figure 1 shows the Irradiation geometry. In order to achieve a 
configuration suited for comparison of the experimental data with future 
theoretical results for a semi- inf inite geometry, the individual TID samples 
were pressed into cutouts in the center of 5cmx5cm aluminum sheets of the 
same thickness as the dosimeter samples. Stacks of these TID-loaded sheets 

* The TID reader used for most of this work was designed for variable-
temperature "on" and "off" gating of an analogue-to-digital converter, which 
furnished the number of pulses (counts) proportional to the ares under the 
portion of the glow curve between pre-selected minimum and maximum temper
atures. With this arrangement, number of counts was found to be more 
reproducible than peak height. 
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could be sandwiched be :ween layers of polystyrene, aluminum, copper, or 
lead, and irradiated with a nearly plane-parallel beam of 60Co gamma radia
tion of a cross section large in comparison to the lateral extension of the 
medium. On the side facing the source, the layers were approximately equal 
in thickness to the range of the most energetic secondary electrons produced 
in the medium; the layers in back of the aluminum sheets were at least ten 
times as thick. Since the average Z of Cat2 *» approximately equal to that 
of aluminum, the TLD-loaded aluminum sheets sandwiched between layers of 
aluminum may be considered to constitute a homogeneous block.* A single 
TU>-loaded aluminum sheet, or stacks of two, four, or seven sheets were 
used, providing a range of dosimeter thicknesses from 0.5 to 3.5 mm 
(corresponding to mass per unit area from about 0.16 to 1.12 g/cm?). In 
order to simulate a semi-infinite geometry in the case of TIJ)-loaded aluminum 
sheets in a polystyrene medium (constituting an assembly essentially 
equivalent to bone in tissue), a block of larger lateral dimensions (30cm x 
30cm) was used as well, again in conjunction with a beam of a cross section 
larger than the irradiated block. 

Results 

a- Absorbed-Dose Distributions 

The measurements furnish information on the response of individual 
(0.5 mm thick) dosimeter samples placed inside different blocks of extended 
media, in stacks of varying thickness; or, if one thinks of each stack as 
one dosimeter, they furnish Information on the response distribution over 
dosimeter depth. Figure 2 Bhows CaF2:Ma TL response for the stacks of 
different thicknesses contained in polystyrene, copper, or lead blocks, 
relative to the response of the singly exposed samples In the same media. 
For the homogeneous case of TID in aluminum, the response across the 
dosimeter stack was constant to within a relative standard deviation of 0.8 
percent.** Therefore, since the TL response is known to be proportional to 
absorbed dose over wide ranges of electron and photon energies,*»' these 
response distributions reflect the absorbed-dose distributions within the 
dosimeter stacks. The values shown in figure 2 for each step represent an 
average of several readings (five in most cases; in some only three or four). 
Most of these measurements did not reproduce to better than + 3 to ± 5 
percent of the values shown. In view of the 0.8 percent relative standard 

* It may be noted here that, because of differences In mass fractions, equal 
average atomic numbers do not necessarily result in equal stopping powers 
and attenuation coefficients. However, since measurements in aluminum 
revealed no interface effects, one must conclude that, for the present 
experiment, an aluminum medium containing CaF2:Hn dosimeters may be 
considered homogeneous. 

** For the relatively large source-to-dosimeter distance (~ 150cm) and the 
small stack depth employed (3.5mm or less), inverse-square reduction In dose 
and beam attenuation over the dosimeter thickness were smaller than 1 
percent. 
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deviation of individual dosimeter readings and of stack-dosimeter readings 
in the homogeneous case , th is i s a re lat ively large error. Data from the 
two ser ies of experiments performed with the large polystyrene blocks, In 
which components could be more precisely assembled, were within ± 2 percent 
of the indicated values. This suggests that contact and alignment of the 
individual components of each block assembly are rather c r i t i c a l in this 
type of experiment, and that one could improve reproducibility by a more 
careful experimental design. 

In spite of the larger-than expected uncertainties , the experiment 
yielded information on dose distribution in the dosimeters which is of some 
Interest . In figure 2 , in which re la t ive TL response (absorbed dose) Is 
shown aB a function of order number of the samples In stacks of different 
thicknesses embedded in the media of different average z , a def ini te front-
rear asymmetry of the distributions i s apparent near the Interfaces. The 
dosimeter layers in the rear are seen to read higher than in front by as 
much as IS percent for copper and 30 percent for lead, while, in the case 
of polystyrene, the front layer shows a reading about 10 percent higher than 
the rear layer. One may note that absorbed dose at any given depth In the 
30cm x 30cm polystyrene block i s about 10 percent higher than in the 5cm x 
5cm block, but the trend of absorbed doBe with depth Is not very different. 
A qual i tat ive analysis of th is effect i s possible i f one assumes that , 
re la t ive to CaF2, electron back scattering prevails over forward scattering 
in copper and lead, while, in polystyrene, only forward scattering i s of 
importance. 

These results confirm earl ier findings obtained with ionization 
chambers^ , and suggest that , in a general cavity theory, the angular 
distribution of the secondary electrons may have to be taken into account. 
They also suggest that , If TU> powder Is used In a cavity of a medium of 
different atomic number, considerable non-uniformity in the readings of 
equal aliquots of powder may occur, unless the powder i s thoroughly mixed 
prior to readout, or i s contained in a TLD-equlvalent capsule of suitable 
thickness. For a bone-equivalent dosimeter material in a so f t - t i s sue medium, 
these non-uniformities could amount to more than 10 percent. 

b- Average Absorbed Dose in Dosimeter Stacks of Different Thicknesses 

By adding the readings of a l l dosimeters in a given stack, the results 
of the measurements also may be used to obtain information on total energy 
absorption, proportional to total response of dosimeters of varying thickness 
Irradiated in extended media of different Z,* and of average absorbed dose, 
proportional to response per unit mass ("'Pacific response"). This 
procedure was used to arrive at the data showt. in figure 3 from those of 
figure 2 . In figure 3 , spec i f ic TL response (proportional to average 

* The quantities obtained by th is summation procedure would be proportional, 
for instance, to the tota l response of TLD powder, f i l l i n g cav i t ies of 
varying s l s e inside the different media, or to the response one would obtain 
with so l id TLD blocks of the different thicknesses, i f self-absorption of 
the luminescence were negl ig ible . 
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absorbed dose In CaF2:*ta embedded In the different media) Is plotted as a 
function of dosimeter thickness, relative to the specific response of the 
thinnest dosimeter need (the single 0.5m sample). The solid straight line 
through unity represents the ideal response for the homogeneous case, for 
which average absorbed dose is not a function of dosimeter size. In the 
copper medium, average absorbed dose is seen to be essentially equal to that 
in the homogeneous case (the points straying about this line by no more than 
the experimental error). In polystyrene and lead, average absorbed dose 
decreases as the else of the dosimeters Is increased. While, for 
polystyrene, the downward trend with increasing thickness is within the 
limits of experimental reproducibility, its consistency suggests that It may 
be real. For lead, the decrease in average absorbed dose amounts to almost 
20 percent. 

Comparison with Theory 

In order to examine whether the asymmetry effects demonstrated In 
figure 2 materially influence the trends of average absorbed dose with 
dosimeter else shown in figure 3, absorbed dose was computed following 
surlin's approach,* which does not take asymmetry effects Into account, 
absorbed dose in the TIB stacks (representing cavities comparable in size 
to the range of secondary electrons) was computed as 

B - d C i ) ™ +«-"»> G«,)™ • <l> 

where Otfd^l, and the symbols s and u__ are rat ios of average stopping 
powers and energy-absorption coeff ic ients . Since I t was Intended to compare 
the results of the present computations with those of other authora^^, 
i t was important to make comparable choices for the values of d, i , and j i ^ . 
Using the (not-too-real ist ic) expression suggested by Burlin, d values 
from 0.2S to 0.03 were obtained for dosimeters ranging in thickness from 
0.5 to 3.5mm.* In the l imit of d - 1 (small cav i ty ) , eq I 1B to furnish 
absorbed dose according to Spencer-Attlx theory; therefore, the value for B 
has to be computed for a cavity small compared to secondary-electron ranges. 
Conversely, In the limit of d » 0 , eq 1 i s to furnish the absorbed dose in 
a cavity large compared to secondary-electron ranges; therefore, the ft 
values are to be taken for the photon spectrum at the cavity s i t e in * n 

the absence of a cavity. 

Neither Chan and Burl in nor Hic'-popovic' s tate their assumptions 
regarding cavity s i s e (and associated electron-energy cutoff) for their 
Spencer-Attix-type computations of the re lat ive stopping-power values. 
Therefore, I t was decided to compute the two limiting cases of (1) electrons 
having the average energy of the i n i t i a l Compton-and photoelectrons, and 
(2) electrons having an equilibrium slowing-down spectrum (cavity s i z e 
inf ini tes imal) . Similarly, the values for the rat io of energy-absorption 

* Since, in the present experiment, the dosimeter material e s s e n t i a l l y was 
•end- inf in i te , the average electron-track length appearing in the expression 
for d was computed as 1.2 times the dosimeter thickness; the factor 1 ,2-
1/0.8 i s the one suggested by Spencer and Attlx. 
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coef f ic ients were computed for the cases of (a) a pure Co gamma-ray 
spectrum, as assumed by Tlic-Popovic', and (b) the spectrum measured by 
Costre l l* 0 , which was the one assumed by Chan and Burlln^.* The electron-
stopping powers used were those of Berger and Seltzer,** the electron 
slowing-down spectra those of McGinnies'2, and the energy-absorption 
coef f ic ients thoae of Hubbell, published by Evans. •* 

The computations resulted in four sets of absorbed-dose values for each 
dosimeter thickness. Depending on the medium used, these values were rather 
insensi t ive either to the choice of the electron spectrum or the photon 
spectrum, or both. Therefore, in figure 3 , only the se t s resulting in the 
largest trends are shown (broken l i n e s ) . The values not plotted would 
agree with these l ines to within 1 or 2 percent. 

For copper, for which neither the choice of stopping powers nor energy-
absorption coef f ic ients was c r i t i c a l , the plotted case(la) i s seen to agree 
with the experimental data to within the re lat ively large l imits of 
experimental error. Since, for copper, the choice of d la not too c r i t i c a l 
either (the two extreme dose values for d - 1 and d = 0 being within ± 6 
percent), one must conclude that , within the l imits of experimental error, 
asymmetry e f fec ts are unimportant. 

For polystyrene, the choice of stopping powers proved to he c r i t i c a l . 
The plotted trends for the cases (la) and (2a) are seen to bracket the 
experimental trend. Therefore, for drawing any conclusions from the trend 
of experimental and computed data, a decision would be required on how best 
to compute the stopping-power term in eq 1. 

For lead, on the other hand, the choice of energy-absorption 
coeff ic ients was c r i t i c a l . The plotted trend for case (la) i s seen to 
coincide with the experimental data, although, from preliminary spectral 
measurements, i t i s known that the "°Co gamaa-ray beam employed i s not free 
of scattered radiation. The Cos tre 11 spectrum (lb) i s seen to produce a 
considerably larger trend. Therefore, for drawing any conclusions from 
either agreement or disagreement between computed and experimental trends, 
a more precise knowledge of the photon spectrum at the s i t e of the cavity 
would be required. 

* Because of the plane-parallel beam geometry chosen for the present 
experiment and the shallow depth in the medium chosen as the s i t e of the 
dosimeters, there i s reason to assume that our photon spectrum at the 
dosimeter s i t e was purer than that of Chan and Burlin, and not more 
degraded than that of l l l£-Popovic . For this reason, the energy-absorption 
coeff ic ients computed for the selected gamma-ray spectra are considered to 
represent upper and lower l imi t s . 
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Pttite 

Will you also extend these experiments into the X-ray region? In my opinion, 
this would be very valuable. 

Erhlich 

I plan an extension to high-energy electrons, but not to low-energy X-rays. 
An extension into the X-ray region would require very thin dosimeters. 
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Abst rac t 

Besides BeO-mater ia ls , A l ? C-- so l i d s seem to br appropr ia te 

t o ToEE dosimetry- The exopassive ** -modi f ica t ion changes con

t inuous ly t o the s t a b l e and exoact ive oC-modification between 

800°C and 1200°C. For powder ma te r i a l s as we I as for ceramics 

and s i n g l e c r y s t a l s an i n t e n s e double glow p^ak arr and 450 C 

i s c h a r a c t e r i s t i c and may be co r r e l a t ed to e l e c t r o n t r a p s wi th 

i n a t h i n oxygen-def ic ien t cubic surface l aye r which i s mis

matched t o the under ly ing hexagonal bulk m a t e r i a l . This peak 

may be convenient e s p e c i a l l y for high temperature dosimetry and 

another double peak around 250°C for o rd inary 7".EC dosimetry. 

Introduction 

In integrating solid state dosimetry Berylliumoxide (BeC) 

has been most frequently used as TSEE material . Mixtures of 

Berylliumoxide and graphite powders (BeO/C) seem to be more 

effective than nonconductive BeO-ceramics with respect to ra

diation response linearity and reproducibility. On the other 

hand, dispersed materials like powders are sometimes dangerous 

to handle because of the toxidity of 3e0. Therefore, non-toxic 



.»w -

TSEE materials with low effective atomic number are investiga

ted now. Despite of apparent lower chemical stability, Aluml-

numoxide (Al,0j) is believed to be a promising TSEE material. 

Among the different AljOj-modifications 

»• A1,0,.1H,0 -f e-Kl.O. ••- <*-A1.0, 
150°C 2 3 2 300°C » 2 3 1000°C 2 3 

only the anhydrous It- and «t-phases are s table i n the tem

perature range of TSEE dosimetry (200 - 600°C). The transforma

t ion f-»«L-A1.03 around the 1000°C annealing temperature i s de

tected by X-ray di f fract ion techniques and correlated to mea-
2 3 surements using well-known TSEE-glow curve techniques ' • 

"Pure" f - A l 2 0 3 (MERCK 1095) i s t o t a l l y transformed to * - A l , 0 , 

by annealing in a ir at 1200°c. After t h i s treatment d i f f e r e n t 

charges of HERCK-material, some of them fabricated recent ly and 

others years ago, always show an ident ica l six-glow-peak 

arrangement with a remarkably intense high-temperature double 

peak around 450°C, F i g . l . Annealing temperatures below 1200°C 

produce a mixed f / v * -A1~03 material. The CL-A1»0 3 glow 

curve i s only lowered in the semilogarlthmic graph of F i g . l but 

not e s s e n t i a l l y changed in shape. That means, f - A l - 0 , i s near

l y exopassive and rather acts as a matrix for the strongly exo-

act ive eC -Al 2°3 Modification which seems to be present i n 

seeds already in the i n i t i a l "pure" A - A I - O J material with the 

lowest glow curve in F l g . l . 



Nature of Traps 

In order to get some information on the nature of electron 

traps in ot -Al-O, we analyzed the glow spectrum according to 

3 4 

the method of Balarin and Zetzsche * . In table 1 the norma

lized glow peak locations, T (1°C/S), and the term data 

(activation energy E and frequency factor K ) of the peaks at 

moderate temperatures are listed. The strongly overlapped high 

temperature peak could not be evaluated exactly up to date. 

The frequency factors reach values close to the Debye-frequen-

cy of the bulk material. From that we exclude traps in sorp

tion layers which generally exhibit much lower frequency fac-

tors 3'5. 

Since TSEE is an effect in the surface region, the atomic 

structure of the disordered surface is of major importance. 

Several authors ' have suggested that the traps in A1~03 con

sist in oxygen vacancies (F-centers). Recently, from low energy 

electron diffraction (LEED-) studies on ot -Al.Og single crys-
Q 

tals it was concluded that by annealing at high temperatures, 

especially with Al- or 5i-contamination9 the surface structure 

is changed chemically within a few atomic layers from hexago

nal Al2°3
 to c u b i c A12° o r A10» F i9- 2 , This stable and very 

thin overlayer is strongly mismatched to the underlying hexa

gonal bulk material. Therefore, a multitude of lattice defects 

within the range of exoemlssion depth of some 100 X is expec

ted which may act as electron traps. 

Al-0,-Single Crystals 

Evidence for the existence of this kind of electron traps 
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is given from our experiments on Al203-single crystals, Pig.3. 

Single crystals, grown at our institute and annealed after pre

paration at 1200°C exhibit only a high temperature double peak. 

The structure at moderate temperatures in the glow curve of po-

lycrystalline material is missing. After producing fresh sur

faces which never have seen high temperatures, by smashing the 

same single crystal in a ball mill the high temperature double 

peak disappears and a pronounced emission is raised at moderate 

temperatures. But, additional annealing of the fresh surfaces 

at 1200°C regenerates the high temperature emission obviously 

by restoring the discussed thin surface layer. 

Al^O.,-Ceramics 

The glow curve of Al-O,-ceramics (MRC Superstrate 7800) 

Fig.4, does not undergo a change by smashing and successive 

annealing. Especially, the high temperature glow peak is always 

present. This can be explained because ceramics consist of sin

tered grains which have been mechanically treated and heated 

already during fabrication, i.e. smashing does not really pro

duce new surfaces ard the discussed exoactive surface overlayer 

may be inherent to the ceramic material. 

Potential Applications in TSEE Dosimetry 

Stalling from powder materials we notice first that by proper 

annealing at temperatures between 800°C and 1200°C, see Fig.l, 

the sensitivity can be adjusted to values within three orders 

of magnitude. This procedure is more effective than diluting 

the exoactive material by foreign exopassive admixtures. Those 

admixtures may be preferably applied for varying the effective 



atomic number. 

Dose response l i n e a r i t y and reproducib i l i ty of dose measure

ments depend on the conductivity of the material . We observed 

that the emission on the high temperature peak around 450°C i n 

the glow curve of Al-O, powders, ceramics and s ingle c r y s t a l s , 

F i g . 5 , i s much l e s s impaired by th i s e f f e c t than the emission 

at moderate temperatures. Evidently, increasing conductivity 

above 300 - 400°C el iminates disturbing surface charging. 

When powder materials with conductive exopassive admixtures 

(graphite) are used the double peak around 250aC may be conve

nient for the main dose read out and the double peak around 

450 C for dose information storage only. However, rugged so

l i d s l i k e ceramics and s ingle c r y s t a l s without conductive addi

t i v e s may a l so be appl icable , e s p e c i a l l y for high temperature 

dosimetry. In t h i s case , the intense high temperature double 

peak around 450 C has to be used for the main read out. 
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Fig. 1 TSEE glow spectra of Al2°3 recorded parallel to the 

jf- -Ow phase transformation between 800°C and 

12O0°C. Parameter: Annealing temperature. Annealing 

time: 4 hours. Normalized to equal X-ray doses, 

approx. 10 *. 

Heating rate of glow curve recording: 0.34 C/s 
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Table 1 

W n°c/s) 

105 

161 

267 

313 

E 

eV 

» • * 

1.20 

15, 

«S 

s-1 

3101 1 

6101 2 

6 10« 

H O 1 3 

Term data of electron traps i n Jf/OL -Al^O, 

Al20v (AlO) cubic 1 surface 

V//////////////7 
AI2O3 hexagonal 

zone of 
mismatch 

8} 
T.M.French and G.ASomorjoi 

Pig . 2 A120- or AlO-overlayer on o £ - A l 2 0 3 - s i n g l e c r y s t a l , 

see Ref. 8. 
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A ^ O ^ Single Crystal 

ol 

b| smashed without successive anneoling 
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~i5T ~m 500 »C ZOO 300 

Temperature 
Fig. 3 TSEE glow spectra of solid and dispersed Al-O-

single crystals. Heating rate: 0.34 °C/s. 

Annealing temperature: 120O°C. Annealing time: 

4 hours. 



- 5 7 0 -

Al2 O3 -Ceramics 
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s 

ol annealed 

bl smashed without successive annealing 

n.2. 

10' 

c I smashed with successive annealing 

"lira" 
Temperature 

1 5 300~ 400 500 « T 

Pig. 4 TSEE glow spectra of solid and dispersed Al20,-cera-

mics. Heating rate: 0.34 °C/s. 

Annealing temperature: 1200°C. Annealing time: 

4 hours 
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Pig. 5 TSEE glow spectra of different AljO,-materials. 

Heating rate: 0.24 °C/s. 
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fiotondi 

Tou mentioned that a TSEE material Cor dosimetry purposes Bust be charac
terized by a low atonic number. X should like to remark that the electron 
build-up available for trapping in the sensitive layer i s largely dependent 
on the encapsulating or covering material during irradiation*. 

Bolsapfel 

Tes, you are right. TSBB seems to be less dependent on the effective atomic 
number, at least in the thin sensitive surface region. But i t i s probably 
preferable to use low-Z material also for TSEE in order to get correlation 
with the related and vell-establisned phenomenon of XL in dosimetry. 
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Chemically, Thermally and Radiation-Induced Changes 

in the TSEE Characteristics of Ceramic BeO1 

R. B. Gaaaage, K. Becker, K. w. Crase, and A. Moreno y Moreno 
Health Physics Division 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

Abstract 

Of the Materials studied so far at ORNL, sone commercial ceramic beryl-
liua oxides (Brush Theraalox 995) exhibited the aost premising properties for 
practical TSEE dosiaetry. It has been found that a pronounced TSEE peak at 
%325*C in this material is closely associated with the presence of Si02 in 
the emitting surface. The peak can be destroyed and an unusual "self-
excitation" effect induced by removal of the SiOj. Both effects are revers
ible by restoring the initial Si02 concentration in the surface. Heat sensi
tization (optiaua sensitivity is obtained by several hours of preheating at 
1400*C), can be related to the phase diagram of the BeO-"i02 system, in par
ticular the formation of phenacite (Be2SiO*). Of several other potential 
activators, only Li* was shown to have a pronounced effect in increasing the 
high temperature peaks at *450 and *5S0*C. The sensitivity can be optimized 
at a diffusion temperature of 10OO*C. 

Unlike X, beta and gamma radiation, high doses of heavy particles create 
semipermanent changes in the TSEE peak ratios. In BeO:Si, bombardment with lvM 

rad or more of 200 keV deuterons, for example, destroys aost of the silicon 
traps. Annealing at 950*C increases the TSEE peak at M50*C, which disappears 
after further annealing at 1400*C. A brief interpretation of these effects 
is given. 

1Research sponsored by the U.S. Atonic Energy Commission under contract with 
the Union Carbide Corporation. 

2Visiting scientist. University of Mexico, Mexico D.F. 
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Introduction 

It has been pointed out in previous publications1 " J that a commercial 

ceramic Beryllium oxide, which is made in different sizes and shapes under 

the trade name of Theraalox 995 by the Brush Beryllium Company, is superior 

in its dosimetric properties to all other materials which we investigated so 

far. It is the purpose of this paper to summarize the results of some recent 

studies concerning the effect of various parameters on the characteristics of 

this material. In particular, we will describe attempts to optimize the sen

sitivity and stability of the radiation response by heating, activation, and/ 

or exposure to a high flux of heavy ions. 

Heat Treatment 

In the following experiments, usually ceramic disks 12.4 mm in diameter 

have been used and evaluated, after exposure to ^100 mR of gamma radiation, 

in a gas-flow GM counter at a heating Tate of l*C/sec. Heating of these 

disks to temperatures exceeding ^800*C for several hours in air prior to ex

posure resulted in an increase of sensitivity. If the sensitivity after four 

hours of heating is plotted as a function of temperature (Fig. 1), a sharp 

peak at 14Q0°C results. The same maximum sensitivity can be obtained if a 

sample is first heated to 1S00*C, followed by heating to 1400°". Preheating 

not only increases the sensitivity, but also increases the reproducibility of 

the reading from about ± 20% standard deviation to about 5% for the same group 

of disks. 

This heat sensitization, resulting in a hydrophobic surface, is partially 

reversible when the surface equilibrates with water. Still, a substantial in

crease of sensitivity by about a factor of four remains, indicating that only 

traps in the immediate surface region are affected by the interaction frith 

water. No chemically induced fading can be observed in sensitized and equili

brated samples at storage temperatures up to 1O0°C. Of course, dehydration 

and hydration are completely reversible processes. It is interesting to note 



that heat sensitization and hydration only affects the main TSEE peak at 

t£25°C* (Fig. 2), leaving the smaller high-temperature peaks at i45D and 

*»6350C (not resolved in Fig. 2) unaffected. 

Silicon Activation 

The TSEE curve of Thermalox 995 which contains as a main impurity 0.21 

silicon, has been compared (Fig. 3) with that of another, purer preparation of 

the same ceramic which contains thirty times less Si (Thermalox 998). Not 

only is the characteristic peak at *325°C lacking in the purer material, but 

the reproducibility of the readings is much less and a strange, non-radiation 

induced TSEE signal is observed during multiple reading cycles {"self-excitation"). 

This effect has some similarity to the "cold cathode discharge" as observed in 

ceramic A1 20 3, MgO and B e O . ^ 

An electron microprobe analysis shows that the actual surface concentra

tion of Si, in particular at growth steps and grain boundaries, is even higher 

than in the bulk of Thermalox 995, averaging about 1% of silicon. In order to 

remove the SiO, without affecting the BeO, samples have been etched with hydro

fluoric acid.t ' jjy this treatment, the dominant TSEE peak at ~325*C (Fig. 4) 

could be eliminated without affecting the smaller high temperature peaks. The 

material becomes very similar in behavior to the Thermalox 998 with its much 

lower Si content. 

The peak at ^325°C can be fully restored by impregnating the surface with 

SiO- again (a 350 A layer of silicon was vacuum deposited onto the etched sur

face, oxidized and diffused into the BeO at 1400*C). Etching and reinpregna-

tion are reversible. In the insensitive 99S, silicon coating, oxidation and 

heat treatment at 1400°C also induced as expected a strong TSEE peak at *325*C, 

thus making it almost identical to the 995. 

*A11 temperatures given are those measured by a thermocouple at the bottom of 
the sample; due to the thermal gradient in the sample, the actual teaperature 
of the emitting surface layer is lower. 



A thin layer of silica itself does not give appreciable TSEE signals. Self-

excitation also occurs and disappears as the Si-concentration in the surface 

is changed. One concludes that it is the presence of silicon in BeO which 

giver rise to strong exoelectron emission at ^325°C. 

For an explanation of the role of silicon and the effects of heat treat

ment, reference should be made to the phase diagram1 ' for bulk BeQ-Si02 (Fig. 

5): There is a eutectoid at 1560°C, below which 995 is composed of BeO and 

2 BeO-SiO_ (phenacite). Above 1560°C and below the eutectic temperature 

(1670X), the phenacite decomposes to solid BeO * solid SiD2- Solid BeO + 

liquid form above the eutectic point. It appears necessary for Si02 to be in 

the form of 2 BeO-SiO- to act as a TSEE "activator", because the production 

and decomposition of phenacite appears to coincide with the increase and de

crease of the TSEE peak at V525°C. 

One can speculate why silicon is such a good activator. BeO is one of 

the few oxides crystallizing in the wurtzite structure. The small size of the 

beryllium ion (0.31 A radius) and the nearly perfect packing of the anions 

suggests that BeO might be relatively free from substitutional impurities. 

Si4* CO.41 X) is a particularly suitable candidate for substitution because 

of its closeness in size to the Be * ions and its preference for tetrahedTal coor

dination. It is suggested that within the exoelectron emitting region, sub-

4+ 2+ 

stitutional Si in place of Be acts as an electron trap giving rise to the 

*325°C TSEE peak because of its excess positive charge with respect to the nor

mal lattice sites. We do not know, however, whether the Si trap is located in 

the BeO, the phenacite, or in the interface region between both. 

Other Activators 

Experiments are being carried out with modified BeO/SiO, systems, in par

ticular with ceramics containing larger amounts of SiO., and with ceramics to 

which other low-Z metal oxides have been added with or without the presence of 

Si02> So far, it appears that an increase of SiO- by a factor of two further 



increases the sensitivity, hut that additions of MgO, A1_0 and CaO have only 

relatively little influence on the sensitivity. Kork with some high-Z activa

tors such as Ti and Mn is also in progress, hut has not yet lead to subs tan-

(7) 
tial results. ' 

So far, distinct success in influencing the TSEE spectra with other ele

ments than Si has only been achieved by diffusing Li+ into the BeO. ' Lith

ium activation has the effect of increasing the intensity of the TSEE peaks at 

M 5 0 and ^35*C up to 50 and 20 fold, respectively, without affecting the 

peak at t>325°C, if the Li activation is carried out at 1QC0°C (Fig. 6). The 

exoelectron trap is probably an oxygen vacancy formed to preserve charge neu

trality during substitution of Be by Li . Unfortunately, the Li-induced 

TSEE response is somewhat erratic, which makes it unlikely that lithium activa

tion has much practical value for dosimetry. Perhaps lithium imparts hydro-

phi lie character to the surface because of its highly polar character, thus 

making the surface-doped BeO more prone to chemical attack by atmospheric 

constituents. 

Radiation Effects 

It can be speculated that heavy particle exposure should be effective in 

creating oxygen vacancies which act as in lithium doping. Indeed, exposure to 

4 
more than 10 rad of alpha radiation also increased the high temperature TSEE 

peak at *v535*C. BeO 995 detectors, after sensitization at 1400°C, were also 

exposed to high fluences of deuterons (about 7 x 10 to 2 x 10 d/cm , 

corresponding approximately to doses of 10 to 10 rads in BeO). Subsequent 

exposure to gamma radiation resulted in TSEE curves differing significantly 

from those obtained prior to deuteron bombardment (Fig. 7). A deuteron flu-

ence of 10 d/cm caused the peak at ^325*C to be reduced in intensity by a 

factor of approximately 2.3 x 10 , a peak intensity at M50°C to be slightly 

enhanced and the ^535'C peak to be of greatly reduced intensity. 
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To study the effect of annealing on sensitivity and peak ratios, the 

radiation-damaged samples were heated at temperatures between 650° and 1400°C 

for one hour. The results are summarized in Fig. 8. The M50*C peak increases 

to maximum intensity at 950°C. At this point, sensitivities of 'HO counts/mR/ 

cm2 are obtained. Obviously, a peak at M50°C is not subject to thermal fad

ing at storage temperatures up to 200 to 250"C, making this material suitable 

for dose measurements at high ambient temperatures. The peak at <^535<>C is not 

much affected by the deuteron bombardment. The t>325°C peak which was severely 

reduced in intensity as a result of deuteron bombardment begins to grow back 

at 1000'C until at 1400**C the original intensity is fully restored. 

The intensity changes in the t>325*C peak can be explained as follows: 

During deuteron irradiation a«, currents of ^10 yA, severe near-

instantaneous heating and cooling occurs on a localized scale within the range 

of the deuteron (<1 u), resulting in at least partial decomposition of the 

phenacite and the associated exoelectron activity. 

Radiation damage centers such as interstitials, vacancies, or clusters 

of such are most likely giving rise to the increase in the M50°C peak inten

sity. After annealing at 900°C, a defect cluster is probably causing the 

M50*C peak intensity to be enhanced further. Even after annealing of the 

radiation damage centers at 1000'C and higher, there remains evidence for the 

presence of a new defect complex, because a weak TSEE peak is introduced at 

t400DC. It is possible that the highest TSEE peak (^535°C) is linked to sin

gle oxygen vacancies such as might be expected from lithium doping or low 

dose charged particle irradiation. 
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Fig. 5. TSEE curves of untreated BeO Thermalox 995 and 998. 
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Attix 

What heat treatment was use«9, for the Thermalox 998 discs? 

Becker 

Neither of the two samples compared in figure 3 got any heat treatment. 
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Exoelectron Dosimetry with Oxide Mixtures 

by 

M. Euler, W. Kriegseis, and A. Scharmann 

I. Physikalisches Institut der Universitat Ciessen, Germany 

Results describing the dependence of the thermally stimulated 

exoelectron emission (TSEE) of BeO on various oxide and silicate 

admixtures after high temperature pretreatment at 1100 °C are 

reported. 

The intensity of emission is not affected by low concentrations 

of MgO, Al_03,or Si02f but is reduced by high concentrations. 

A mixture of Be0+Zn0+2 SiO, was considerably more sensitive than 

all its components. Although during the heat pretreatment 

Be2SiO. and Zn-SiO. are formed, the increase of sensitivity is 

only correlated to the combination of ZnO and BeO. This could 

be concluded from a comparison of the individual TSEE-curves of 

the mixture - components and was verified by an investigation of 

the system BeO+ZnO. 
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BeO is one of the most suitable materials for TSEE - dosimetry 

due to its high sensitivity, chemical stability, and favourable 

fading characteristics. However, investigations of BECKER 

indicated, that as well the temperature of the emission maximum 

as the sensitivity of the available commercial BeG-powders and 

BeO-ceramics vary from each other 

The relative impure Thermaload - powder (Brush Beryllium Co.) 

yielded a considerably higher emission than the purer BeO-powder, 

produced by Merck. It can be assumed that the TSEE of BeO strongly 

depends on chemical impurities. After the diffusion of evaporated 

Au, Pd or Pt into ceramic samples, BECKER also observed increased 

sensitivity, which was explained by a reduction of the work 

function . Apart from these experiments very little is known 

about the correlation of the TSEE of 3eO with defined impurities. 

Therefore we investigated the TSEE of the rather pure MercJc-BeO 

ana its dependence on admixtures of various oxides. These 

experiments should enable the development of new substances with 

increased sensitivity compared to the materials so far available. 

For our experiments the powder-mixtures of BeO with other oxides 

were heated for a feu days at 11O0 °C in Al-Q3-vessels in a 

closed furnace. To avoid contaminations, we placed the Al-O, -

vessels in quartz tubes, which were open at one end. The 

substances were pulverised after the high temperature treatment 

and sedimented on graphite discs of 19 mm diameter and 0.8 nun 

thickness. These samples were pre-annealed for 30 minutes at 

60O C, and. afterwards slowly cooled down to room temperature 

during 30 minutes, that no backround emission could be induced 

by quenching. They were irradiated by a 50 kV - X - ray tube 

(Dermopan, Siemens) or a b0Co - source. The TSEE was measured in 

a high vacuum apparatus (heating rate 0.5 °K • sec"1) by an open 

multiplier and a combination of amplifier, counter, and printer. 

First we investigated mixtures, which contained one of the main 

impurities Mg, Al or Si of the Thermaload-powder. After doping 

with small amounts of MgO, Al^Oj or Si02we could not observe 

any important changes of the TSEE compared to the undoped heated 
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BeO-powder of Merck. Higher concentrations of oxide admixtures 

reduced the sensitivity as is pointed cut for Al-O, by fiq. 1. 

This results was astonishing at least in the case of Al-O-. We 

had expected a remarkable increase of sensitivity, because 

is substituted by Al . The Al -ions act as electron traps and 

thus should contribute to an increase of the concentration of 

exoelectron emission-centres. However, our negative results may 

be caused by the fact, that possibly the temperature of llOO °C 

is not high enough for the substitution of a sufficient amount 

of Be -ion 

of Mg or Si. 

2+ 3+ 
of Be -ions by Al - This may also be valid for the incorporation 

We also investigated a mixture of ZnO+BeO (Merck) + 2 Si02, 

which was heated for 3 days at 1100 °C. X-ray diffraction 

analysis proved that it was mainly composed of Zn^SiO. and 

0-, and in a 

2SiO from 

BeO and SiO, is formed at temperatures not lower than 1500 °C. 

If ZnO is present, the conversion takes place already at 900 °C . 

Our mixture is as sensitive as Thermaload, A comparison with the 

TSEE of Merck-BeO is presented in fig. 2. The broad main peak at 

about 280 °C indicates a substructure, and therefore can be 

assumed to be due to various electron emission centres. Probably 

the most active of these traps is not present in the original 

materials. At 280 °C neither ZnO nor BeO have maximum emission, 

only SiO_ which is, however, far too insensitive to cause the 

observed increase of the emission current (fig. 3 ) . 

A correlation of the new emission centres to the silicates, 

which are formed during the heat pretreatment at 110 °C, can 

also be excluded. We compared the TSEE of the oxide-silicate-

mixture to that of pre-annealed 'In^SiO^ (produced by van Baerle 

k Co) and Be^SiO* (Prof. Bauer, Institut flir Anorganische Chemie, 

TH Karlsruhe) (fig. 4) . Doses of 300 R can hardly be detected 

with Zn2Si04 (curve a ) . The TSEE-curve of the Be2Si04 powder also 

exhibits an emission peak a*. 280 °C,but with lower intensity 
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than the oxide-silicate-mixture (curve L) . After admixture of 

Zn2SiO. this peak vanishes completly (curve c). 

Prom all these results we concluded that the increased 

sensitivity of our silicate-oxide-mixture is due to the system 

of BeO+ZnO. This statement is verified by fig. 5. The TSEE-curve 

of a mixture of BeO (Merck) and ZnO, which was fired for 12 hours, 

is very similar to the Ther ma load-curve in shape and intensity. 

After a longer heating period the maximum of emission shifts 

towards 28o °c. The peak of Be-SiO. at this temperature is 

caused by rests of Zno and BeO. 

In fig. 6 the response of our silicate-oxide-mixture is plotted 

for exposures tc various doses D of the radiation of a 

Co - source. The values on the ordinate are proportional to 

the sum of counted TSEE-pulses in the temperature range of 250° 

- 350 C. We did not receive linearity of the response, but a 

D * - relation. The upper and lower detection limit depend 

mainly on the electronic device and can be improved. 

Our work on this subject is not yet finished. We recently 

discovered that a mixture of Thermaload + ZnO is even more 

sensitive than Thermaload itself. Further improvement also seems 

to be possible by optimizing the lenght of the heat treatment. 
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Becker 

It is obviously not only the chesical composition, but equally or even »ore 

important, other factors such as grain size, fine structure of the emission 

surface, etc. which affect the sensitivity of TSEE detectors. Did you by any 

chance study these parameters? 

Kriegseia 

Indeed TSEK i s governed by even more parameters« ttie of the most important 

for a l o t of materials i s sorption, since i t causes decisive changes of sur

face potentials . So far we did not examine any of these parameters* but we 

intend to investigate the influence of sorption. I t i s well known that at the 

surface of 2n0 chemisorption of oxygen takes place. Therefore i t Bay be poss

ible that the high sens i t iv i ty of our BeO-7-nO-SiCL powder depends on the d i s 

tribution of oxygen along the grain boundaries of the powder. 

Holzapfel 

Do you think that a better mixture of nondestructive BeO and conductive ZnO 

could improve the dose-rssponse linearity? 

Kriegseis 

We did not observe any relation between dose response l inear i ty and ZnO 

content* The ZnO-to-BeO mixing ratio mainly affects the s ens i t i v i ty . 
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Low-2 Activated Beryllium Oxide as a High Sensitive Radiation Detector 

in TSEE'Dosimetry 

D. F.Regulla, G. Orexler and L. Bo ros 

Institut fur Strahlenschutz 

Gesellschaft fur Strahlen und Umweltforschung mbH Munchen, 

D-8042 Neuherberg, Ingolstadter Landstr. 1, West-Germany 

Abstract 

To improve reproducibility and sensitivity of ceramic BeO used in TSEE 
dosimetry several coating and activation procedures have been described 
in literature based upon doping the matrix material with high-Z metals. 

In order to avoid unwanted effects of the high-Z material sue!, u; reduction 
of tissue equivalency, a procedure of activating BeO with low-Z material 
has been developed. By this new activation technique the flat energy res
ponse of the matrix material could be maintained; moreover, a marked 
gain in sensitivity was attained. For multiple re-use of the detectors high 
reproducibility could be achieved by a preirradiation treatment based on 
"oxidation" and "hydration" of the deiector surface. 

The paper reports glow curves and sensitization factors achieved with BeO 
by the new activation technique as well as the technology of preparation of 
the detectors concerning the activation material, the activation procedure 
and optimum conditions due to thermal treatment and activation atmosphere. 
Furthermore, some results on the dosimetric properties of the low-Z 
activated BeO are presented, i. e. the relation between exposure and total 
counts, the conditions for dose-independent total output /expo s ure unit, the 
detection limits and the directional and energy dependences. 

Present address: Radiological Clinic of Medical University, Budapest, 
OllA ut 78, Hungary 
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Introduction 

Much work has been done up to now necessary for an application of the TSEE 

phenomenon of BeO to dosimetry. Especial ly , properties like sensit ivity and 

reproducibility had to be improved. 

KRAMER first succeeded in reaching a l inear dose-effect relation by adding 

non-emitting, electrically and thermally conductive material , for instance 
2 3 

graphite to BeO. BECKER et al . ' described promising results after metal 

impregnation with platinum, palladium and gold: These processes of coating 

and activating yielded remarkable gains in sensitivity, but there was found 

an jver-sens i t iv i ty for low energy photons and, partly, a non-linear d o s e -

effect relation. Own experiences confirmed data given by BECKER .that the 

sensit ivity of ceramic BeO increases up to a factor of 7 by so le ly a thermal 

treatment of the detectors; however, we could not find the high reproducibi

l i ty reported by him. We explained this poor reproducibility by dehydration 

and creation of hydrophobic detector surfaces . In this c a s e , there should 

be an influence of ambient humidity,which has positively been proven for 
4 s 

aluminium surfaces by RAMSEY , LINKE and MEYER . 

Philosophy of Present Investigations 

The possibil ity of an amelioration of detector properties by doping s e e m s 

to be evident. In contrary to other authors, however, we assumed that this 

activation should be done with low-Z material because of better diffusion 

caused by compatible ionic radii of the activation and matrix material . M o r e 

over, to avoid an over-sensit ivi ty for low energy photons the atomic number 

of the activation material should be s imi lar to Be . Due to these reasons we 

decided to investigate lithium as activation material. 

Moreover, the oxidation and hydration of the detector surface has obviously 

major influence on the reproducibility of measurement. From literature study 

and experiment we learned that it is H 2 0 which plays an important part in the 

TSEE emiss ion process , the adsorption of which obviously presumes an oxide 

layer. As for adsorbed oxygen our assumption agrees with explanations of 

HOL2APFEL 8 and BECKER et a l . 7 . 
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In order to be independent of casual influences of ambient water vapour and 

oxygen, as well as of the counting gas atmosphere, we introduced a pre-

irradiation treatment to the detectors consisting out of the following pro

cesses: 

1) "Oxidation" in air at 400°C for 20 sec 

2) Definite cooling down to room temperature 

3) "Hydration" in water at room temperature for 2 min. 

Technology of Li-Activation 

BeO ceramic discs of the wellknown Brush Thermalox 995 type (dimensions: 

10 mm dia. x 0. 5 mm) and of Berylco type {purity: 96 %; dimensions: 

6 mm dia. x 1, 5 mm) has been used as basic material. For sensitization the 

lithium was applied as Li-dispersion in vaseline. 

Already the virgin BeO eraitts TSEE after exposure. However, by the activa

tion process a gain in sensitivity by a factor 50 for Brush and a factor 200 

for Berylco BeO could be achieved. Pig. 1 shows the glow curves of both 

detector materials used: The one of Brush BeO: Li hae a single, gaussian 

shaped TSEE emission peak at about 300°C, the one of BeO: Li from Berylco 

shows two peaks at 360 C and 410 C, by contrast. These peak temperatures 

are high enough to exclude fading even at elevated irradiation and storage 

temperatures; moreover, for Brush BeO: Li there is no pronounced second 

glow peak at Higher temperature found in Berylco BeO: Li and in some home-

madeBeOC samples being strongly influenced by mechanical treatment and 

ambient conditions. 

Fig. 2 shows the integral TSEE output against exposure of BeO: Li in com

parison with data published by other authors. The TSEE intensity of BeO: Li 

turned out to be proportional to exposure in case of Brush BeO: Li from 

about 100 iiR to 10 R, respectively to 100 R with a lower heating rate (1 C/s , 

not indicated in Pig. 2). It became evident that these detectors are even more 

sensitive than those doped with noble metal ions. 

+ Manufacturer: Brush Beryllium Comp., Elmore, Ohio 43416, USA 

"""""Dealer: Deutsche Beryllium GmbH, 6370 Oberursel, W. -Germany 



The lowest limit of detection has been achieved with Berylco BeO:Ll which 

permitted the detection of exposures as low as 10 «R. 

By reducing the relatively high background of our reading apparatus an exten

sion of the lower limit of detection seems to be possible. 

Preparation of Detectors 

It has soon been found that activation has to be performed at elevated tem

perature. Fig. 3a demonstrates, that maximum sensitivity could resonance

like be attained by tempering the samples at 1000 C. 

Activation at lower temperatures even reduces sensitivity if compared with 

the undoped material. The same is true for temperatures between 1000 C 

and 1200 C, above which sensitivity increases again. Looking to the optimum 

duration of the high temperature treatment it became evident that it must be 

applied by about 60 min (Fig. 3b) at which time maximum sensitivity has been 
3 

found, agreeing somehow with BeO-Pd activation curves of BECKER .Shorter 

or extented temper procedures at 1000 C reduce the TSEE sensitivity signifi

cantly. 

Major influence to the dose dependence of the ratio total counts/exposure unit 

was found to arrive from the atmosphere during the high temperature treat

ment (Fig. 4). While this ratio decreased with increasing exposure in case of 

air , it kept constant for argon atmosphere. 

Dosimetric Properties 

It has been shown in Fig. 2 that the specific sensitivity of BeO:Li is about 

10 counts/cm . R for Brush and 8x10 counts/cm ,R for Berylco detectors. 

These sensitivities could not be reproduced, if the detectors were cooled 

down in the counting gas atmosphere after reading. Nevertheless, by this 

way of re-use the decreasing sensitivity seemed to approach asymtotically 

a new sensitivity level, which is about 20 % of the one after activation (Fig, 5), 

provided the ambient atmosphere remains constant. 
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After applying the above mentioned pre-irradiation-treatment of "oxy-hydra

tion" to the detectors, however, a good reproducibility of the previous- radia

tion sensitivity was achieved with a standard deviation of 6"— 4.5 "v> from the 

mean value over IS readings. 

The energy dependence was determined using heavily filtered X-rays from 

a 300 kV X-ray facility, and Co-60 gamma rays. All measurements were 

performed under conditions of electron equilibrium. From Fig. 6 it can be 

seen that only for low photon energies 0 0 keV the experimentally deter

mined energy dependence of BeO:Li deviates slightly from the calculated one 

of pure BeO, because of the lower Z of Li (Z = 3) compared with Be (Z = 4). 

By adding a defined amount of high-Z material to BeO:Li the production of 

high sensitive, practically energy independent detectors seems to be possible. 

For comparison. Fig. 6 exhibits the energy dependence of BeO doped with 

noble metal ions and the one of the wellknown LiF TLD-100. 

As for the free air directional dependence to Co-60 radiation the TSEE output/R 

of the Brush BeO:Li discs seems to increase by about 15 % for radiation inci

dence from backward, i .e . when the radiation passes the detector material be

fore penetrating into the exoelectron emitting layer (Fig. 7). 

All detector evaluations were performed with a two minutes reading cycle up 

to 400 C (heating rate: 10 C/s) with the detector not grounded. After rea

ding the detectors were re-used without any long-term annealing procedure. 

Summary 

Ceramic BeO activated with Li turned out to be a high-sensitive radiation 

detector on TSEE basis characterized as follows: 

1. Linearity: TSEE output proportional to exposure 

in the range investigated, i. e. between 

10 yuR and 100 R, 
7 2 8 

2. Sensitivity: 10 counts/cm . R (Brush) and 8x10 

counts/cm . R (Berylco) 

3. Reproducibility: Standard deviation €> ** 4. 5 % with 

pre-irradiation treatment 



- 606 -

4. Energy dependence: No influence of the doping 

m a t e r i a l on the e n e r g y dependence of 

the ma t r ix for photon ene rg ies :=*• 30 keV. 

As our de tec tors were evaluated e lec t r ica l ly isolated on a s i l ica p la te the 

often descr ibed TSEE concept providing grounding of the de tec tor for r e p r o 

ducible and dose-propor t iona l m e a s u r e m e n t s s e e m s not t o be suitable in 

c a s e of BeO:Li, at l e a s t . 

The stabil izing effect of the oxidation and hydrat ion on the radia t ion s e n s i t i 

vity demons t r a t e s the impor tance of the de tec tor sur face and of adsorbed 

sur face l a y e r s on t he emis s ion mechan i sm of t h e r m a l l y s t imula ted e x o -

e l e c t r o n s . 
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£ Fig. 1: TSEE glow-
n> curves of BeO:Li 
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Becker 

The effect of your water treatment appears to be simply a surface hydration, 

resulting probably in a tri-molecular layer of water molecules on a previously 

partially hydrophobic surface (see Becker et al., Syrap. New Bad. Detectors, 

IAEA, Vienna 1970)- Did you observe any changes in the TSEE curve as a result 

of the Li treatment as we did, and what are your diffusion procedures (we 

evaporated a LiNQ, solution on the surface prior to heating)? 

Begulla 

I agree with your ideas about surface hydration. In order to justify these 

models experimentally we are going on with specific experiments. As for the 

TSKE glow curve it has not been affected by the Li activation. The Li treat

ment consisted of a covering procedure of the BeO disc surface with metallic 

Li dispersed in vaseline with a special iterative temperature programme up to 

iooo°c 

Scharmaim 

Tou suggested that the mechenism of Linke and Meyer (preparation of pure metal 

surfaces in UHV by water for oxidation) is also responsible for the results 

of your experiments. What is the explanation in your case: BeO in normal 

atmosphere + water? 

Begulla 

We did not assume identical mechanisms for our results and those of the 

mentioned authors at all, but we learnt by studying their papers that oxygen 

and water influence the TSKE output. This idea applied to our detectors 

enabled us to improve the reproducibility, rather poor so far. Furthermore, 

our experiments were primarily performed with an eye to dosimetry application, 

up to now without any special ambition to clarify the mechanism. However, 

since we have r-sproduceable results, the experiments are going to be extended 

in this direction, about which we shall publish later. 
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ESKB DosiaBtry Studies 

by 

T. tfiewiadomski 

Institute of :.uclear Pnysics, Cracow. Poland 

Abstract 

an open window Call« counter and a proportional counter for XSB Measure

ments were constructed. She G.iu £as f lov counter with 0,1 ta ipt wire ope

rates with 3&V argon and 2> etaanol mixture. I t worses at 1720 V and Gives 

0*2 V pulses with 0.3 msec dead t ine and 40 cpn cold background, f u l s e s are 

amplified /50 d£/ and iuteerally counted or t l« count rate i s recorded versus 

tenperature. The counter i s operated over a nickel sheet working as a neater« 

supplied by a controlled power supply i^ving precise l inear beating rates 

between 0.1 and 5°C/sec and teaperatures up to 750 C. 

She proportional counter i s a butane-propane flow counter operating at 

4 kV« I t s pulses are amplified /JO dB/ and recorded similar t J tliose obtained 

froa tLe G.ii. counter. 

Some dosimetric Grade LIP powders were investigated for their TS3* and 

9*SB£ phenomena. i t» influence of thermal and cbenioal treatment was i n v e s t i 

gated and soue s in i lar i ty with the properties of i £ doped phosphors was found* 

Introduction 

Jtoeent developments in ISIS and the poss ib i l i ty of very low dose neasure-

mente aroused our interest in fSBS dosioetry* Two types of counters were 

constructed and some materials investigated, She f i r s t experiments perfoxiMd 

snowed that the application of the Z3B Phenomenon in radiation dosimetry 
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oust be preceded by fundamental invest igat ions cf tm properties e-f BXD-

euissioru In our opinion, the as in d i f f i cu l ty in t-iis application i s the 

iå£h in s tab i l i t y of TSES output, fitperieuce shows that the hi^iier the sensi

t i v i t y of the materials measured the greater appears to be the in s tab i l i t y . 

This paper describes our f i r s t 1'ttBS invest igation concerning LiF phos

phors used for 2L dosimetry. These pliusphors exid.bit re la t ive ly reproducible 

SSBB output, compared with Bed powders and BeO sintered oiuKs. 

G.k. Counter 

Ti» G.U. counter shown scheaaticaly in Fi£ . 1 i s an ar^on /d^W etluuiol 

/2iV flew counter with 0,1 mm f t anode wire / 2 a / . The counter i s operated 

over a nickel slieei working as a heater / 3 / supplied by an electronic contro

l l e d power supply giving precise l inear heating rates between 0.1 and 5°C/sec 

and temperatures up to 750 C. The heater i s mounted in a drawer / 5 / which 

allows the introduction of samples into the counter voluue. The counter 

cathode i s at +60 V accelerating potential with respect to tiie heater sheet. 

Without t h i s potential the e f f ic iency of eaooelectron counting was 4 t iues 

lower. She count rate versus applied voltage as well as tlie dead time in 

fluence are £iven also in 2i& 1. A wording voltage of 1720 V was chosen 

at which the pulse amplitude i s about 0.2 V, the dead t iaa about 0.3 msec, 

and the cold background 40 epeu The pulses were enplif ied /50 db/ and tlieir 

count rate was integrated and registered on an JOE recorder. The counter 

plateau measured with a C-14 source and with exoelectrons were practically at 

the sawa vol tage . The counter was invest igated with Lij?:tt£,Ti sintered 

disks which appeared to be suitable for t h i s purpose, because of handling 

convenience and the ir suf f ic ient TSEE output reproducibil ity. Tiiis counter 

operates very stably and a l l the subsequent meaaureueuts were performed with 

i t . 

Proportional Counter 

This counter, shown saheoatlcaly :-a -he upper right part of f i g . 2, i s 
2 

s i s d l a r to the proportional counter constructed by Attix . Instead of 

» t h a n e , a butane-propane l iqu id mixture, produced for Kitchen and tourist 

purposes was used as the counting gas* The optimal distance between sample 
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and anode loop centre i s 25 ran* The application of the accelerating poten

t i a l also gives some gain in excelectron counting but not so s ignif icant as 

with G.L. counter. This i s due to the much higher operating voltage, amount

ing to 4 kV, in th is counter. The counter pulses are amplified by a boot

strap type head amplifier /30 dB/ and a main amplifier /40 OB/. The pulses 

are discriminated at the leve l of 2 V, and the count rate i s registered on 

the XC recorder or counted. The counting rate characteristics given in the 

lower right part of f i g . 1 snow the train advantage of th i s counter over the 

G.U. counter, i . e . a broad range of counting due to the slwrt dead t ine of 

the counters. A. low pulse amplitude /below 0.5 uV/ obtained from t h i s coun

ter i s the main diff iculty of i t s use and sous care should be taken to reduce 

the noise , hence the electronic heater supply containing two thyrystors was 

replaced by a •eohanioal one. She very narrow pulcas produced by the thy

rystors could not be f i l t ered unt i l the counter voltage hod increased above 

4*3 kV« The oounter was investigated using the sacs LiP:l^,Ti sintered 

disks* This counter i s intended for further dose oeasureuents and only a few 

T3EB count rate curves have been taken with i t . The sens i t iv i ty of the ooun

t e r i s about twice that of the G.ii. counter, but the curves obtained are 

quite siirtl 3 ar. This means that neither of the counting gases introduce any 

changes in the crystal surface ^hich would influence the TSEE curve of the 

phosphors investigated. 

TSL and TSBB Investigations of lag Phosphors 

Two dosioatric grade LiP powders were investigated for connections 

between their TSL and TSEE phenomena. UJ:Cu,Ag , having a high s ingle TL 

peak at about 120 C which may be used for TL dosimetry without any in ter -

operati&aal annealing / i t s glow curve does not change either by read out 

nesting or by high dose/ , end LiFiIfe.Ti , exhibiting properties similar to 

those of the well-known TUMOO, were measured. Two other LiP phosphors, 

i . e . TLD-100 and Li?: 200 Ti /(SB production/, have also partly been inves t i 

gated« The differences occurring in the TSEE output of a l l the phosphors 

exhibiting the main glow peak at 200°C are of a l i t t l e significance, and the 

r e s u l t s for Li»:Hg,Ti given below are also representative for XUMOO and 

U?i200 Ti. 

The f i r s t ezperlaent was carried out to investigate the thermal s tab i l i ty 

of the TSEB output« tin the basis of liohun* s work , we expeoted the thermal 



615 

treatment to have sreat influence, because the phospliors used are of doped 
type« 10 og of long stored / ^ 1 yr/ phosphor was put on a graphite disk /£ -.am 
in diameter/, carefully cleaned and warmed out. This sauple was irradiated up 
to a dose of 10 rads of Co-bO gamma radiation and promptly read-out, avoiding 
any strong li&iit illumination of the sample. Tlie irradiations and read-outs 
were repeated several t iaes and several samples were used in order to avoid 
any incorrect interpretation due to the influence of external variables. Tiie 
results shown in f ie . 2 allow the following conclusions to be drawn: 

1. Both TSEB curves exhibit some similarity to the corresponding Tl curves 
Khea the sauples are heated for the f irs t t iue, but the aain TSEB peaks 
appear at slightly higher temperatures than the main Ttfb peaks* 

2. Although the LiFtCu.Ag TL output is about 10 tiues hijjier than that of 
LiF:i4g,Ti, the 1'SEE main peak amplitudes oi" both phosphors are nearly 
of the saue sise. 

3. Besides the main.peaks, other peaks appear also on both TSEB curves. 
They have no corresponding peaks on the TSL curves. 

4. The amplitudes of the main TSEE peaics are reduced significantly as & 
consequence cf f i rs t heating, but no new peaks are then formed. 

5. Thermal annealine of LiF:Ug,Ti phosphor, restoring the "virgin" EL ̂ luw 

curve, does not influence the shape of Wo TSEE curve. 

6. The "virgin" TSEB curve shape i s not restored until the sauple lias been 
stored for at least two weeks. 

7. Only one i'SEE peai at about 300 C appears to be cowoon in tiie two phos
phors. 

There i s a question as to what part i s played by the centres created by surface 
sorption or hydrolysis in TSEE output of JAP phosphors. Tiie influence of the 
surface centres is shown on the "first heatinc" curve obtained wiien the phos
phors are stored for few weeks. It seeus that these centres ore thermally 
unstable and are disintegrated during beating. Lut i t io al&u possible tljit 
some Internal chances occur during the heating as is tJie cose in the T3L of 
most lAJf phosphors. 

3h the next experiment we tried to influence the crystal .»jrfftce by LIQUID 

of weak acids and alkalis. For this purpose the cample was i.oistoued with a 

drop of huG-, solution /p j - 3 / or LiUil solution /pii - V* dried, and ueoaured 
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on the next day. With reference to thermolumineseenca i t was confirmed that 

t h i s influence i s vary mak, only e decrease in the 300 C peak on the 

LifiligiTi curve being observed after using the acid solution. Conversely, 

t h i s influence on TSBB i s more evident. The XS8B ouzve changes shorn i n 

K g s 3 and 4 , are typical for a l l LU phosphors exhibiting the Bain TL peak 

at 200°C* They may be sumnariaed as follows: 

1. Acid solution "stabil izes" the TSEB curve to some extent. The ac id i 

f ied sample may be read out several times without any remarkable TSEB 

curve change. The integrated exoelectron y i e ld i s s l ight ly lower than 

that of the "rixgia" sample. 

2 . After treatment of the sample with alkaline solution the TSEB output 

during the f i r s t read out increases but t h i s increase disappears after 

the f i r s t heating. 

These resu l t s suggest that the TSBB output enhancement of the "first" read 

out may be due to some LiOH groups adsorbed on the crystal surface during 

storage in a ir . These groups are thermally unstable. 

There i s an interesting fact , why during a l l t h e « experiments no new 

peaks are formed? An explanation of t h i s fact may be the supposition that 

the exoelectxons registered are emitted not by the surface defect, but that 

the heteromorphio structure defects adsorbed on the crystal surface diminish 

the work function i n the places where they are created, and the emission of 

exoelectrons increases depending on the number of defects . The defects pro

duced by acid are thermally more stable than those produced by a l k a l i . 

Unfortunately, the experiments performed in th i s work do not allow an 

exact explanation of what kind of surface phenomenon i s responsible for the 

TSB curve changes described« We are also unable to s tab i l i ze the TSB out

put so wel l that the LIP phosphors could be used for dosimetry purposes. 

Conclusion 

Sne XSSB sens i t iv i ty of I4J powders allows doses higher than 0.1 rad to be 

read but the reproducibility of the read out of the same sample as well as 

that of different samples are unsatisfactory. Work i s in iirogress to obtain 

a better knowledge of the XSBB propertlee of U p and of some other materials. 
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The Optical Stimulation of Exoeleotron 
Emission 

by 

J. KRAMER 

Fhysikalisch-Technische Bundesanstalt 

Braunschweig, Germany 

Abstract 

Until now only the thermal stimulation has been applied to 

dosimetry with exoelectrons. Although more expensive, the optical 

stimulation has important advantages. It is also of great ad

vantage for analysing the traps and determining the stimulation 

energies. 



1. Thermal and optical stimulation 

Up to now, when using exoelectrons for dosimetry, the thermal 

stimulation (TSEE) has almost always been applied. In view of 

our own experience, we too were not in favour of the optical 

stimulation (OSES), as the dispersion of the measured values 

for TSEE was smaller and it was less expensive. The main reason 

for better results with TSEE is due to the fact that all elec

trons are emitted when an emission maximum is exceeded. With 

OSEE it is not possible with normal light sources to empty the 

traps completely in a reasonable time. Fig. 1 shows the diffe

rence between the two kinds of stimulation. To obtain better 

results with OSEE also, quantity and spectral distribution of 

the stimulating light must be kept constant in order to bring 

an equal percentage to emission. If the intensity of light is 

reduced, the counting time must be proportionally prolonged. 

The reduction of the light intensity is desired in order to 

adapt the emission rate to the counting capacity of the counter. 

For the reduction of the light intensity without changing the 

spectral distribution, neutral density filters are suitable 

which are available in the range of 1 to 10 -\ This method has 

the disadvantage that at large doses unbearably long counting 

times are required. To avoid this difficulty, the part of 

electrons used for measurement was kept so small that the optical 

bleaching is negligible. It is then possible, by equal counting 

time, to multiply the measured emission with the absorption 

factor of the neutral density filter without causing a great 

error. This procedure was chosen though it reduces the sensiti

vity. But it allows a quick evaluation for a wide dose range 

using only one O-H-counter. 

2. Advantages and disadvantages of optical stimulation 

The following 8 points may be regarded as advantages of 

OSEE: 

1. The range of unknown irradiation dose can be determined by 

a first rough measurement without losing the information 

of the whole dosemeter. 



2. The specific range of the used measuring method, e.g. 

G-M-counter, can be adjusted to the dose range by changing 

the light intensity with neutral density filters in order 

to have the best counting conditions and to enlarge the 

range of measurement. 

3. A single doseaeter gives a series of values and a mean 

value of dose is easily determined. 

4. Partial regions of the dosemeter can be covered by an 

absorber in order to get infomation about the type of 

irradiation. 

5. Partial covering with polyethylene or similar materials 

enables a discrimination of v-radiation and fast neutrons. 

6. The OSEE-doseneter is not heated; any thermally-induced 

changes of exo-sensitivity are excluded. 

7. Manufacturing OSEE-dosemeters is very cheap, e.g. impregnated 

paper may be used. Therefore OSEE-dosemeters should be one

way dosemeters. 

8. Because only a little part of excitation is used for the 

measurement, OSEE-dosemeters can be stored for a later 

checking. 

A disadvantage must be mentioned, namely the lower sensiti

vity of OSEE-dosemeters. But very sensitive exo-dosemeters can 

be produced so that this disadvantage of OSEE should not be 

decisive for normal application. Another disadvantage is that 

it needs a device for controlling the light intensity. This, 

however, can easily be installed by common electronic means. 

3. Conditions for optical stimulation 

In contrast to TSEE, the following conditions have to be 

observed for OSEE: 

1. The dosemeters must in every case show a linear dependence 

of the emission on the dose. As non-linearity arises by charges 

on the surface, the OSEE-dosemeter must have sufficient electri

cal conductivity. Non-linearity which, to our opinion, handicaps 
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the measurements also for TSEE, renders the application of neu

tral density filters by OSEE absolutely impossible, because a 

non-linearity depending on the dose also causes a non-linearity 

depending on the light intensity. 

2. Certain substances, f.i. BeO, produce a spontaneous emission 

after intensive irradiation at room temperature without additio

nal stimulation. This does not matter in the case of ISEE; but 

at the far lower emission by OSEE, mainly when neutral density 

filters are used, it must be taken into consideration either 

by leaving sufficient time after the irradiation, or by measuring 

the spontaneous emission and subtracting it from the OSEE. 

4. Results using SrSO,, and BeO 

In fig. 2, the results using SrSOh and BeO are demonstrated. 

The influence of the spontaneous emission is indicated in the 

BeO-curve. All results of TSEE are found here: Large dose volume 

which is measured here solely with a G-M-counter; beginning of 

saturation of SrSO], and beginning of supra-linearity of BeO. The 

increase of the sensitivity by an intensive preradiation of BeO 

could also be observed. There is, therefore, no difference in 

the results using OSEE or TSEE. 

5. Paper dosemeters 

To profit by the advantages of OSEE over TSEE, special 

shapes must be chosen for these dosemeters. Tests have been 

carried out to use strips of paper as dosemeters. The strips 

were 20 x 60 mm2. Arter irradiation they were covered by a 

lattice leaving 12 measuring places open which were evaluated 

step by step. 

Even common commercial paper can be used as a dosemeter, 

because most paper, except newsprint and special paper, contain 

exo-sensitive substances as filling material. For fig. 3, paper 

with 3 % T10 and 2 * BaS0„ has been used; the strips were 
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irradiated in the middle only. One obtains a great emission and 

sees the bleaching. Although these paper strips show local 

irregularities of sensitivity, they can even be used for measure

ments, because the 12 measured values give an only little dis

persing mean value. For fig. 4, a block of 22 paper strips has 

been irradiated together. The absorption of the X-rays and the 

intensification of the excitation by a platin foil for the last 

paper strip can be seen. 

This paper is, of course, not practicable. More suitable 

fillings will have to be used and sufficient electrical con

ductivity should exist. For these investigations, the paper was 

self-produced, or filter paper was spread with a layer consisting 

of SrSOjj, graphite and methanol. This paper is sufficiently sen

sitive, and linearity can be obtained as some examples on fig. 5 

show. Although these tests have been carried out with extremely 

simple means, the results are so promising that further tests 

are planned together with a paper factory. For practical use, 

two strips are welded into plastic foils and only taken out 

immediately before evaluation. 

6. The optical stimulation for the analysis of traps 

OSEE is not only advantageous in dosemetry but also to ana

lyse traps for the determination of activation energies. Using 

wedge-shaped interference filters, the measurement is as simple 

as TSEE and does not take more time. The activation energies 

can be taken directly, while in the case of TSEE, this deter

mination is more problematic because of experimental and theo

retical reasons. The resolving power is better for OSEE, as can 

be seen in fig. 6. For the same evaluation time, the small 

maximum appears only at OSEE, while this can be obtained at 

TSEE only by very slow heating. 

The optical stimulation offers great advantages for physical 

research and for the application of exoelectrons. 
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Fig. J Scanning of an irradiated paper strip. Paper with 

J % Ti02 and 2 % BaSOj,. Ten times scanned. 
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Fig. 4 22 paper strips. Irradiated as paper pad. 
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Tig. 5 Paper with SrSO,, * graphite. 1: Selfnade paper; 

2, 3, and 4: Filter paper covered with SrSO,, * graphit 

and Methanol. 
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Fig. fi C&SOh baked at 940 °C thermally and opt ical ly at inulated. 



Spumy 

It seems to us that commercial paper produced for reprographic purposes which 

has a ZnO surface layer should be a sensitive "paper dosimeter". 
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Characteristics of Selected Phosphors for Stinulated 

Exoelectron Emi salon Dosimetry 

P. L. Zlemer, V. C. McArthur, V. L. McManaman, and G. D. Smith 

Bionucleonlcs Department, Purdue University, Lafayette, Indiana, USA 

Abstract 

The sensitivity, linearity, reproducibility, fading and emission curve 
characteristics for thermally stimulated exoelectron emission were studied for 
reagent grade LIT, and CaP2 powders. Readout was by means of a windowleas 
proportional counter using an argon-methane gaa mixture. Sample heating during 
readout was accomplished using a linear temperature programmer, A multichannel 
analyser operated in tha multiscaler mode was used to obtain the emission 
curves. 

A mixture of LIP with graphite gave improved precision but sacrificed 
sensitivity as compared to the pure powder. Pure CaF2 powder was slightly more 
sensitive than L1F while a mixture of CaF2 with graphite again resulted in a 
decrease in sensitivity. In all cases the sensitivity was effected by heat 
treatments prior to use. In the case of CaFjr t h e emission curve characteris
tics were altered by such preheating. 

The responses of the powders as a function of exposure were linear over 
only limited exposure ranges of up to 700 R for LiF/graphite and up to 300 R 
for CaF/graphite. 

Both powders exhibited "fading" or loss of emission as a function of time 
after exposure. At room temperature, the fading for LIF was 30X in 6 weeks while 
for CaF2 the decrease was about 25% in 122 hours. 

Introduction 

Since the time of Kramer's report in 1957 indicating a linear relation 

between radiation dose and exoelectron emiasion in CaSO^, a number of materials 

have been considered for radiation dosimeters using thermally stimulated 

emission of exoeleetrons (TSEE). Those materiale which have received the moat 

attention include LIF, BeO, BaSO^ as well as CaSO^. For practical dosimetry, 

LIF and BeO appear to hold much promise, due largely to their relative Insensi-

tirity to environmental influences« Other materials which have received limit

ed attention include SrS04, Cap«, BaF2. and SrF2> 



In comparing studlea reported in the literature, one notes conflicting 

data in sone cases and lack of detailed data in other cases. For example, 

lithium flor ide was reported to have an emission peak at 135<>C in one study 

and at 210°C In another study . These same publications reported fading rates 

of zero loss of emission for up to 10 days in dark storage at room temperature 

in the first case and ZS7L loss of emission in 5 hours at room temperature, in 

the second case. 

In the present study, we initiated a systematic examination of CaSO,, 

BaSO. • LiF, and CaF. powders in an attempt to determine TSEE sensitivity, 

linearity, reproducibility, and emission curve characteristics. The CaSO, and 

BaSO. proved to be very difficult to work with aa far as obtaining reliable and 

reproducible results. Hence the major portion of the study was confined to the 

two fluoride compounds. 

Instrumentation 

The detector was composed basically of a counting chamber and a stainless 

steel drawer which contained the dosimeter sample, heater and thermocouples. 

A stainless steel adapter plate was machined for a precision match between the 

counting chamber and drawer. The counting chamber and anode wire assembly were 

taken directly from a standard, commercially available, windowless gas flow 

detector. 

The loop shaped anode wire was attached to a high voltage connector which 

was mounted with screws to the top of the cylindrical counting chamber. The 

anode wire and connector assembly could thereby be quickly and easily removed 

for cleaning or replacement without disturbing other parts of the detector. 

The heating element consisted of a disc-shaped array of nichrome ribbon 

strips which were electrically connected in series by spot welding. The 

nichrome heater was mechanically connected across two large copper leads which 

entered the drawer recess through a hole drilled from the back of the drawer 

up to the recess. Two iron-constantan thermocouples, one a control sensor for 

the linear temperature programmer and the other for temperature monitoring, 

were pressed firmly against the bottom of the nichrome heater by a small piece 

of mica which was rain forced with asbestos packing. A thin layer of mica was 

placed over the nichrome for electrical insulation from the dosimeter sample 

during readout. An aluminum disc 1.25 in. in diameter waa placed over the mica 

and was electrically grounded. The dosimeter sample waa then placed upon the 

aluminum disc for readout. The distance from the top of the anode loop to the 

powder surface measured approximately .69 in. 

*Model 200A, Packard Instrument Company, LaGrange, 111. 



The block diagram in Figure 1 includes a l l the components of the complete 

counting system. The electronic component« of the system consisted of a 0 -

3000 V high voltage supply * which was connected to the anode through a FET 

preamplifier . Detector pulses of negative polarity were fed through a short 

length of cable into the preamplifier. Pulses of posit ive polarity from the 

preamplifier were then fed into an amplifier . The amplified pulses were then 

sent into a single channel analyzer0 operated in the integral mode and with 

zero lower level discrimination. The standard 6 V output pulses were then fed 
e f 

into a scaler which was operated in conjunction with a timer . The same 

standard pulses were also sent Into the input of a 400 channel multichannel 

analyzer8 which was operated in the multi-sealer mode. An external variable 

frequency pulser provided the necessary negative pulses to advance the 

channels at a selected rate, normally 45 channels per min. TSEE curves could 

then be directly recorded photographically from the multichannel analyzer 

oscilloscope and through an K-Y plotter and indirectly through a high speed 

parallel printer . Also the integral count was displayed on the module scaler . 
Heating of the dosimeter sample was controlled by a linear temperature 

It 
programmer . The nichrooe heater w » connected to the power output of the 
l inear i-^perature programmer through a step down iso lat ion transformer . 

Control was obtained through the iron-constantan thermocouple held against the 

bottom of the nlchrome heater. Heating rates from 2°C/min to 40°C/min could 

be selected by the dial sett ing, and faster rates could be obtained by connect

ing appropriate resistances across an external Input jack. The linear temper

ature programmer could also be operated in an isothermal mode at any desired 

*Model 446, Ortec, Oak Ridge, Term. 

Sfodel 109PC, Ortec, Oak Ridge, Term. 

CModel 451, Ortec, Oak Ridge, Tenn. 

T4od«l 406A, Ortec, Oak Ridge, Tenn. 

eModel 430, Ortec, Oak Ridge, Tenn. 

£Hod«l 482, Ortec, Oak Ridge, Tenn. 

8Model 34-12B, R1DL, Nuclear Chicago Corp., Des Plalnes, 111. 

^todel VP2E Var i pulse, W. B. Johnson and Associates, Mountain Lakes, M.J. 

Sfodel HR-97, Houston Instrument Corp., Houston, Texas 

JModel H43562A, Hewlett-Packard, Palo Alto, Calif. 

Stodel 326, WUkens Instrument and Research, Inc . , Walnut Creek, Calif. 

Slodel P6309, Chicago Standard Transformer Corp., Chicago, 111. 
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temperature. A linear heating rate of 93°C/min was used in the I.iF studies 

and 81°C/min in the CaF2 studies. A second iron-constantan thermocouple also 

positioned beneath the nlchrome heater provided temperature monitoring through 

a variable speed strip chart recorder . 

Three different counting gases were checked for an optimium response. 

These gases Included a mixture of 90% argon and 10% methane, pure methane, and 

a mixture of 79.051 helium and 0.951 isobutsne. The helium/isobutane mixture 

gave an erratic response which appeared to be due to insufficient quench. A 

stable and reproducible response was obtained for pure methane, but no counting 

plateau occurred within the range of the high voltage supply. When used with 

204 
a standard Tl beta source, the argon-methane mixture gave an excellent 

characteristic curve with a plateau length of 500 V centering at 1775 V with a 

slope of 0.67% per 100 V, Characteristic curves were then obtained for both 

LiF and CaF. exoelectrons. For L1F exaelectrons, a very narrow "plateau" was 

observed having a width of about 100 V and located at about 2100 V. For CaF. 

exoelectrons, a narrow "plateau" only 50 V wide was observed at an operating 

voltage of 2250 V. 

Dosimeter Preparation 

The phosphors used in all cases were reagent grade powders obtained 

commercially. Initially, all dosimeters were prepared by evaporating a thin 

layer of the powder from an ace tone-powder slurry into a 1/2 inch diameter 

stainless steel planchet. It was found that this technique worked very well 

for pure LiF and for LiF mixed with graphite, in the case of CaF-, the acetone 

plating method did not yield dosimeters having a reproducible response. It was 

found that for CaF. the best results were obtained by simply placing known 

weights of the loose powder directly into the planchets. 

In the experiments described in the remainder of this paper, all LIF 

dosimeters were prepared by acetone plating prior to irradiation. For CaF., 

on the other hand, irradiations were carried out on the loose powder contained 

either on planchets or in vials. In the latter case the powder was transferred 

to planchets just prior to readout. 
2 

The thickness of the pure LiF powder in the planchets was 10.5 mg/cm . 
2 

For mixtures of LiF and graphite in a 3:1 ratio, the thickness was 7.2 mg/cm . 

In the case of the CaF,, the planchets were filled to a thickness of 14.8 
2 2 

mg/cm for pure CaF,, and 11.0 mg/cm for mixtures of CaF. and graphite in a 

3:1 ratio. 

"Honeywell Electrotiik 194, Honeywell, Fort Washington, Pa. 

bJ. T. Baker Chemical Co. <Li*". *** 33152; Ca?2, Lot 35904) 
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Irradiation Condition« 

The exposures were carried out using a 1663 Ci Co gamma irradiation 

facility. The irradiator was the panoramic bean type located in the center 

of a shielded room with inside dimensions of about 4 meters X 4 meters. The 

pianenets containing the powders were sandwiched between sheets of plexiglass 

in groups of 12 dosimeters. The plexiglass holders were positioned at a 

distance which provided an exposure rate of 100 aft/sec (a distance of approxi

mately 2 meters from the source). The source vas calibrated with a Victoreen 

R-meter. 

Results 

Lithium Fluoride 

A group of typical emission curves for Lip. as recorded on the X-T plotter, 

is shown in Figure 2. The main peak position corresponded to a temperature of 

140° as determined by a thermocouple placed on the surface of the stainless 

steel plancher. A second higher temperature peak was observed at about 260° C 

but was not normally used since it vas more convenient to limit the operating 

temperatures. 

It VMS found that the sensitivity (coutttM per R) and the reproducibility 

of the LiF dosimeters could be altered in a number of ways. The addition of 

graphite to the LiF powder has been used by others to improve the reproducibil

ity of exoelectron emission. In so doing, one sacrifices the sensitivity some

what. For the detection system described, a mixture of LiF to graphite in a 

3:1 ratio by weight and prepared by the acetone plating method resulted in 

dosimeters which gave a reproducible response with a standard error of the 

mean aa low as 2%. In contrast, the precision of pure LiF fluoride dosimeter 

was 17X (standard error of the mean). Sensitivity was better far the pure 

powder, however, being 1200 counts/R for LiF for the system described as com

pared to 650 counts/R for the graphite mixture. 

Preparation conditions play an important role in establishing the sensi

tivity of LiF dosimeters. To study this aspect, groups of dosimeters were pre

heated for a constant time at selected temperatures from 100° C to 800° C. The 

powders were heated for IS minutes at a given temperature, allowed to cool to 

room temperature, plated in the planchers using acetone and then given a test 

exposure. For the Llp-graphltc mixture, the greatest sensitivity resulted for 

powders hasted at 450° C. For the pure LIF powder, the 380° C treatment gave 

maximum sensitivity. Using these two optimum temperatures, the heating times 

wen then varied for groups of dosimeters. The sensitivity plotted as a function 

of heating tin« in both esse indicated a broad peak which remained fairly flat 

Model 150 "Gassttbcaa", Atomic Energy of Canada, Ltd., Ottawa, Canada. 
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between 20 minutes and one hour. For convenience, a 30 minute treatment time 

was selected in the preparation of all subsequent LiF dosimeter powders in 

order to maximize the sensitivity. Figure 3 shows the heat treatment effect. 

Predosing has been used in themoluminescence dosimetry as a means of 

enhancing response. This technique has been suggested for increasing sensi

tivity of TSEE dosimeters also. To investigate this possibility, LiF was 

exposed to Co gamma ra>s for total exposures in the range of 5 X 10 R to 

3.5 X 10 R. The exposed powder was then annealed, prepared on planchets, and 

exposed to a small test exposure (13.2 R). No significant difference in exo-

e lee tron emission was observed for any of the powders treated with hig'u expo

sure as compared to non-treated LiF. 

Response as a function of total exposure was found to be dependent of the 

addition of the conducting material (graphite). Figure U indicates the response 

of both pure LiF and of the LiF-graphite mixture. For the pure powder, the 

response was linear over a range of about 100 mR to 100 R, while the mixture 

gave a linear response up to about 700 R. 

Stability of the 140° C emission peak for LiF/C was reasonably good de

spite the low temperature of the peak. The fading of the peak over a period 

of about two months under typical room conditions (25° C temperature and 45Z 

relative humidity) is shown in Figure 5. The fading reaches about 30% after 

6 weeks. Storage at an elevated temperature (50° C) resulted in rapid fading 

with 50% loss of the peak within 10 hours. 

Calcium Fluoride 

The unsmoothed emission curve of a pure CaF dosimeter is shown in Figure 

6> The two main peaks occurred at temperatures o* 79° C and 115° C respective

ly. These temperatures were measured with a copper-constantan thermocouple 

which was placed directly into the powder of a dosimeter during temperature 

calibration runs. 

As suggested previously, plating of the CaF- powder with acetone onto 

planchets did not produce dosimeters having reproducible response. Even the 

addition of graphite in this case did not solve the problem. The sensitivity 

of the CaF. dosimeters prepared in this way generally decreased with time 

following preparation. They also exhibited an Increasingly erratic behavior 

for longer times after preparation. The absorption of water or atmospheric 

constituents could account for these effects. The best reproducibility was 

obtained by preparing dosimeters with loose powder taken directly from covered 

glass storage jars. Even in this case, care had to be taken to kef? the 

dosimeters covered after preparation since sensitivity changes were observed 

for these dosimeters when they remained for prolonged periods in open air. 
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This effect m clearly demonstrated in an experiment in which groups of 

dosimeters (loose powder in planchets) were prepared and stored in open air. 

Control groups, prepared in a similar manner,war«stored beneath a flat piece 

of lucite, essentially "sealing" the dosimeters from contact vith the room air. 

At selected times after preparation, groups of 6 dosimeters were removed from 

storage, given a tast exposure (13.1 R of Co gamma irradiation) and immedi

ately read out. The sensitivity of the covered dosimeters remained essentially 

unchanged in time (Fig. 7),while those stored in open room air shoved a con

tinual drop in sensitivity as a function of atorage time. 

The TSEE response of CaF. powder showed a dependence on pre irradiation 

heat treatment as was the case for LiF. A study was made of the sensitivity 

of responae aa a function of heat treatment over a temperature range of 100° C 

to 1000° C. The procedure involved the heating of a 1 g sample of pure CaFj 

powder in a small crucible at the selected temperatures for a period of one-

half hour. The maximum sensitivity, about 2000 counts/R, was obtained for 

powders heated at 200° C. (Fig. 8) An examination of emission curves Indicated 

that this Increase In sensitivity was not accompanied by any apparent changes 

in the emission curve structure with respect to unheated powder. However, the 

changes in sensitivity at the higher temperatures (300° C to 1000° C) very 

definitely involved changes in the emission curves. At 300° C, the 115° C peak 

was reduced while the 79° C peak was Increased. Treatment at 350° C resulted 

in these two peaks being approximately the same height. Powder treated at 

400° C showed a downward shift of the low temperature peak to a position corre

sponding to 69° C with both peaks remaining equal in height. Treatment at 460° 

C resulted in a decrease in height of the 115° C peak plus the appearance of a 

slight peak at the 178° C positions. Powder treated at 600° C showed a complete 

absence of the 115° C peak, but a new peak at 162° c was observed. The 700° C 

heating resulted in a substantial reduction in counts in all peaks with almoat 

complete loss of the 69° C peak. Finally, the emission curves for the 900° C 

treatment showed the appearance of the 69° C peak, the 115° C peak, and a pre

dominant 162° C peak* Typical emission curves for the 600° C and 900° C treat

ments are shown In Figures 9 and 10, It should be noted that for powders heated 

at 700° C and above, a solid mass formed which required grinding with a morter 

and pestle before the material could be used* Since pure CaF3 has a melting 

point of 1360° C, the formation of the solid mass was probably due to one of 

the impurities present. The presence of CaCl2, which has a melting point of 772° 

C, could perhaps be involved. 

The response of CaF2 « • function of exposure to *°Co gamma radiation Is 

shown in Figure 11. The pure Ca?2 exhibited a linear response for exposures be

tween 25 R and 125 K. The CaF2-graphite mixture gave a linear response between 
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40 R and 310 R. 

An experiment was designed to observe the response of irradiated CaF? 

dosimeters a« a function of time after irradiation (time fading). Due to the 

environmental sensitivity, a snail quantity of CaF2 powder was irradiated in-

side a small glass bottle. Dosimeters were prepared from this bottle and read 

out at selected times after irradiation. The response as a function of the 

time after irradiation is shown in Figure 12. A response decrease of approxi

mately 19X within 32 tar and of approximately 25Z within 122 hr after irradiation 

was due primarily to the 79° C temperature peak. 

It has been known that TSEE dosimeters are light sensitive after irradia

tion. To have some quantitative information on this effect. Cap* dosimeters 

were exposed to normal room fluorescent lighting (approximately 100 foot-

candles) for different lengths of :ime ranging from 1 min to 60 min. As shown 

in Figure 13, a 17X response loss occurred for a 5 min exposure and a 23% re

sponse loss occurred for a 60 min exposure. Essentially all the fading occurred 

within the rlrst 5 min of light exposure and appeared to be characteristic of 

the 79° C temperature peak, since the peak heights of the 115° C peak remained 

constant. The general shape of the glovcurve remained essentially unchanged for 

exposures from 5 min to 60 ain. 

Discussion 

The results obtained with LiF are generally in agreement with other 

published reports. The dosimetric properties of LiF were satisfactory with 

respect to reproducibility and sensitivity. Furthermore, such dosimeters were 

rather easy to handle and use, in that they were seemingly not affected by 

normal room environment such as exposure to air or humidity. 

The CaF, presents some interesting questions and should be discussed in 

more detail. Due to the sparce amount of information available in the literature, 

any comparisons of the dosimetric properties of CaF. are extremely limited. 

The majority of the previous work on the TSEE of CaF. has been primarily concerned 

with glowcurve characteristics for various colorations, while the limited work 

of Sujak end Gtcrossynska appears to provide the only available information on 

the TREK dosimetric properties. 

The decreasing sensitivity with increasing heating temperature is in dis

agreement with the findings of Sujsk and Gierossynska who observed a sensitivity 

enhancement with Increasing temperature £ttm 27° C to 900° C. This apparent 

discrepancy might be explained by the fact that the powder used in the present 

work was not of the highest purity; whereas, the powder used by Sujak and 

Gterosxynsks was described as "pure." If indeed they did have hiph purity 

powder, they would not have experienced any diffusion of impurities with low 

melting points to ths surfaces of the crystals. Consequently, on this basis a 
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sensitivity drop would not be expected. Their observed increased sensitivity 

could then possibly be related to the deiorptlon of surface coating« at higher 

temperatures resulting in a reduced work function. Also their dosimeters were 

read out within 60 sec after Irradiation; whereas, a time of 25 mln elapsed 

between irradiation and readout in the present work.. The significance of this 

is that, if the work function was Indeed lowered by heating in the present work, 

there Is s possibility that a rapid decay of the emission would appear as a 

lower sensitivity because of the longer time between irradiation and readout. 

A particularly interesting observation associated with the experiment on 

radiation fading in time should be noted. As previously shown the sensitivity 

of CaF. dosimeters which stand uncovered in normal room sir prior to Irradiation 

decreases with time, and a cover over the dosimeters inhibits this loss of 

sensitivity. To circumvent the necessity for carefully controlling the exposure 

of the dosimeter surfaces to air during a long range fading study, dosimeters 

were prepared Juat prior to their readout froa powder which had been previously 

irradiated inside s small glass bottle. The excellent reproducibility of 

dosimeters so prepared and read out points to the possibility of irradiating 

TSEE dosimeters in a manner similar to that of TL dosiwtere. Small encapsula

tion tubes containing known weights of the sensitive material can be irradiated 

and emptied Into a readout planchet. At least for CaF. it appears that such 

handling does not effect the response and that, contrary to other findings« a 

smooth undisturbed surface may not be a necessary requirement for reproducible 

TSEE dosimeters using CaF-, 
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Problems in the Ose of Proportlaaal Counters for TSEI Measurements 

L.D.Brown. Edwards Radiation laboratories , Korth Bast London 
Polytechnic, Romford Road, London, E.15.* 

Abstract. 

I t has been found that proportional counters designed for the 
detection of thermally stimulated exo-electrone mist be operated 
»t voltepee above the end of the conventional plateau. Under 
these conditions d i f f i c u l t i e s have been experienced in eliminating 
occasional spurious readings. Methods have therefore been 
developed for producing geometrically stable camples suitable for 
repeated readout which have enabled some of the factors leading 
to variations in counter performance to be studied. TSiese inolude 
the choice of counting gas, the gas flow dynamics, the counter 
head design and the effect of the heating cycle during readout. 

Bie reader developed following consideration of these 
studies incorporates f a c i l i t i e s for the recording and comparison 
of both thermoluminescent and exo-electron emission curves using 
a sna i l nultlohennjl analyser. HJ) and TSSS reader heads can be 
quickly interoharged and Bamplee can be re-irradlated in the 
reader without being removed from the heater cup. 

Results reported show that It 1B desirable to avoid the use 
of extended anodes^n the counter, that photo-electrons released 
as a resu l t of sample thermolumineseenee do not contribute 
s igni f icant ly to exo-eleetron counts and that the simultaneous, 
emission of more than one exo-electron appears to be usual . 

Introduction 
When i t ver decided to construct en exo—electron dosimeter 

reader at the fTorth East London Folytechnic discussionawere 
srranged with members of the Health Physics and L!edieal Division 
A.E.B.E. I lemel l . As a result I was invited to make use of the 
TSSE reader constructed there by F.iI.Attljc and B.Ulnchley in 
1968 and subsequently desoribed by ttr A t t i x . 1 Results reported 
in t h i s paper are based partly on readings made at Harwell and 
partly on additional work at the Polytechnic where the reader 
described later in ta le paper WAS developed. Qie counting 
chamber In th i s second reader was designed with rather different 
geometry ana for a considerable time work was proceeding con
currently in both centres In order to f a c i l i t a t e assessment of 
the Importance of reader characterist ics on the resu l t s obtained. 

Although the re la t ive ly long dead time associated with 
gelger counters renders these unsuitable for the development of 
a wide range l inear TSEE dosimetry system, proportional counters 
have so far been l e s s widely used. Dr At t lx ' s work at Harwell 
and the USNRI hss shown not only that proportional counters oan 
be used successfully but that they are more informative than 
gelger counters«''hey have therefore been useA throughout the 
following v.o»k <-hich M>P been carried on* principal ly with 

«X Bow at Dept. of Kedical rnysiee, TTniversity of Aberdeen. 
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Conrad thermoluminescent irrade l i thium fl'ioricle LiF-7 (referred 
t o subsequently in t h i s paper as TLB 7 to dist inguish i t from 
the referent grade l i thium fluoride which nas a l so used for eoine 
observations) and beryll ium oxide in powder form. Some observat
ions have a l so 'been made with ceramic BeO discs obtained from 
Consolidated Beryllium Ltd. of ni lford Haven. Problems ar i s ing 
from e l e c t r o s t a t i c e f f e c t s at the surface of tiie d i scs during 
readout, which Dr t e s k e r ' s group e t Oak 3idge overcame by 
applying a thin evaporated metal f i lm appear to nave been 
•voided in our work by pressing a f ine earthed metal gauze 
firmly into contact with i t . 

Problems of Scurlons Readings. 
The early nork showed discrepancies between repeated readings 

which exoeeded normal s t a t i s t i c a l variat ions in the counts. Riis 
could be readi ly explained i f for example tne number of actual 
emission s i t e s on the surface of the sample was very much smaller 
than the t o t a l number- of e lectrons actual ly emitted, and was 
not regarded as of ser ious importance. A greater problem arose 
with between 555 and 10$ of the samples which gave t o t a l l y 
unexpected and apparantly spurious readings. These wore usual ly 
exces s ive ly large although occasional very low counts were a l so 
encountered, If a group of about 10 samples were dosed and read 
out several times in succession i t would typ ica l ly be found that 
on each run one of the samples pave a resul t incompatible with 
the others but that the sample concerned was not the same on 
d i f ferent runs. Unexpectedly high connte were typ ica l ly 
associated with very short burets of counting during the read
out cyc le which appeared to be caused by counter i n s t a b i l i t y . 
Low readings were thought to resu l t from e l e c t r o s t a t i c e f feeta 
assoc iated with inadequate earthing of the samples. :iowever 
a l t e r n a t i v e explanations were possible- low counts a l so followed 
the "poisoning1 of prepared samples by exposure to certa in 
organic vapours such as those from p l a s t i c i s i n g agentB3 whi ls t 
high counts could be due to sample inhomogenity permitting a 
very few except ional ly e f f i c i e n t emission centres t o occur. To 
decide conclus ive ly whether these spurious r e s u l t s were rlue to 
sample or counter e f f e c t s a twin programme of invest igat ions t»a 
planned the alms of which were:-

(a) To develop samples which were geometrically stable and 
would give more c lose ly repeatable readings. 

(b) ""o study poss ib le causes of spurious counting in the 
proportional counter head. 

Sample Preparation. 
The most widely reported methods of producing dosimete" 

d i s c s from luminescent c r y s t a l s are deposition on a plannnet 
from a suspension in acetone4 and binding with sodium s i l i c a t e 
so lut ionis -me former of these was not regarded ae giving 
s u f f i c i e n t s t a b i l i t y for re l iab ly repeatable readout and tae 
l a t t e r was found to produce a drast ic l o s s in s e n s i t i v i t y . 
Alternat ive binding agentE were therefore tes ted , the most 
s a t i s f a c t o r y being a thin layer of polyimlde .tnermocuring 
p l a s t i c In the fo"m of Du Font BK 692 Pyre ML varnish a 
sample of which was kindly supi l ied by the manufacturers. 
This mater ia l .unl ike most a l ternat ive« tested, i s suitable for 
repeated heat cyc l ing at up to 600°C. 
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Sampler evaporate« under vacuum and deposited on etalnleaa 
s t ee l planchete were a lso used successfully. TJIIB process changed 
the emission curve for luminescent grade lithium f luoride to a 
form very close to that of the laboratory grade showing that the 
act ivators In luminescent grade mate-lal are not carried over In 
the evaporation process and hence indicating why evaporation has 
not so far proved successful for the preparation of thermo
luminescent dosimeters. (Figure 1. J Hie majority of toe r e m i t s 
reported here w r e however obtained with samples thermally fused 
to the planchet by heating to about 800"* for a few minutes. Tfela 
technique can be used successfully with both graphite and s t a i n 
l e s s s t ee l planchets although l e a s accurate eont-ol of the heating 
process i s required with the l a t t e r . 

Figure E shows the T*KB response of some of these various 
samples. 

Proportional Counter Design. 
The reader constructed at ;iSrwell used pure methane gas 

flowing through a hemispherical proportional counter f i t t e d with 
a platinum wire loop anode. I t had to be operated u l t h an applied 
voltage greater than that corresponding to the. end of the 
counting plateau plotted for a radioactive source- an e f f e c t 
previously observed by Campion when detecting s ingle e lectrons 
In a proportional counter." Apart from the problem of occasional 
spurious resu l t s t h i s reader a l so showed a steady l o s s of 
s e n s i t i v i t y with use necess i tat ing a regular Increase in toe 
operating voltage which was attributed to spark pol i sh ing of the 
wire. Consequently when the Polyteehnie reader was developed i t 
was decided to investigate the various factors which could a f fec t 
counter s e n s i t i v i t y or s t a b i l i t y . Uieee Included:-

(a) Counting cnamber shnpe and nature of anode. 
Vbj Gas flow dynamics. 
(e) Hie e f f ec t of the heating cycle on the gas gain. 
(d) The choice of counting gae. 
(e 1 The relationship between the pulse height spectrum from 

the counter and the enerpgr spectrum of the emitted ezo-
e lectrons . 

I n i t i a l l y a second counting chamber WSB developed » l th the 
same height as the original but only half the diameter. This was 
f i t t e d with a needle point anode. (A Millward Hunter S Sharp 
hand sewing needle . ) I t was found to have c l o s e l y comparable 
e f f ic iency to the original chamber but to be l e s s subject to 
I n s t a b i l i t y . Unlike t h i s original i t could be used successful ly 
with an argon-methane gas mixture as well aa with pure methane, 
l i e plateau for e radioactive source was however shorter tnan for 
the original counter and the operating voltage required to detect 
s ingle electrons came s t i l l farther beyond the end of t h i s plateau. 
Replacing thia needle with a e t i l l more sharply pointed surgical 
needle led to the plateau being reduced to l i t t l e more than • kink 
In the curve and was not found successful. Figure 3 shows a photo
micrograph of the t i p s of these two needles. 

Although Soost e t e l 8 have reported that a counting chamber 
with a large height to diameter rat io i s desirable t o minimise 
photon induced spurious pulses , the Killward needle anode wnen 
f i t t e d into the original counting chamber showed the came 
redaction in s p i n o u s pulses as observed with the second chamber. 
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Thie reduction - e s therefore c l ear ly associated \ . i tn t.ie ure of 
the netdle anode end not »1th the Ufference in cnamber crom-.try. 
Other anodes were subsequently tested incluilno' a straight •.-.ire 
anode, » special wire "node and mounting developed by Dr. Calms 
a t A.E.'' .^. for T-tay spectrometry3 , end a j i e c e of raior blade. 
' i r a r e e 4-10 show the character-is t i c curve* for bsckf-ro•>»1 

counts, radioeetive source eo in t s , and exo-e lee trm counts 
obtained r l t h these various anodes. The rnsor bl«fle with a 
nominal rsdius of curvature at i t s edge of CCS inn. rurprielngly 
required a his'her operating voltage than lA^Cl. i n . dlimeter 
wire anodes, tlris tending to confirm the importance of Furface 
i r r e g u l e - i t i e s in contro l l ing the operating point <"or the l a t t e r . 
l>ie to the l imited S.H.T. voltage svai lpble i t could only be 
tes ted with the argon methane gas nixture for whicn i t showed 
serious i n s t a b i l i t y wnen counting exo-electrons . A piui lsr 
problem with t h i s oountimr rnp has been reported by Dr Attix^. 
In our work i t ras found i?lth «11 the extended "nodes terted 
and was not en t i re ly absent r i t h these even vm»n co-inting in 
pure methane. The needle anodes were however completely stable 
r i t h both counting gases . I t was concluded tnat t u i s i n s t a b i l i t y 
was associated with p o s i t i v e ion induced e f t e r v i s e s as.-ociated 
with discharges at d i f f eren t po ints along the jerimeter of tue 
anode, and that the use of point anodes was des irable . 

Both the volume and the d irect ion of gas flow t/irougn tne 
counter were varied. Ho change of s e n s i t i v i t y viae detectable for 
variat ions of flow rate between 0-5 1/mln. and 5 1/min. Reversing 
the d irect ion of R»t flow t o carry emitted electrons away from 
the "node had only a marginal e f f e c t on the probabil i ty of them 
being detected. (Figure 1 1 . ) Poss ible e f f ec t s of convection 
currents produced by heat ing of the shsmber during readout were 
a l s o rhown to be small by Inverting the reader nead assembly 
and comparing readings obtained with the heater at the bottom 
and the top. ( f igure 12 . ) I s i n g a 1*C radioactive source and a 
hot wire source of thermal e lectrons i t was found that , as 
expected a reduction i n e s s gain followed the change in density 
produced by heating the chamber during the readout cyc le . UIIB 
e f f ec t however was small (Less than lc, i reduction in detection 
e f f i c i ency a t 400C>C.) and could not contribute to the spurious 
r e s u l t s which had been observed. 

Final ly the pulse height spectrum of the exo-eleetron 
induced pulses from the counter wae studied. Measurements were 
carried out using pu l ses In i t i a t ed *y s ingle thermal electrons 
from a hot wire, exo-electrone end »*0 beta p a r t i c l e s . Results 
are displayed on Figure 13 and show that with botn the s ingle 
e lec tron sources a wide range of pulse amjlltudee e x i s t although 
t h i s i s greater for the exo-electron pulses thsn for tnoee i n i t 
iated by thermal e l ec trons . To determine tne reason for tuie the 
reader warn modified by the Introduction of a negatively biassed 
grid to check the energies of the exo-elec trone, figure 14 enov.s 
that for TtD 7 their number f a l l s o f f exponentially witn increas
ing energy, v i r t u a l l y none having energies greater turn 1 eV. 
(This graph »leo provea that the exo-eleotron counts recorded 
cannot hare been produced by photo-e lec tr ic emission from tne 
counter wall fol lowing sample tnermoluminescence. ) The larger 
spread in pulse amplitudes observed for exo-electrons ratner 
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than thermal electron? cannot tnerefore be explained by the 
former prortucin* multiple ionization and i s raort readily 
accounted for by At t ix ' s ru<"eFtion of multiple eleotron emission. 
From T'ipure L5 i t can be seen that helving the electronic sain 
alco halves the thermal electron count but only reduces the exo-
electron count by about a tnird as ranch. This suggests ta»t up 
to tvo thirfls of the eio-eleetron counts are associated with the 
simultaneous emission of more than one electron. 

""0 stu^y the re la t ive probabi l i t ies of multiple emission at 
different temperatures famil ies of emission curves were prepared 
with different counter voltages (gas Rains), amplifier Rains, 
end discriminator b ias se t t ings . ("'igures 15-17) In a l l cases i t 
i s seen that the larger emisrion peak (nliioh for TLB 7 i s the 
hijgi temperature peak) i s most quickly affected and tnerefore 
appears to contBin the largest x:poportion of low amplitude pulses . 
With Harehaw TILD 100 Att ix observed a similar e f fec t but the large 
emission peak for t h i s material was the low temperature one. 
Multiple emission therefore appears to be related to free electron 
carrier density in the crystal rather than to temperature. 

Figures 18-80 show the reader developed during the course of 
t h i s work. I t s most important feature i s that powder samples can 
be re-irradiated in the heater cup so that repeated readout of a 
sample in either TLD or T8BE mode i s possible without disturbing 
I t . This f a c i l i t y helps in the study of materials that cannot 
readily be prepared as so l id r ig id samplea. Provision la a lso 
made for the incorporation of a small BIM multichannel analyser 
whlAh aan be used in multlscaling mode to obtBin numerical values 
for the to ta l emission in each peak. 
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Figure 1. TSEE emission curves for fused and evaporated samples 
of Conrad TLD 7. 
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Figure 16. Comparative emission curves for different amplifier gains. 
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Figure 20. Photograph of complete TSEE reader. 



Trapping Centers in CaF-.tMn from Th8ra.o]'—<'"""">nce and Thermally 

Stimulated BroelectroK l^in«<on measurements on Bndoned and Ha 

Doped CaF» Samples 

by 

K.J. Polte, Institute for Atomic Sciences in agriculture. 

Hageningen, the Netherlands 

J. Arends, Laboratory for Materia Technica, State University 

of Groningen, the Netherlands 

Abstract 

The trapping centers in CaF«* 3 mole £ Ha ponder, which exhibits 

a single but composite themoluminescence glow peak, bare been 

investigated. 

Simultaneous measurements of the thermolnminescence (TL) and 

thermally stimulated ezoelectron emission (TSEE) from this powder were 

carried out using different post-irradiation " » " 1 ' ^ ; temperatures. 

Special precautions have been taken to prevent the light produced by 

the gas discharge during the TSEE measurements from interfering with 

the TL signal. 

TL and TSEE data from single crystals and powdered samples of 

undoped CaF2 and CaF2 doped with 0.1 and 2 mole £ Mn, a chemical 

analyeis of the aaaplea as well as optical density measurements have 

provided additional information. 

The combined results indicate that both electron- and hole traps 

are present in CaF2> 3 mole jf Hn. The TL is mainly due to holes trapped 

at the Hn ions. The high temperature component of the composite TL 

glow peak and the TSKE peak are probably due to electrons trapped at 

trivalent rare earth ions, such as T***, Ho***, Sm*** and Tm***. 

Introduction 

The single TL glow peak of the TLD powder CaF2> 3 mole Jt (to does 

in fact consist of several unresolved peaks due to different types of 

trapping centers. This composite character of the glow peak has been 

shown previously by Schulman et al.1 with a post-exposure annealing of 

the HHL Car2iKn ("aval Research Laboratory, BSA), while the possibility 
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of a second read out after UV exposure of already read out CaF„:Mr. frou 

Philips (the Netherlands) has also given evidence for a complex 
*> 

character of the glow peak . 

In an attempt to obtain information about the origin of the un

resolved peaks simultaneous measurements of TL and TSEE on CaF0: ~ nole 

i» Hn (Philips) have been carried out. Special precautions have been 

taken to prevent the light produced by the gas discharge during the 

TSEE measurements from interfering with the TL signal. 

The TL and TSEE data obtained have been compared with TL and TSEE 

data from undoped CaF^ and GaJ"2 doped with 0.1 and 2 mole % Hn. Further

more optical density (OD) measurements on single crystals of these 

samples have been carried out. The combined measurements have resulted 

in some insight in the type of trapping centers, present in the CaF? 

samples, especially in the TLB powder CaT„: 3 mole £ Mn. 

Methods 

The apparatus for measuring the TL and TSEE signals simultaneously 

is shown in fig. 1. The gamma irradiated powder was heated in three 

small holes which have a diameter of 0*9 mm each. A constant heating 

rate of 24 C/min was used with a thermocouple situated at a distance of 

3 mm from the holes. The temperature at the position of the powder and 

the influence of the gas flow on the temperature at this position was 

determined with a second thermocouple in one of the holes. The tempera

ture difference between the positions of the thermocouples was consider

able e.g. at 250°C a difference of 15°C was measured both with and 

without a gas flow. A mixture of helium gas (?8.7 $>) and isobutane 

(1.3 %) was flowed through the counter, which was used in the GM region. 

A useful plateau could be obtained up to an oven temperature of 500 C. 

The TL signal was detected with a photomultiplier (type EMI 9656 R* 

super 11 cathode) on top of the counter. An optical filter (LCV, Baird 

Atomic) was used which only transmitted the spectral region of the 

maximum emission of CaJUs 3 mole i> Hn (485-515 run). The TL signal 

proved to be distorted by the light arising from the gas discharges in 

the counter. To avoid this a chopper system has been used in order to 

decrease the high tension on the vire periodically by 200 V to stop the 

discharges« During this period, being 450 msec, only the TL signal was 

recorded. When the GH counter had reached its working potential of 



1220 T again only the TSEE signal was recorded, also over a period of 

450 msec (see also Fig. 1). 

Results and Discussion 

The peak tenperatures of TL and TSEE for different read out proce

dures of the CaP« * 3 nole $ Mn powder are shown in Fig. 2. The results 

of a post-irradiation annealing) where the powder was linearly heated 

up to different temperatures, are plotted. Due to the composite charac

ter of the TL glow peak J. shift of the TL peak to a higher temperature 

is found whan the maxixxm annealing temperature is increased. 

Apparently, the position of the TSEE peak is less influenced by this 

annealing. The difference between the TL and TSEE peaks seems to be at 

minimuu^lO C. It should be noted that the estimated accuracy of the 

temperature measurements is + 5 C. 

In the same Figure the position of the TL and TSEE peaks, recorded 

during a second read out is given, when the gamma irradiated powder was 

first completely read out and afterwards exposed to UY light from a 

Philips HPLR mercury lamp. The UT transferred TL belongs to an electron 

trapping center. 

The theory on the shift of the TL peak relative to the TSEE peak 

is complicated . Although no direct relationship has been derived the 

following two effects play an important rolei 

a. a decrease of the luminescence intensity at higher temperatures, due 

to the increase in the number of non-radiative transitions compared to 

the number of radiative transitions. A measure of this so-called thermal 

quenching effect for the DEL CaP^iMn has been obtained by Gorbics et 

al. by measuring the X-ray-excited radio luminescence as a function of 

the phosphor temperature. 

b. the influence of the effective work function <P on the position of the 

TSEE maximum* 9 is defined as the minimum energy needed for an electron 

located at the bottom of the conduction band to escape from the crystal 

surface. A value • of 0.5 eV for CaFg has been reported by Bohun and 

Dolejsi5 giring the best fit between their theoretical and experimental 

TSEE curves. 

Further information on the type of trapping centers present in the 

Ca?2s J sole £ Mn (Philips) powder could be obtained from optical densi

ty (OD) measurements on gamma irradiated single crystals of CaF«, un-



doped and doped with 0.1 dnd 2 mole % Mn, from a chemical analysis of 

the CaP2 samples and from TL and TSEE measurements of these samples. 

The OD experiments were carried cut at room temperature with a 

Unicam SP 700 recording spectrophotometer. Very pure CaP? can hardly be 

coloured by irradiation at room temperature. O'Connor and Chen have 

demonstrated that an absorption at very high doses can often be ascribed 

to the contaminant yttrium X** , which has the same ionic radius as 

Ca"*"*". From our samples the undoped CaF„ of Materials Research Corpora

tion (MRC) and the CaP_: 0.1 mole $ Mn from Semi-Elements both show 

the presence of yttrium, while in the crystals from MRC doped with 

2 mole # of Mn the yttrium absorption is obviously influenced by the 

presence of Mn. A Vinor ^ crystal, which is yttrium free, shows F-center 

absorption due to the presence of vacancies introduced by oxygen 

(Table 1). 

A chemical analysis by neutron activation confirmed the presence 

of yttrium in the MRC and Semi-Elements samples. The Philips powder 

contained 0.03 Ppm yttrium, while an Harshaw* sample was contaminated 

with 0.7 ppm yttrium. The impurities which could be demonstrated eleven 

days after the end of the irradiation axe collected in Table 2. 

The peak temperatures of the TL and TSEE curves from the CaF, 

samples are shown in Table 3- Comparing the two MRC samples and the 

sample of Semi-Elements it is clear that the 310°C TSEE peak is due to 

the Y** center. The TL peak for this center was found at^500°C. From 

the initial rise of the TL glow curve (neglecting thermal quenching) a 

trap depth E of 1.0 eY along with frequency factor s of 9 * 10 /sec is 

obtained for the t** center in the undoped MRC sample. Substituting 

these E and s values in the equation derived by Holzapfel 1 

*1. Materials Research Corporation, Orangeburg, New York IO962, U.S.A. 

s2. Semi-Elements, Inc. Saxonburg, Pa. 16056, U.S.A. 

•5. Vinor Laboratories, Medford, Mass. 02155, U.S.A. 

M 4 . The chemical analysis was kindly carried out by Mr. P. Bruys from 

the Philips factories, Eindhoven, the Setherlands. 

•5. Philips H.V., Eindhoven, the Netherlands. 

•6. The Harshaw Chemical Co., Cleveland 6, Ohio, U.S.A. 



p (E + » ) / H £ « * s exp (-EATm) 

with k = Boltzmann's constant, 8.61 x 10"*5 eV/°K 

p = heating rate 

T = peak temperature of TSEE curve, 
m 

an E + v value of 1.4 eV for the T + + center of the 310°C TSEE peak is 

calculated. This would imply that the value of <p is probably -\,0.4 eV, 

in agreement with the value of 0.5 eV reported by Bohun and Dolejsi . 

The thermal quenching effect measured by Gorbice et al. and the 

influence of the work function are shown in Fig. 3- The TL glow curves 

of CaF.i J mole $> Mn have been 'corrected1 for this thermal quenching 

while the TSEE curves have also been 'corrected* by dividing this signal 

by the factor exp (- v/kT) with <p = 0.4 eV. The resulting peak tempera

tures are collected in Fig. 4 end show that the temperature difference 

between the positions of the Ti* and TSEE peaks disappears when an 

increasing post-irradiation annealing temperature is used or when the 

powder iB exposed to TJY after being read out. 

ThiB indicates that only a part of the different types of trapping 

centers which contribute to the normal TL glow peak -probably the Y** 

centers- also contribute to the TSEE peak. The remaining part of these 

centers are hole centers, in casu Hh4"*"*" centers. The TI> peak at 259°C 

occurring in CaF.t 0.1 mole # Mn is probably due to these Mn1'' centers 

because no TSEE peak was observed in the neighbourhood of this tempera

ture for gamma doses < 12 krad. At high gamma doses (5 Mrad), however, 

a TSEE peak has been observed at 263°C indicating that electrons may 

also be released in this temperature region. This effect occurs 

incidently and was found only twice in eight measurements. The Ha** 

ions, present in the CaF9iMn samples, are probably situated at Ca
++ ion 

7 
lattioe positions' and have an energy level of some eV above the valence 

band. The exact position of thiB level is not known. It is veil known 

that the Mn ions can easily be converted into Mn+++ ions by trapping 

one hole. 

Both the TL and TSEE peakB of the Philips powder are shifted to 
lower temperatures compared to the MRC samples doped with 2 mole f> Mn, 
which have a high contamination of yttrium. 

Furthermore Table 3 indicates the presence of F-centers already 
demonstrated in Vinor crystals with optical absorption measurements 
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(Table 1). Tterefore, P-center type traps may be emptied in the tempera

ture region of 150-170°C. 

Conclusion 

After irradiation of CaFji 3 mole jf Mn (Philips) powder both I H 

and Mh''' centers are expected to occur. The TL is mainly due to holes 

trapped at the Hn++ ions. The TSEE, which peaks at 292°C, the IV trans

ferred TL, which peaks at 281 C and the high temperature components of 

the composite TL peak are associated with Y"** and probably with Y** + 

Hn** trapped electron centers, while also other divalent rare earth 

centers Buch as Ho , Sm and Tin might be present instead of Y"1"*" 

centers. 
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Fig. 1 Apparatus for simultaneous measurement of TL and TSEE. 
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Fig, 2 TL and TSEE pyak temperatures of CaFgt 3 mole % Hn (Philips) 

using different read out procedures. 
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Table 1 Color centers in CaJL crystals. 

Y 

LU 

YD 

rm 

Ho 

Tb 

Eu 

Sm 

La 

Nd 

Ce 

Au 

Cd 

Sr 

SB 

Philips 

0.03 

<0 0 0 6 

J0.02 

<0.2 

S0.3 

<0.002 

0 .009 

SO.! 

0.03 

SO.' 

S0.1 

0.002 

S1 

200 

0.3 

MRC 

r.6 

0.07 

OS 

< 03 

0 4 

0.04 

O.Z 

0.2 

0.1 

J 0.1 

J O.I 

0.002 

1.1 

70 

0 .05 

San«-El. 

• 3 

0 . 0 8 

0.4 

$0.2 

0.3 

0.04 

0 .04 

0.2 

0.1 

$0.1 

io.i 

0.002 

1 

70 

0.15 

H m M » 

0.17 

O.O06 

0.O2 

$0.2 

J0.3 

O 0 0 2 

0 .008 

S0.2 

0.1 

J0.1 

S O I 

0 .005 

SI 

250 

0 .04 

Table 2 Impurities (ppm) In CaF2 sample;. 
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6 
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6 

6 

6 

6 

6 
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._ 
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HI 
333 

398 

3?0 
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3 9 0 

• Dg-SOOOkrad heating rate 24*C{mtn 

Table 3 TSEE and TL peak temperatures of CaF„ samplea, using a linear 

heating rate of 24°C/min. in optical filter with a hand pasB 

of 485-515 nm was mounted under the photomultiplier. The main 

peake are underlined. 
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Pig. 3 Effects influencing the positions of the TL and TSEE peaks of 

CaF„iHh. Both the relative radioluminescence intensity as 

measured hy Gorbics et al* in CaF-tHn and the influence of the 

work function are shown as a function of the phosphor tempera

ture. 
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?ig, 4 'Corrected' TL and TSEE peak tenperatures of CaJjl 5 mole £ Mn 

(Philip«) using different read out procedures. 
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Moreno 

I should like to mention the convenience of using a multichannel analyzer 

operated in the pulse height analysis aud multiscaler modes for TSEE 

measurements. 
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Formation Kinetics of Color Centers 

in RPL Glass Dosimeters 

A. M. Chapuis, N. ChartieT, and h. Francois 
Department de Protection 
Section Dosimetric CEA 

France 

Theoretical investigations on radiophotoluminescent (RPL) 

glass dosimeters betray quite a number of gaps. They are fre

quently carried out in different experimental conditions and 

are difficult to be compared. The authors performed new investi

gations with French made metaphosphate (C.E.C.) glass dosimeters. 

Fluorescence, optical absorption and paramagnetic electronic 

resonance spectra have been studied. The results show several 

color centers, and the kinetics of their formation has been 

studied. 

By modifying the glass compositions and the experimental 

irradiation conditions, it is possible to explain the nature 

of these centers. The authors have compared their relative 

stability with regard to heat annealing processes and to U.V. 

irradiation. 
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A RPL Dosimetry System 

with fully automated Data Evaluation 

by 

M. Dade ** 
A. Hoegl*J 

R. Maushart "' 

*J Frieseke A Hoepfner Cab8, Erlaagen-Bruck 
*•) BT - Vertriebsgesellscnaft mbH, Karlsruhe 

Abstract 

A RPL dosimetry systea is described consisting of a dosime
ter and the fully automatic reading device. They have been 
designed as corresponding units that together enable the use
ful energy radge of the systea to be extended down to 15 keV. 

The dose value is displayed by Nixie tubes in steps of 50 aR 
up to 100 R, and in steps of 500 aR up to 1000 R. Data print
out, including the coded dosimeter number, is done by scans 
of either a typewriter or a tape puncher so that further pro
cessing of the neasured values by .i computer will be possible. 
The use of a gas-tight sealing protects the glass fron dirt 
and dust so that the cleaning procedure becomes unnecessary. 

The light output of the UV lamp is stabilized by a compensa
tion circuit. After each measuring cycle the photomultiplier 
sensitivity it corrected automatically by means of a calibra
tion glass. Thus any long time drift effects are eliminated. 

The system will evaluate 200 dosimeters per hour with an er
ror of less than 5Z + 50 aR. 
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1. Present Stand 

1.1 Application of RPL-Dosimetry 

Phosphate glasses useful in routine personnel dosimetry are 
available since nearly 10 years by now. The properties of 
the glasses and their behaviour under various conditions 
have been thoroughly studied during this period * ' . Now
adays glass dosimeters rank among the most accurate and re
liable personnel dosimeters. 

Nevertheless they have met with relatively little favourable 
reception in routine dosimetry. Only in Japan, France and 
particularly in Germany where the energy compensation filter, 
that is essential tor energy independent and direction inde
pendent dose measurement» had also been developed, the first 
endeavours were to be noticed in the early sixties to re
place the film dosimeter method which is likely to give er
roneous results by a glass dosimeter system, especially in 
the field of nuclear research and engineering. Here the sphe
rical casing according to PIESCH has been greatly successful, 
which in the meantime has even been improved by the Japanese-* 
Nearly 15000 pieces of this kind of dosimeters have hitherto 
been manufactured. Even for the international comparison 
measurements of the IAEA ,this system is being used. 

In other countries, on the other hand, more attention was 
paid to the development of thermoluminescense, particularly 
as this promised a higher measuring sensitivity and better 
properties for the detection of low-energy quantum radiation. 

The commercial availability of thermoluminescent dosimeters 
and related evaluation equipment is accordingly remarkably 
broader and more sophisticated than what is the case in glass 
dosimetry. This can certainly be reasoned by the fact that 
the principal field of application of thermoluminescent dosi
metry does not lie so much in personnel dosimetry, but in the 
region of medical and biological dosimetry for research pur
poses. 

1.2 Evaluation Equipment 

While there are equally a good number of diverse dosimeters 
and evaluation equipment available with phosphate glasses for 
accident dosimetry, namely for the dose range above approx. 
0,5 R, which will not be discussed here in detail, in actual 
practice there is only a single manufacturer for evaluation 
equipment in the lower dose range above approx. 50 mR, as 
they are required in routine dosimetry. In any case, however, 
the glasses can be measured only one by one and manually. 
The resulting cumbersomeness in evaluation with these instru
ments might as well be one reason why glass dosimeters are 
not particularly favoured in the routine dosimetry, for here 
it resolveB itself into a question of time and work saving 
processing of a few thousands of dosimeters without causing 
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any reading and transmitting errors by it. The development of 
an automatic evaluation equipment could therefore significant
ly contribute in creating the essential technical conditions 
for the application of phosphate glasses in routine personnel 
dosimetry and ensuring a widespread use that they should re
ceive by virtue of their other favourable properties. 

1.3 Energy Range 

But even with this, the facility to detect such low energy ra
diation as they are encountered in personnel monitoring in 
the field of radiology is yet missing. This is peculiarly im
portant for the particular reason that a majority of people 
who fall under official personnel monitoring are employed in 
this field. 

Due to the inherent high energy dependence of the useful phos
phate glasses this problem could not so far be overcome through 
energy filtering in a single glass. Lithium-boron-glasses of
fer rather better properties, but are mechanically too deli
cate and moreover hydroscopic to play any role in practical 
Application. The assessment of depth dose distribution in 
glass' is still too complicated for routine operation. 

In the nuclear research centre at Karlsruhe already in 1964 a 
system was developed which is based on the difference measure
ment with two glasses with different filters. In the meantime 
such dosimeters seem to be supplied commercially from Japan8. 
As in all multifilter systems (also for film dosimeter) the 
direction dependence plays a dominant role relating to the 
measuring accuracy. However, there is good chance for prac
tical application if it becomes possible to automate evalua
tion process and likewise the computation connected with dif
ference formation. 

A newly developed dosimeter system which takes account of 
these considerations will be described in the following. 

2. The new Dosimeter System with Automatic Evaluation 

2.1 Object 

The following were the objectives set in the development of 
the evaluation equipment. 

1) The evaluation is done automatically. It means that it 
should be possible to insert a definite number of dosi
meters into the instrument in a single operation and to 
obtain as result, independent of the sequence of inserts-
tion, a printed or stored pair of figures for each do
simeter which contains the dose value and the dosimeter 
marking. 

2) The measured dosimeters must leave the instrument in 
working or dispatchable condition. 
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3) The dosimeter must be sealed dust-tight so that the wash
ing can be omitted. 

4) The measuring instrument must permit a routine long-time 
operation reliably, without any need for recalibration. 
Facility for calibrations or stabilizations that may even
tually become necessary, must be provided for in the con
trol system. 

5) The measuring range must cover the entire dose range re
quired by the dosimeter without any change-over opera
tion. 

6) Feasibility to extend the useful energy range as far down 
as possible that the system can also find application in 
personnel dosimetry in the field of radiology. 

It was quite evident right at the beginning of the develop
ment that all these requirements could only then be fulfilled 
if the evaluation equipment and the dosimeter are considered 
as an integral, mutually balanced system. The evaluation 
equipment in its present form cannot therefore measure any 
desired glasses, but form an integral functional unit with 
the related dosimeters. 

2.2 Description of the System 

2.2.1 Dosimeter (Fig. 1) 

The dosimeter has the designation FH 38 B. In its mechanical 
construction it resembles somewhat the film badge quite custo
marily used in the Federal Republic of Germany. It has, how
ever, only half the size. A glass base with a phosphate glass 
having the dimensions 14 am dia x 1,5 mm, hermetically sealed 
in a plastic bag by welding forms the unit which corresponds 
to the film. The glass base has bore-holes for coding the 
7-digit dosimeter reference number. The plastic bag liea in 
a dosimeter casing equipped with energy dependent correction 
filters. The outer dimensions of the dosimeter are 46 mm x 
32 mm x 6 mm and its weight is 15 gms. The glass base is an 
aluminium plate 22 mm x 32 mm large and 2 mm thick with a 
14 mm dia cavity for receiving the phosphate glass and a 
10 mm wide illumination window. The boreholes on the glass 
base permit the marking of the dosimeter with a 7-digit num
ber. This number is moreover decoded and engraved on the 
glass base. The glass base is beveled on one side in order 
to avoid wrong arrangement in the magazine. 

The metaphosphate glass of Messrs. Schott & Gen. is 14 mm 
dia x 15 nm large, has polished edges and a polished phase. 
It is flrnly fixed to the glass base so that an unequivocal 
allocation of glass and coding warranted. 

The glass base together with the phosphate glass is sealed 
in s plastic bag by welding. The actual dosimeter casing bas 
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a suitable opening for receiving the plastic bag which en
sures a proper adjustment of the phosphate glass with re
spect to the correction filter incorporated in the casing. 

The filters are 0,65 nn thick lead discs with 4 mm dia 
holes. The dosimeter casing is closed with a self-locking 
slide which has likewise a correction filter of the sane 
$i*e. Moreover an observation window in the slide permits 
to check the dosimeter reference number. The dosimeter 
casing is also marked with the name and dosimeter refe
rence number of the user. 

2.2.2 Automatic Measuring Equipment 

The measuring equipment has the designation FHT 380 B 
(Fig. 2). It comprises an inserting device, a tempering 
furnace, an evaluation apparatus with decoder measur
ing chamber and data output as veil as the packaging de
vice for the measured dosimeters. 

The block diagram (Fig. 3) shows the functional relation
ship between the various units as well as their fundamen
tal functions. 

The insertion of the dosimeter is done from the magazine 
which is sent into the instrument by means of the inser
tion device. The magazine has a holding capacity of 150 
dosimeters. The dosimeter is conveyed from the magazine 
to the measuring chamber (Fig. 4) for evaluation. There 
it is placed between two phctomultipliers (EMI 9524) and 
is stimulated by ultra-violet light from one side. One of 
the photomultipliers measures the luminescence radiation 
of the entire glass, namely the filtered and unfiltered 
components. Solely with this measured value the dose in 
the energy range above 40 keV can be assessed. For extend
ing the measuring range down to 15 keV the second photo-
multiplier is additionally used, which measures only the 
luminescence component of the unfiltered glass volume and 
its output current is combined in a suitable way with 
that of the first photomultiplier. 

The respective doses will be displayed in luminous digits 
and simultaneously printed on the IBM-typewriter together 
with the dosimeter reference number. The measuring range 
reaches from 0 - 100 R in steps of 50 mR and from 100-1000 R 
in steps of 500 mR. Dose values higher than a preselected 
value will be printed in red. 

2.2.3 Stabilisation 

The instrument is automatically stabilised in two ways. In 
one, a photoelectric cell which is installed in the incident 
radiation path of the ultra-violet light regulates a con
trol system which fully compensates by itself UV-light fluc
tuations of - 30Z. Besides the photomultiplier gain vill be 
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R8 Combination filtet eff 

kV mm Pb mm Cu mm Al keV 

29 
43 
50 

50 
50 
60 
70 
SO 

100 
150 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 0,3 13 
0 0,6 18 Dermopan 
0 1,0 22 

1,2 5,0 
3,5 5,0 

0 5,0 33 
0,2 2,0 38 
0,4 2,0 46 
0,7 2,0 55 
2,0 2,0 72 
7,0 2,0 113 

+ 2,0 mm inhe
rent filtera
tion of Al 

Figure 5, curve b, shows the result of the measurement of 
the entire glass volume with the first photomultiplier. An 
energy dependence of - 20% between 35 keV and 2 MeV is 
achieved. 

For the measurenent with the second photomultiplier which 
"sees" only the glass volume that has received the unfil-
tered radiation (4 mm dia hole), the energy dependence 
shown in the curve a is obtained. 

By combining both measured values using the equation 

p 0 a - 20 <a-b)J • b - c (PO«tive bracket 
t a il valueB only) 

an energy dependence* within * 20X in the measuring range up 
to 15 keV (cirve c) is achieved. 

Because of the unsynmetrical construction of the dosimeters, 
its dose sensitivity is direction dependent. The direction 
dependence is also energy dependent due to the different 
filteration in diverse directions of incident radiation 
(Fig. 6). 

The control circuit, in combination with the repeated reca-
libTation by means of the built-in reference-glass, renders 
it possible to evaluate the dosimeter with an instrument er
ror which is lets than - 5Z + 50 mR up to 100 R and - 5% + 
SCO mR up to 1000 R, as long as only the energy range above 
35 keV is evaluated, 

*n lover energy range the measuring accuracy is slightly 
vors« due to the difference formation of two measured values, 
of which one i: addition to that has to be provided vith a 
large factor. Unde*- extreme conditions the error may go up 
.o ! 101 + I R. 



- 699 -

automatically controlled after each measurement with the aid 
of a calibration glass and readjusted whenever necessary. 

2.3 Evaluation Process 

The dosimeters are inserted into the instrument one by one. 
The inserting device opens the plastic bag, draws out the 
dosimeter and stacks it in a magazine with a holding capa
city of 150 dosimeters. 

Now it must be decided whether the magazine should first be 
sent to the tempering furnace or directly to the evaluation 
chamber. 

The tempering including heating and cooling takes an hour 
(20 min at 115°C). If the doses are bel ow 100 R tempering 
of the dosimeters iff essential only if the period between 
exposure and evaluation is less than a few hours. For higher 
doses tempering must always be carried out. In actual prac
tice the dosimeters which show higher doses will therefore 
be sorted out after the first evaluation, tempered,and then 
evaluated again. 

After the magazine is inserted into the evaluation appara
tus, the dosimeters will be drawn out from the magazine au
tomatically one by one, the code number decoded and printed, 
the dose evaluated and printed, and finally the dosimeters 
are sealed again in plastic bags by welding. After this the 
dosimeters of a magazine will leave the instrument as a 
continuous band. 

The various devices for the evaluation of t*-e dosimeters are 
arranged in the instrument in Fuch a way that they can be 
operated by an operator in sitting position. The evaluation 
instrument has the height of a typewriter table (68 cm) in 
order to permit comfortable working as far as possible. The 
operator has enough space for his legs so that he can sit 
right in front of the instrument. Altogether the equipment 
is 91 cms vide and 70 ens deep. 

3. Energy Dependente and Measuring Accuracy 

The energy dependence of the dosimeter has been studied with 
hard filtered X-raya of various energies in the energy range 
of 15 keV to 1,2 MeV. The Stabilipan- and Dermopan-instru-
ments of Messrs. Siemens have been used for this purpose 
with the following combination filters. 
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6. Working Procedure in Routine Dosimetry 

The Central Evaluation Laboratory receives the glass bases 
sealed in plastic bags (without dosimeter casing) from the 
dosimeter user. These are arranged in containers, separate 
for each sender, for ready evaluation. The evaluation can be 
done by a skilled worker. 

The dosimeters of a particular sender are arranged in the re
spective magazine and his address is marked with the corres
ponding magazine number. Moreover the address of the sen
der is written at the top of the report sheet which receives 
all the evaluation results of the dosimeters arranged in a 
magazine, with an IBM-typewriter before the evaluation. 

When all the dosimeters have been evaluated the sealed dosi
meters will be cut off from the band foil and packed together 
with the evaluation report. 

The working time including all extra work for the evaluation 
of 200 dosimeters is approx. 1 hour. In detail th« working 
time will be as shown below. Here an unfavourable case has 
been selected where 20 magazines each with 10 dosimeters come 
for evaluation. 

Automatic evaluation 

10 min Evaluation 60 min 

20 min 

2 min 

10 min 

10 min 

10 min 

62 min 60 min 

When tempering is required, an additional time of 1 hour per 
magazine will be needed. Complete evaluation time for one 
single dosimeter is about one minute. 

This work has been supported by the Bayerisches St&atsministeriun 
fOr Wirtschaft und Verkehr. The Authors wish to acknowledge this 
gratefully. 

Extra work 

Unpacking 

Arranging 

Change of 
magazine 
Writing 
address 

Cutting off 
dosimeters 

Packing 
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Attix 

What type of glass do you use? Is it Toshiba, or if not, is it similar to one 

of the Toshiba glasses in characteristics? 

Becker 

The g lass i s produced by Jenaer Glaswerke Schot t , Mainz Germany. I t i s cirai lar , 

t a t not i d e n t i c a l in composition and p roper t i e s to the FD-3 g l a s s . For the 

exact composition, which I do not r e c a l l r i g h t now, please contact Dr. Jahn 

a t S c h o t t r a i n s . 

Regulla 

Can you tell me in what energy range your impressive lower limit of detection 

(50 niR) is valid? 

Dade 

Above k5 keV. 

Naba 

For personnel dosimetry beta measurement is necessary. What do you think of 

beta measurement by fluoroglass in this automatic system? 

Haushart 

Beta radiation will not be measured in this system* 

Naba 

Concerning fluoroglass dosimetry, the most important problem for the accuracy 

is washing for the purpose of elimination of extra luminescence caused by 

dust, touch of fingers, etc. How can you wash the glasses after irradiation 

with the automatic system? 
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Haushart 

By antoaatic opening and sealing again of the plastic foil wrapper the glass 

is fully protected against dust and dirt so washing will become unnessary. 
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RPL Glass Dosimetry 

by 
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Abstract 

The 'predose' of RPL* glass dosimetry limits the sensitivity, and the 
soil on glass surface must be cleaned thoroughly. 

The decay time for the visible luminescence, which is a measure of 
the absorbed dose, is t e i times longer than the decay times of both the un
exposed low-Z silver-activated phosphate glass and the organic contamina
tion. 

By using low cost ultra-violet N2 gas laser, this principle was mate
rialized experimentally and the exposure dose of 1 mR can be measured by 
the new pulse technique, where the fluctuation of the output of the laser is 
cancelled. 

Introduction 

The low-Z silver-activated phosphate glass dosimeter1' has the basic 
advantage the permanence of the radiation effect which permits an un
limited remeasurement and intermittent measurement during long time dose 
integration and has the uniform sensitivity and the capability of the incident 
energy and direction with the scanning method,2) 3) 

The predose of RPL glass dosimeter limits the sensitivity and the soil 
on glass surface must be cleaned thoroughly in order to measure the low 
dose accurately. 
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Kastner et al̂ fi ise overed the phenomenon that the decay- time for RPL 

is 3. 0 psec which is ten times longer than the decay times of the unexposed 
dosimeter glass. He used the 3472 A UV pulse derived from a ruby laser 
by frequency doubling. This was a proof-of-principle experiment. Later, 
Kastner et al5* proposed several measuring methods based on this phenome
non for obtaining the practical measuring systems, but no methods have 
been succeeded to measure as low as 1 mR. 

UV pulse by N2 gas laser is noticed by us and the measurement of 
1 mR of buCo Y-rays has been succeeded with FD-3 (8x8x4 . 7mm3) dosim
eter glass. 

Experimental Procedure 

After trying several methods including KDP electro-optical shutter, 
finally we succeeded with the use of 3371 Å UV pulse generated by N2 gas 
laser. The pulse duration is 15 nsec, and peak power is about 5 kW. Ng 
gas pressure is 6 Torr. Both ends of laser tube have silica glass window 
with Brewster angle. 

The power source is relatively simple and cheap. By triggering spark 
gap which is Bealed in glass bulb filled with one atmosphere of N2 gas, the 
stored energy in coaxial cable excites Nj gas and the UV laser pulse is gen
erated. 

One part (about 1%) of the UV pulse is reflected by silica glass plate 
and goes to the monitoring photomultiplier, and the remaining part of UV 
pulse passes the silica glass and excites the RPL dosimeter glass, 

Nd doped glass plate and orange glass filter are located in front of the 
monitoring photomultiplier, and UV cut-off fiUer and orange filter are lo
cated in front of the measuring photomultiplier. Both photo multipliers have 
multi-alkali photo-cathode. In this case, the luminescence decay time con
stant of Nd glass is about 20 fisec. The output by the monitoring photomulti
plier after passing the preamplifier operates the Schmitt circuit and gen
erates the electric pulse which acts as the time standard. 

Then, by the circuit determining the delay time and sampling gate 
time, the sampling gate circuit is opened and the sampled part of the lumi
nescence of Nd glass is stored in the integrator. For the measuring photo
multiplier, after passing the different delay time and th« same sampling gate 
time circuit, the one part of RPL luminescence by opening the sample gate 
circuit is stored in another integrator. 

The voltage ratio of dosimeter glass to monitor is indicated by the 
meter, by which the fluctuation of the output of UV pulse is cancelled. The 
block diagram of the measuring system is shown in Figure 1, 

The luminescence decay curve of FD-3 glass obtained by memory 
synchroscope is shown in Figure 2, The reference glass is used as the 
calibration of the reader. 
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Thus, we have been able to measure 1 rnR of °°Co 'V-rays. When the 
measuring photomultiplier i s cooled down to -20"C by the electrical means, 
we have been able to detect 0. 2 mR. The input pulse and sampling relation 
is shown in Figure 3, where T<£ and T s are the time of delay and sampling, 
respectively, and m and g represent 'monitoring* and 'dosimeter jjlass', 
respectively. In this experiment, we adopt the following values: 

T d , m = ° - 4 r*»ec» T s , m = !• 5 usee; T<j,g = 5 fisec, T S i g = 1. 5 Msec. 

The photographs of the electric part, the outer appearance of the op
tical part, and the Ng gas laser and the power source are shown in Figures 
4, 5 and 6, respectively. 

The sensitivity of the reader is changed by tne gain of the linear am
plifier and the optical filter insertion in front of the dosimeter glass. 

The dosimeter glasses are FD-3 and FD-7 (8x8x4 . 7 mm3) where 
FD-7 glass has 1. 62 times higher sensitivity and one-third lower energy 
dependence than FD-3 glass which has been used now. Both FD-3 and FD-7 
glasses have the same luminescence decay curves and therefore have the 
same decay time constant of 3. 2 usee. 

The predose luminescence decay time constant is one-tenth of RPL's. 
The decay Urne constants of oil and soil by the finger touching are less than 
that of the predose. 

Consequently, this new measuring method has the characteristics of 
soil insensitivity as far as the attenuation of UV pulse by the soil is negligi
bly small. This means that the careful washing of glass i s unnecessarily. 

The composition of the dosimeter glass and the energy response arc 
given&; in Table 1 and Figure 7, respectively. 

Table I 

Glass No. 

FD-7 

FD-3 

Composition (wt %) 
Na Li P O Al Ag 

11.0 — 31.55 51.16 6.12 0.17 

— 3.58 34. 53 53.51 5. 11 3.27 

Discussions and Conclusions 

The present success has been achieved only experimentally. In order 
to be used widely, the following two problems must be achieved. 
— The miniaturization of N2 gas laser and its power source. 
— The refinement and simplification of the electric part. 

These problems are being achieved steadily, and we have the convic
tion that they will be solved within two years. 
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The wavelength of Nj gas laser, that is, 3371A is especially suitable 
to excite the RPL dosimeter glass, because the absorption of RPL centers 
at 3371 Å is very high.7) 

The electronic disturbance due to the laser excitation does not affect 
the measurement, because in our measuring system the sampling measure
ment of luminescence for both Nd glass and dosimeter glass is performed 
after decay of disturbance with very short duration period. 

In conclusion, the M2 gas laser excitation is very suitable for our 
measuring system, and 1 mR can be measured, being separated from the 
predose and soil contamination effect, experimentally. This measuring 
system is considered to be less expensive than those of Kastner et al. 
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Figure 2. Luminescence decay curve of FD-3 glass. 
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Figure 3. Time relation between input pulse and sampling pulse. 
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Figure 4. Photograph of the electric part. 

Figure 5. Photograph of the outer appearance of the optical part. 

Figure 6. Photograph of Hz gas laser and it» power »ource. 
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Figure 2. Luminescence decay curve of FD-3 glass. 
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Figure 4. Photograph of the electric part. 

Figure 5. Photograph of the outer appearance of the optical part. 

Figure 6. Photograph of N z g»» l»»«r and it« power aource. 



716 • 

FD-P8-3 

FD-P8-7 

_L 
50 100 150 

photon energy (keV) 

fr 1250 

Figure 7. Energy response of FD-3 and FD-7 (8x8x4.7nun 3 ) glasses. 

Table I Glass compositions of FD-3 and FD-7 
used in this experiment. 

FD-3 

FD-7 

composition («t%) 

Na 

11.00 

Li 

3.58 

P 

31.55 

34.53 

0 

51.16 

53.51 

Al 

6.12 

5.11 

Ag 

3.27 

0.17 
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Herman 
Vhat magnitude of dirt effect i s i t possible to discriminate against by this 
method? Can you detect mB doses with glasses which would give above 1 S dirt 
effect on conventional readers? 

Becker 

According to Dr. Tokota'e paper, surface contamination only interferes i f i t 

results in a significant absorption of either the existing UV or the emitted 

RPL light. 
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Abstract 

The detection of small doses of ionizing radiation with phosphate glass 
detectors is limited by the "predose fluorescence" exhibited by the non-
exposed glasses under DC UV-excitation, Several authors have recently 
reported on the possibility of discriminating the pre-irradiation from the 
post-irradiation fluorescence through their different time decay constants 
after pulse excitation. This has stimulated interest in the laser excitation 
of the glass dosimeters. 

Glass cubes of four different manufacturers (Toshiba, Schott, Leitz, CEC) 
have been excited with frequency doubled, Q-switched ruby-laser pulses 
(X > 347 mm, texca2.10'° s). A specially designed sample holder and 
detection head and the use of highly discriminating UV filters completely 
eliminated laser and other background light. This, along with a very care
ful cleaning procedure of the glasses allowed the observation of the complete 
fluorescence pulse including the first few hundred nanoseconds as distin
guished from the results reported by others. 

The measurement of doses as small as 10 mR is demonstrated and a dose-
effect curve for the range of 50 mR - 2R is shown. As compared to the DC 
evaluation of glass dosimeters the laser pulse evaluation leads to a much 
less detrimental effect of the regeneration cycles on the non-radiation in
duced predose. The time decay of the fluorescence of the various glasses 
is discussed and it is concluded, that 'an approximation of the decay curve 
by two or more exponential functions does not as yet render any better in
sight Into the processes involved. 
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Introduction 

The detection of small doses of ionizing radiation with phosphate glass detec

tors is limited by the "predose fluorescence" exhibited by the non-exposed 

glasses under DC UV-excitation. Several authors (J.KASTNER et al. , 

J. P. BACIOTTI et al. and J. BARTHE et al .4) have recently reported on 

the possibility of discriminating the pre-irradiation from the post-irradiation 

fluorescence through their different time decay constants after pulse excita

tion. This has stimulated interest in the laser excitation of the g l . ss dosi

meters. 

Experimental Setup 

We have conducted experiments of this type with the experimental set -up 

shown in Fig. 1. The light of a ruby laser, Q-switched with a Pockels cell 

(PC), is frequency doubled by a nonlinear KDP crystal (FD). The resulting 

light pulses have a wavelenght of 347 nm and a width of about 20 ns. Because 

of the extremely hight intensity available, these pulses produce a strong 

fluorescence in the glasses visible even with the naked eye, despite of the 

fact, that the wavelenght is rather in the wing of the excitation. The filter 

F1 suppresses the remaining red light by app. 150 db relative to the trans

mitted ITV light. Through the stop FS a 2 x 6 mm field of the front surface 

of the 8 x 8 x 4.7 mm glasses is illuminated. The laser light transmitted 

through the glass P is diffusely reflected by a MgO block onto a fast ITT F-4000 

vacuum photodlode (PD). The fluorescing field of the glass P is imaged by the 

lens L onto the photocathode of a EMI 9558 type photomultiplier (PM). 

With the extremely short, very high intensity excitation light pulses used, 

the stray and scattered light is a major problem; moreover, the fluores

cence produced by this scattered light in usual UV absorption filters and the 

optics severely interferes with the radiation induced fluorescence from the 

phosphate glass. With the specially designed filter F„ we wtre able tr re

duce these signals to a level small compared even to the RPL of only a few 

mR' s. Along with this, a very careful cleaning procedure of the glasses 

allowed us to register the total fluorescence signal including the first few 

hundred nanoseconds following the laser pulse without saturating the multiplier 
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or the electronics. The Filter F has a sharp edge at 570 nm, transmitting 

only the red part of the RPL. 

The electrical signal from the laser detector PD is integrated by the elec -

tronic circuit J with a time constant of 75 ns, and then applied to a single 

trace fast oscilloscope (O). The fluorescence from the multiplier is electro

nically delayed (D) by 150 ns and then added to the laser signal. 

Results and Discussion 

Fig. 2 shows oscilloscope traces for three glasses: a nonexposed one, one 

exposed to 200 mR and one to 2R. The height of the first peak is a measure 

of the incident laser pulse energy and is used to normalize the fluorescence 

signal. This laser signal has almost decayed to zero, before the fluorescence 

signal sets in 150 ns later. The second sharp peak originates from glass fluores -

cence and corresponds to the "predose" measured with the usual DC excita

tion, though no quantitative relationship of this value to the predose measured 

with a Toshiba Fluoro-Glass Dosimeter FGD-6 could be found. The time de

pendence of this fast fluorescence was not resolved by our multiplier with a 

bandwidth of about 0-10 MHz, but we intend to use a faster detector in future 

experiments. Despite of the fact, that even with a larger number of cleaning 

cycles and/or a more elaborated cleaning procedure this peak could not be 

made smaller than shown it is quite likely that this fluorescence is due entirely 

to surface contaminations. In virgin glasses and ones which have gone through 

as many as 10 irradiation-regeneration cycles no "predose fluorescence" with 

a decay constant comparable to that of RPL was found. For the exposed glasses, 

the signal 1 »s after the onset of the fluorescence was taken as measure of the 

applied dose. 

Fig. 3 shows a dose-effect curve for Toshiba and Schott glasses. Each value 

is the average of nine measurements (3 shots for 3 individual glasses of each 

manufacturer). The glasses were regenerated alter each exposure and then 

exposed to the next higher dose. These regenerations did not affect the fluores

cence at 1 u s . When evaluated with PC excitation on the contrary, the "predose" 

to be subtracted from the dose reading increased significantly with increasing 
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number ol irradiation-regeneration cycles. This observation must be 

attributed to the sharp excitation wavelenght of the laser at 347 nm as 

compared to a rather broad excitation band around 365 nm in the FGD-6 

reader; the wavelength band selected in the emission path was very nearly 

identical for both methods. 

This seems to make the laser pulse excitation quite superior to the DC 

excitation method particularly for the repeated measurements of small 

doses. The reproducibility of the values is relatively poor so far. Even 

for a single glass and equal laser energy the observed fluctuation of the 

fluorescence signal was up to - 15 %. Most likely these fluctuations origi

nate from the varying energy distribution over the laserbeam cross section 

from shot to shot together with the rather severe optical inhomogeneities 

of the glasses. This, however, must be verified by future experiments. 

Fig. 4 shows time decay curves for glasses of the manufacturers Toshiba, 

Schott, Leitz and CEC normalized to the same value at 0.5 .usee. Whereas 

the Toshiba, Schott and Leitz glasses show identical behaviour within the 

measurement accuracy, the CEC glass differs markedly from these, ex

hibiting a much slower decay. For the Toshiba and Schott glasses we did 

not observe any significant influence of the applied dose or the number of 

preceding irradiation - regeneration cycles on the time decay behaviour. 

The Leitz and CEC glasses were not virgin and as yet we have no data on 

their behaviour in this respect. In the semi-log diagram the decay curves 

show a rather continuous bending toward longer time - constants with in

creasing time. We hope, that the analysis of these curves will eventually 

help to better understand the processes involved. However, we do not feel 

that the approximation of these curves by two or more straight lines, as 

attempted by other authors helps very much, because these different compo

nents cannot as yet be correlated to specific fluorescence centers. 

Fig. 5 is a demonstration for the capability of the method for the measure

ment of doses as small as 10 mR. Because of the increased laser intensity 

applied at this experiment, a •jomewhat higher background signal even at 
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times beyond 0.5 jusec is apparent for the unexposed glass, but the increase 

in fluorescence after irradiation remains striking. It seems men, that the 

lower limit of doses detectable with glass dosimeters is not set by the 

sensitivity of the measurement procedure, but is rather a function of the 

stability of the individual glass cubes and the reproducibility from sample 

to sample. Large scale experiments over an extended period of time are 

necessary to further clarify this point. The full details of our experiments 

will be published elsewhere. 
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Becker 

Ibere have been claims by Tokota et al. that with a conventional reader doses 
as low as 10 mfi can be measured* Do you feel that the relatively snail gain which 
appears to be possible by pulsed excitation justifies substantial efforts in 
this area from the practical point of view? 

Eillenkamp 

Tes, we do i f one sets out to measure doses below about I B . It has been 
shown by other authors, and i t i s our experience also with the tGD-6, that 
the standard error of single measurements below 1 H increases rapidly to at 
least a value of about lOjtf at a 100 mfi reading* Because this i s essentially 
a random error t we do not believe that measured doses of 10 »B obtained as 
the difference between two readings around 100 aS have any reliability. We 
are sure that the range of the laser evaluation methods can be extended to at 
least 1 rafi i f the random errors caused by the glasses theaselves can be made 
sufficiently small* 

Hor an 

In studying the decay curve of the fluorescence, have you found any dependence 
upon the laser pulse intensity? 

Hillenkanp. 

Mo* We have varied the incident laser energy within a range of l-loO without 
observing changes in the normalised fluorescence and without the decay varia
tion exceeding the fluctuation within the accuracy of measurement. 
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The Response of Radiophotoluainescent 'ildss to 

Co y- and 10-30 MeV Electron Radiation 

by 

L. Vesterholm and G. Hettinger, 

Radiation Physics Department 

University of Umeå 

S-oOl 85 Umeå. Sweden. 

ABSTRACT 

Toshiba RPL-dosimeters (FD-R1-1) and a Toshiba reader (PGD-6) 

were used in this investigation. A washing procedure was 

developed which reduces the fluorescence of deliberately soiled 

glass to values characteristic for unsoiled glass. Stabiliza

tion can be performed as long as 2 h after irradiation without 

altering the fluorescence yield. The dependence of the 

fluorescence yield on temperature during irradiation was found 

to be less than - 0.1 £/°C. A special initial pretreatment 

(irradiation, repeated heit-treatment with subsequent cooling) 

was found necessary in order to assure that the sensitivity 
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of the dosimeters would be independent of the number of 

regenerations. Such pretreated dosimeters have a precision 

which is approximately a factor of 2 better than those not 

pretreated. No correlation between sensitivity and the mass 

of the glass rod was observed. - The relationship between 

fluorescence and absorbed dose in the range of 30 to 800 rads 

could be approximated by a straight line. 

Glass _osimeters were absorbed dose-calibrated at different 

depths in a water phantom which was irradiated with electrons, 

the incident energy of which was ^ht 2k or 3* MeVv or with 

Co y-radiation. The calibration values were found to be in* 

dependent of the type of radiation and depth in the phantom. 

INTRODUCTION 

In the clinical dosimetry of 10-30 HeV electron radiation there 

is a need for small, energy-independent dosimeters for the study 

of for example the effect of inhomogeneities on the absorbed 

dose distribution. The aim of the present study was to in

vestigate the possibility of using glass dosimeters for clinical 

measurement of absorbed dose in the region of approximately 

30 to 1000 rads. The response of the dosimeter has therefore 

been tested with respect to its regeneration, linearity, de

pendence on radiation quality, and precision. 

APPARATUS 

Toshiba RPL dosimeters (FD-Rl-l) and a Toshiba reader (FDG--6) 

were used. The reading instrument was modified by replacing its 

high-voltage supply with an external high-voltage aggregate and 

replacing Its manual compensation for the current from the photo-

multiplier by a eervosystem with a digital display. Measuring 

precision was thereby improved by approximately a factor of 2 
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over the original instrument. 

In such investigations in which the radiation quality was 

expected to be of secondary importance (for example, in the 

study of stabilization and regeneration), the Co-radiation 

source was used. 

WASHING PROCEDURE 

The precision of the fluorescence measurements depends strongly 

upon the cleanliness of the glass surface. With the washing 

procedure which was devised (Table 1), the fluorescence of 

delibe: ately soiled glass was reduced to values characteristic 

of unsoiled glass rods. During the ultrasonic washing, the 

dosimeters were placed in plexiglass cassettes. No mechanical 

damage to the dosimeters was observed. 

STABILIZATION 

After irradiation, the fluorescence increases with time at room 

temperature, reaches a saturation value after 3 days, and re

mains within - 1 $ (S.D.) of that level for at least 80 days 

(Fig. 1). It is possible to increase the rapidity of fluore-
1 2 

scence build-up by warming the dosimeter * . This stabilization 

was carried out by immersing the dosimeters in boiling water 

for ten minutes. The stabilization may be carried out any time 

during at least the first 2 hours after irradiation and will 

result in the same fluorescence yield within - I.7 # (S.D.). 

After stabilization, the fluorescence is approximately 11 # 

higher than the saturation value for non-stabilized dosimeters. 

The increase in fluorescence after stabilization was found to 

be dependent on temperature (+ 0.3 #/°C at 100°~). A change in 

the air pressure of - 30 mb gives a change in the boiling point 

of the water of less than 1°C and therefore alters the 
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fluorescence yield after stabilization by less than - 0.3 £• 

The temperature during storage before and after stabilization 

has been maintained at 23 - 2°C. 

TEMPERATURE DURING IRRADIATION 

The dependence of fluorescence yield on temperature during 

irradiation has been studied in the range of + 25 to + ko C. 
The dosimeters were placed in a temperature stabilized bath 

(- 1°C). The dependence was found to be less than - 0.1 £/ C, 

This value is less than those published earlier for dosimeters 
3 4 5 

with the same chemical composition ' ' . The difference might 

possibly be explained by the fact that, in this study, we used 

only pretreated dosimeters (see section Regeneration). 

REGENERATION 

Introduction: Both sensitivity and precision are changed after 

regeneration . This is due to several factors, among them the 

regeneration temperature and time and the pretreatment. These 

factors have received much attention in this investigation. 

Time and temperature of regeneration: Dosimeters were irradiated 

with an exposure of 300 R after which they were heat-treated at 

350, *I00, ̂ 50 or 500°C for 0.2, 0.5, 1, 2 or 3 h. The residual 

fluorescence is graphically presented in Fig. 2. At 500 C the 

dosimeters were damaged. At shorter times of regeneration than 

1 h, the fluorescence values obtained were not reproducable. 

Therefore, in all further studies, ̂ 50°C and 1 h were the 

temperature and time of regeneration of choice. Using these 

parameters, the residual fluorescence is approximately equal to 

that from non-ii^adiated dosimeters. 
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Sensitivity and precision versus number of regenerations: The 

effect of up to 10 regenerations has been studied for exposures 

of 150 and 600 R (Fig. 3 ) . The sensitivity, which is defined 

as the quotient between net fluorescence and exposure decreases 

after the first few regenerations and thereafter increases to 

a value which exceeds by approximately 7 # that for unregenera-

ted dosimeters. The difference between extreme values is 

approximately 12 #. The precision decreases with the number of 

regenerations. 

Initial pretreatment: The variations in sensitivity tend to be 

stabilized after 7 to 8 regenerations (Fig. 3 ) . The possibility 

of reducing the variation during the first 6 regenerations by 

an initial pretreatment has been studied. As a first attempt 

to such pretreatment, the dosimeters were irradiated with an 

exposure of 13 kR ( Co-y), followed by heat-treatment at ^50°C 

for 6 h. Subsequently, the sensitivity was again studied in 

relation to the number of regenerations. The results showed 

that the decrease in sensitivity through the 3rd regeneration 

was eliminated but that the increase in sensitivity through 

the 6th or 7th regeneration remained. It was therefore deter

mined that pretreatment should also consist of 5 repeated heat-

treatments at 450 C for 1 h. After such pretreatment described 

variations in sensitivity are eliminated (Fig. k). The precision 

of the dosimeters was improved by about a factor of 2 by this 

pretreatment, despite the fact that these dosimeters were 

exposed to more extensive handling than those which were not 

pretreated. 

As is seen in Fig, k, the sensitivity values for 150 R and 

600 R differ from each other. The proportionality between the 

net fluorescence and exposure has thus been lost through the 

pretreatment. If not a proportional but a linear relationship 

is applied the results in Fig. 5 are obtained. The distance 

between the extreme values during the first 10 regenerations 

has now been reduced to 2.5 %• 

The effect of the initial pretreatment lasts for at least 6months. 

The results for different levels of exposure were the same as 
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those in Fig. 5 for as many as 20 regenerations. 

THE EFFECT OF MASS 

The dosimeters used differed in mass by - 3 £ (S.D.). 50 

dosimeters which were initially pretreated were divided with 

respect to mass into 5 groups with 10 dosimeters in each. The 

average sensitivity for each group during the first two re

generations is presented in Table 2. There is clearly no 

correlation between sensitivity and mass. 

LINEARITY 

A comparison of Fig. 3 and Fig. k reveals a change in the 

relationship between net fluorescence and exposure caused by 

the initial pretreatment. A separate study of linearity was 

therefore indicated. The results, presented in Fig. 6, show 

that the relationship between net fluorescence and absorbed 

dose in water can be approximated by a straight line within the 

range of 30-800 rads with a precision of - 1.5 £ (S.D.). The 

established range of linearity is less than that reported by 
7 

Freytag ' who worked with dosimeters and reader of the same 

manufacturer. 

Spot checks with glass dosimeters which have been regenerated 

more than three times show the same region of linearity. The 

linearity of the reader has continuously been checked by making 

measurements of quinine-sulphate solutions of different dilution. 

DEPENDENCE ON RADIATION QUALITY 

Dosimeters were attached to a thin bar of polystyrene to a 

maximum depth of 16 ca in a water phantom (30 x 30 x 30 em) 
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along the central axis of the radiation beam. The phantom 

was irradiated with Co /-radiation or electrons. The energy 

of the incident electrons was \k, 2k or 31 MeV. The average 

electron energy at different depths in the water phantom was 

estimated by the method given by Harder . 

The individual glass dosimeters were calibrated against the 

absorbed dose distribution in the water phantom which was 

determined using an ionization chamber "» * . The results 

of the calibration are given in Table 3. (liven limits of error 

correspond to the expected standard deviation for a single 

glass dosimeter. The same calibration factor within - 1.2 £ 

(S.D.) was obtained independent of the type of radiation and 

depth in the water phantom. 

CONCLUSIONS 

Initially pretreated dosimeters can for as long as 6 months be 

irradiated and regenerated up to about 20 times with the same 

sensitivity. The relationship between net fluorescence and 

absorbed dose is linear from approximately 30 rads up to 800 

rads. Furthermore, the calibration value of the dosimeters is 

independent of the type of radiation and depth in the water 

phantom in which they are irradiated. 

In the estimation of the precision of a single measurement of 

absorbed dose, the following sources of uncertainties must be 

accounted for, stabilization, fluorometer reading, radiation 

quality, regeneration and linearity. The root mean square 

uncertainty based on the in Table k presented standard devia

tions was found to be about 3.5 $. 

Vith pretreated dosimeters and a modified reader, sufficiently 

good precision has been achieved for glass dosimeters to be 

used in clinical dosimetry. 
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TABLE 1 - Washing programme 

1. Ultrasonic washing, 5 min 

2. Rinsing in tap water 

3. Washing in a 50 £ neutral detergent (RBS)( 15 mln 

k. Rinsing in tap water 

5. -"- in distilled water 

6. -"- in special grade alcohol 

7. Drying 

TABLE 2 - Sensitivity versus mass, Co-60 radiation 

Average mass 
(relative units) 

Average sensitivity 
(relative units) 

1 .000 

1,000 

1.020 

1.000 

L O W 

0.992 

1 .060 

1 .006 

1 .081 

O.996 

TABLE 3 - Absorbed dose calibration factors of Toshiba RPL-glass (FD-R1-1) at different mean 
electron energies, £„, and Co-60 7-radiation. E.. is the mean energy of primary 
electrons at different phantom depths estimated according to Harder. 

Photons 1 Electrons 

Energy interval 
(MeV) 

Calibration factor 
(rad x scale div~ ] 

Co-60 

23.2i0.3 

Average 
value 

E . j - 5 5 < E ^ - 1 0 10 < E - 20 20 < E - 30 

2 3 . 5 ^ 0 . 3 23 .k±0 . 7 2 3 . 6 l o . 6 2 3 . 8 ^ 0 . k >3.5±Q3 
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TABLE k - Estimated uncertainties in the measurement of 

absorbed dose with an individual glass rod. 

Source of uncertainty Relative S.D./# 

1. Stabilization 1.7 

2. Pluorometer reading 1.6 

3. Radiation quality 1.2 

4. Regeneration 1.9 

5. Linearity 1.5 

Rms 3.5 
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Fig. 1 Relative fluorescence versus time after irradiation 

for both stabilized and non-stabilized glass 

dosimeters. 

• 2 k 

TEMPtHATURE/C 

Fig . 2 Residual f luorescence versus temperature a f t e r hea t -
treatment 1r 2 or 3 hours. 
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Fig. k Sensitivity versus the number of regenerations after 

an initial pretreatment of the dosimeters. Dosimeters 

were exposed with 150 or 600 R. 
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Pig- 5 Sensitivity versus the number of regenerations. 

Linear relationship between fluorescence and exposure 

applied. 

Fig. 6 Fluorescence versus absorbed dose in water after 

0, 1, 2 and 3 regenerations. 
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Eegulla 

Can you tell us something about the level and the fluctuation of the predose 

of the glasses in the course of the multiple regeneration processes involved 

in your investigation? 

Westerholm 

The magnitude of tbe predose corresponds to an absorbed dose in water of about 

0-5 rads and there was no significant change in this value as a result of 

repeated regenerations. 



7« -

Sone Ways of Applying the Capabilities of Various 

Luminescence Methods in Personnel Monitoring 

by 

M. Toivonen 

Institute of Radiation Physics 

Helsinki, Finland 

Abstract 

The principal advantage of RELD, namely, the possibility 

of reading its indication repeatedly, at arbitrary intervals, 

throughout a period of long-term doee integration, proved to 

be of no value when used as a measuring technique in a person

nel monitoring service. TLD proved nore practical in routine 

measurements, even when powdered luminophors and simple read

out arrangements without automation were used. HP1D seems to 

be more versatile than TLD if information concerning the type 

of radiation and its incidence is needed in interpreting whole-

body or organ doses involving high, abnormal exposures. 

A development of dosemeter badges is discussed, details 

of the RPL and TL techniques used are described, and the 

usefulness of a new general purpose dosemeter approach is 

assessed in the light of experience gained in film dosimetry 

practice. Studies of the technique of scanning the RFL 

distribution in glass blocks are presented and typical results 

are stated. 
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Introduction 

The Government institute for radiation protection in 

Finland has maintained a personnel monitoring service since 196?. 

Phosphate glasses were Introduced as additional badges carried 

simultaneously with film dosemeters, with the aim of eliminating 

systematic errors due to inadequate filtering in connection with 

the film badges with regard to exposures involving mixed 1 
radiation and X-rays. In order to avoid the necessity of simul

taneously wearing two separate badge cases we designed multi-

glass badges having special characteristics for a range of 

different working conditions. This glass method was in routine 

use for four years, a maximum 700 persons, out of those 1500 -

2300 who used our facilities during the time in question, being 

monitored with glasses. In the cource of last two years the 

glasses were partly replaced with TL dosemeters. The original 

glass badges and the associated methods of evaluation have been 

described elsewhere . However, the results of the study are 

included here, in order to provide a basis for discussion of 

our recent activities. 

The difficulty of separating low-energy X-rays and 0 

radiation from the more penetrating photon radiation have been 

considered to constitute a principal disadvantage of the HPLD 

system. Even so development of the HFL reading technique has 

enabled information to be obtained concerning the type of 

radiation and its spectrum, as well as the direction of radia

tion incidence, from a single glass body if this body has been 

irradiated with sufficient exposure in a non-isotropic radiation 

field. A method for scanning the fluorescence in the three 

dimensions of a glass block, or circumferentially and axially 

in the case of a cylindrical glass, has been described by 

Kiefer and Piesch * . Yokota et.tsl improved the response of 

glasses to 0 radiation by stimulating the RPL with a narrow UV 

light beam passing through the effective glass layer with total 

reflection from the inner glass surface. We have made experi

ments to find the optimum means of applying standard 8 x 8 x 

4.7 mm' glass blocks, instead of special glasses with trape

zoidal form, for the same purpose. 
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Experiences with the Previous Badges 

The badge cases and accompanying dosemeters are illus

trated by Fig.1. Metal filters, 1.6 am of Sn or Cd and 0.1 mm 

of Cu + 0.9 mm of Al, could be selected to obtain specialised 

dosemeter badges meeting the requirements of measuring accuracy 

in different working environments. The most complex badges, 

mainly intended for mixed X-ray and v and neutron radiation 

fields, proved impractical and they were withdrawn soon after 

the requisite competence could be more conveniently attained 

with the aid of TL dosemeters. The original bi-glass holder 

with an energy compensetion filter, 1.6 mm of Sn or Cd, and 

supplemented with a TL dosemeter as shown in Fig.1 was subse

quently the most practical badge. In special X-ray dosemeters 

the advantages of RPLD compared with film dosimetry seemed to 

be questionable. The sharp fall in sensitivity of the glass at 

photon energies below 40 keV, wich is due to the inhomogeneous 

absorbtion of energy, was found to introduce e significant 

uncertainty in measurements. As regards directional dependency, 

however, it was possible to improve the accuracy of measurement 

compared to the film dosemeter. 

From the point of view of the accuracy of measurement 

the experience with RPLD was fairly promising, when the badge 

change interval was three months. For instance, comparisons in 

practice with LiJJ^O-iHn TI dosemeters enclosed in the badges 

between the glasses have shown agreement within + 15 per cent 

in medical Ha therapy environments. In the smaller number of 

equivalent comparisons which we were able to institute with 

dosemeters exposed to X-rays in actual industrial or medical 

working conditions, the results were in almost equally good 

agreement. 

The greatest difficulties were encountered in the 

practical arrangements. The main principle of the project, that 

is to accomplish the monitoring economically over short inter

vals, and with quite high accuracy over long periods, was based 

on the special feature inherent in RPL glasses, i.e. the 

possibility of repeated readings without changing the dose 

memory. It was expedient to provide the badges with individual 

identification numbers. Since their dispatching was by mail, 
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two dosemeters were needed for each person, of which one was 

in use and the other was being measured. These practical 

arrangements proved to involve much more work than the film 

dosimetry system. There were two main reasons for these 

difficulties: 

First, for administrative reasons, and sometimes also 

as a radiation protection policy, a periodical rotation of 

duties or of personnel in certain working environments is often 

practiced. This, together with spontaneous personnel replace

ments, reduce the need for highly accurate individual dose 

measurements over several years. It alfco introduced the risk 

of mix-ups of the specialized dosemeters, and the recording of 

predose values was difficult. 

Secondly the risk of false evaluations increased more 

powerfully than was expected with increasing dose memory from 

previous periods of use. The potential influence of damaged 

glass surfaces could only be controlled with sufficient 

dependability for low dose measurements by withdrawing any 

glasses displaying increased predose level after extinquishing 

of the dose storage luminescence. This reduced the practical 

value of the dose storage over consecutive control cycles, 

because time cycles shorter than three months for change of 

badges could not be applied. 

RPL Heading Technique 

The experiments aiming at improving performance of the 

glass were performed by making the necessary modifications in 

a self-built reader'7. The principal set-up used is shown in 

fig.2. The manner of focusing the light beam was simplified 
from the original system by removing the first lens. This 

system provided an almoBt parallel beam without harmful reflec

tions from the holder surfaces if a sufficiently narrow stop 

was placed before the lens. The risk of error due to wrong 

positioning of the light source or lens is also greatly reduced. 

Owing to the favourable focus geometry of the DC-supplied UV 

lamp, Osrao 200W/2, the minor movements of the discharge have 

so influence on the sensitivity, even though a quite narrov 
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aperture, 0.5 DB, is used before the glass. The glass holder 

and the driving unit with synchronous motor for scanning the 

fluorescence are illustrated in Fig.;. The figure also shows 

the different ways of placing the glass for photon and B 

radiation measurements, respectively. 

In order to demonstrate the response of glassess with 

different types and energies of radiation, glasses were irra

diated as is shown in Table I. The Co and X-ray irradiations 

could be directly measured with secondary standard instruaents 

whereby the accuracy was within + 3 per cent. Because of the 

low activity of the sources in other instances, these irra

diations were made with a distance of 30 cm in the case of y 
irradiation and 10 cm in that of 3 irradiation. The accuracy 

is thus not equally good, but is within * 10 per cent for Y 
irradiations. The 3 irradiations were measured by means of LiF 

TLD-100 powder in plastic sachets, with a ''4 mg/cm FVC window 

and alio as a thin uncovered layer on paper. The response 

calibrations of Peabody and Preston were utilised. The dose 

values stated represent the dose in soft tissue at a depth of 

7 mg/cm . The calculated dose rates rroa the '"Sr/Y. and *"T1 

sources were in fair agreement with the measurements. 

Table I. Types and qualities of radiations used in irradiationa 

Source and 
equipment 

^Co 
99Tc 

»1ta 
Diagnostic 
X-ray unit 

Therapy 
X-ray unit 

- " -
90Sr/90v 

204T1 

™7pm 

Added 
filtration 

3 HUD Al 

3.8 tarn Al 
-

>100mg/cm2 

Radiation 

Y 
Y 
Y 

X 

X 
X 

e 

en 

3 

keTme, 

2250 

770 
220 

type and 
keTeff 

1250 

140 
60 

20 

ouality 
W P 

100 

29 
10 
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An investigation as to the optimum manner of focusing the 

stimulating UV light was made, and the results are given in 

Table II. As can be seen, the most favourable sensitivity and 

background values were achieved with the old glass holder. 

However, the most sensitive glass positioning for differential 

evaluation gives equally low predoses, and the higher PHT dark 

current is not harmful, especially if the output is read by 

means of a recorder. An investigation as to the optimum method 

for measuring B radiation was made, using glasses irradiated 
204 

with a Tl source. The results are given in Fig.4. The 

sensitivity depends only slightly on the glass positioning. 

The main reason for which the angle of 6° between the UV light 

beam and the reflecting glass surface was chosen consisted 

thus of the imperfect ability of the recorder to register the 

narrow peak at 0° angle. 

Fig.5 illustrates the scanning results for photons and 

Fig,6 those for 0 radiation. Fig.7 shows some typical back

ground curves and the lowest predose values that were obtained. 

Besides the typical curve measured with the glass in posi

tioning II, an example has also been shown of the disturbing 

effect of surface faults in low dose measurements. The results 

were obtained with Toshiba FD-1 glasses', which had been in 

practical use for several years and which had thus been heated 

several times. 

Table II. Results of investigation on optimum method 

for stimulating RPL. 

Glass positioning 
and 

opening in the 
front of lens (1) 

I 0 20 mm 
25 mm 
30 nm 

II 25 x 5 mm2 

III - " -
IV - " -

Relat. 
sensit 

4,4 
7.5 

11.1 
1.0 
1.9 
1.2 

Background (2) IFMT dark 
predose I without (current 

| glass (5) 
equivalent to Co exposure 

(81 
0.550 0.008 0.045 
0.560 0.012 0.027 
0.560 0.065 0.018 
0.620 <0.J00 0.200 
0.550 <0.170 0.110 
0.500 <0,250 0.160 
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(1) The adjustable light stop is illustrated in Fig.2 
(2) PHT dark current subtracted 
(3) The glass quenches the influence of light reflections. 

Therefore, the values cannot be considered to represent 
the "pseudo-predose" from the glass holder. 

The energy response measured at various depths below the 

glass surface, seen in Fig.8, agrees well with the results of 

Kiefer and Piesch . The energy response for 3 radiation seems 
204 to agree well, with Tl and at higher p energies, with the 

nearly flat response curve obtained by Yokota et.al , but with 
147 

'Pm P energy our arrangement displayed a significantly lower 
sensitivity. 

TLD Practice 

The TL dosemeters have been read using a self-built 

reader , which initially had certain electronic units in common 

with the EPL reader. Some significant changes were made after 

the RPL measuring head was detached. The heating element, orig

inally consisting of constantan, was replaced with a Kanthal 

strip of 0.1 mm thickness. The greater mass of the new heating 

tray made it unnecessary to use a Teflon ring as a heat absorber 

around the powder sample, but this ring also confines the volume 

of the measuring chamber and improves the purity of the nitrogen 

However, the ring was taken off in order to quarantee reproduc

ibility of the heating procedure over prolonged periods. The 

A/D converter, which provides a wide linear range in the meas

urement of PMT output charge, was replaced with a new adjust

able unit, Fig.9. Furthermore, the reading programme was cur

tailed to have a duration of 30 seconds only. Compared to the 

commonest type of TL reader, the sole difference is our beating 

programme, with a very rapid rise of the heater temperature up 

to desired level. 

The FH tube EMI 9558B with S20 photocathode, together 

with optical filter Schott BG58, has proved to be suitable for 

most TL phosphors. Results of an investigation concerni) i low 
dose performance with the light-sum integration method, with 

the original reading programme, have been stated earlier'. 

Fig.9 shovB the corresponding results when the modified reading 

programme and heater were used. Two Li-B^O.iMn materials with 
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different origins ^,y displayed nearly the same sensitivities, 

but a phosphor prepared by BBH Chemicals Ltd had a lower 

relative value, 0.8. The corresponding values for LIF:Cu,Ag 
10 11 

and LiF:Hg,Ti • were 15 and 1.5 compared to 1 for Li^B^Or,:Mn. 

The relative sensitivity of LiF TLD-10P was 1.5-P.5, depending 

on the pre-annealing procedure. 

Powder bags and capsules, and finger dosemeter sachets 

with 14 mg/cm windows, were used in practical monitoring 

applications. Samples of ?0 æg were dosed nrior to reading, by 

using a simple volumetric measuring device, which is rapidly 

cleanable in an air flow. 

Modified Dosemeter Badges 

Fig.1 shows the modified badge cases, the identification 

strip and the dosemeters normally used. The glass positioning 

is standardized, the rough 8 x 4.7 mm surface facing backwards. 

Further significant departures of the new general purpose badge 

from the preceding type consist of the two open windows and of 

the number aperture. Several types of solid TL doserneters or 

powder bags can be inserted under the upper open window. 

Furthermore, two additional TL dosemeters can be placed in the 

centre of the plastic case if a pair of dosemeters in identical 

conditions is required for neutron indication. 

Since the individual dOBes are low in most working con

ditions, it is mostly of no interest to distinguish the low 

energy photon and P radiations from more penetrating radiations, 

and mere evaluation of the TL dosemeter under the open window 

is sufficient. If necessary, further investigations are possi

ble by using the KPL glass. At high dose levels a single glass 

is equally competent as a relatively complex TL doseneter 

system in supplying information wich may be useful in inter

preting abnormal measurements. Phosphate hlsss is also useful 

as a neutron dosemeter because the Si (5 activity induced by 

fast neutrons can be used for dose evaluation several hours 
13 

after the exposure, as Piesen has reported. 
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Conclusions 

As a result of developments, the competence of the 

badges has substantially improved. The risk of false informa

tion on safety due to inadequate understanding of the response 

limitations hss thus been reduced. A critical examination of 

data obtained with film dosemeters from the field shows, 

however, that the information on exposure conditions has quite 

often been useful when direct radiation protection measures 

have been necessary on the basis of individual dose measure

ments. A summary of the reports that have been sent to radiation 

users shows that the lucid information furnished by the radio

graphic pattern on the film has revealed 10-20 cases of bad 
practice every year, while the corresponding number of yearly 

or quarterly over-exposures has been less than five. Further

more, about 10 per cent of the films used in isotope laborato

ries have shown contamination. The best substitute for radio

graphic pattern is to organize a short-term control with 

sensitive dosemeters, but difficulties will be encountered 

when dosemeters have to be issued by mail to a great number of 

radiation users. 
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Figure 1. The previous (left) and new (right) dosemeter 

badges and associated doseseters. 
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TI- optical f i l t e r • I- .1OG5 
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Figure 2 . Principle of the RPL reading arrangement. 
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Radiation-Induced Optical Absorption and Photolualnescence 

of LiF Powder for High-Level Dosimetry* 

by 

Esther W. Claffy, Steven G. Gorbics, and Frank H. Attix 

V. S. Naval Research Laboratory, Washington, D. C. 20390 

Abstract 

Undoped LiF powder and the diffuse-reflectance apparatus 
described foi-n the basis of a nondestructive technique for dosim
etry in the lO^-lO® rad region. The properties determined are 
optical absorption in tbe M and R2 bands and radiophotolumines-
cence (RPL) of the M centers. From 10» to 10 7 rad, M-center RPL 
is useful; from 10 s to 10? rad, absorption in the M band is ap
plicable; and absorption in th*» Jtz band from 10' to 10 8 rad. The 
stability of both absorption bands and the M-center RPL as a 
function of time at room temperature after irradiation is ade
quate for most practical applications. The lack of linearity in 
absorption or in the RPL vs. dose necessitates the use of a suit
able calibration curve. Absence of measurable dose-rate depen
dence is indicated by essentially the same response per rad in 
the LiF for 2-HeV electrons, whether in a Van de Graaff beam 
depositing 104 rad/sec or in a high-intensity 30-ns pulsed beam 
giving 10*4-lo15 rad/sec. However, "^Co v rays and low-energy 
x rays (» 15 keV) yield 2- or 3-fold greater absorption and RPL 
than do electrons. This can be characterized either as a differ
ence between the effects of electrons and photons ,or as an energy 
dependence, negligible between IS keV x rays and *>°Co y rays 
(which produce an equilibrium secondary-electron spectrum of 
" 0.3-UeV average energy) but important between 0.3 HeV and 
2 HeV. Use of a powder allows tbe homogenization of large quan
tities of material for uniform performance, and at reasonable 
cost for only 15-30 sg is needed per dosimeter. Since readout 
does not disturb stored signals, thermolumlnescence can be sub
sequently measured to verify dose information on a single 
dosimeter. 

Introduction 

It was suggested by Nakajlma that density changes in the 
optical absorption bands of LiF crystals might be useful is the 
dosimetry of ionizing radiations. Vaughan and Miller' investi
gated this possibility with cleaved crystals of Isomet UV-window-
grade LiF, and found that the R band . (370 nm), H band (450 nm), 
and N2 band (550 nm) all Increased in optical density (00) more 
or less linearly within the y-ray exposure region 10B-108 R. 
Koreover, they reported that little or no change in the measured 
optical densities was observed after 24 hours following irradi
ation. 

* Thin work was supported by Defense Atonic Support Agency (now 
thy Defense Nuclear Agency) contract NWET/TID Subtask 11XA8X502. 
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Goldstein et al. have made use of the same type of LiF, but 
ground and sieved to a 100-200 mesh powder, for thermolumines-
cence (TL) dosimetry sX high exposures. The height of the glow 
peak occurring in the 400-475°C region was the measured parameter, 
increasing with exposure over the range 10^-108 Rf with some 
variations from sample to sample. 

It seemed to us worthwhile to investigate the possibility of 
employing optical absorption measurements with powdered samples 
of LiF as a dosimetry method, for the following reasons: 

(a) Optical absorption measurements can be practically non
destructive of the stored signal. They could therefore be per
formed on a sample before it was heated to obtain the TL reading, 
thus achieving desirable replication of dose information espe
cially in cases where repetition of the exposure would not be 
feasible. 

(b) The use of single crystals for dosimetry applications 
generally has not been found practical because of high cost and 
large variability in radiation sensitivity from crystal to crys
tal. Thus the future application of the LiF optical absorption 
method in dosimetry probably depends on whether it can be shown 
to work with powdered samples. 

(c) In radiation exposures accompanied by severe mechanical 
shock, single crystals are not likely to survive without fracture: 

In addition to the foregoing, we wanted to examine the possi
bility that the radiophotoluminescence (RPL) of the M center in 
LiF, as first reported by Molnar4 and later by Klick5, might also 
have dosimetric possibilities. We were unaware until later that 
Regulla6 was also investigating this problem, but little dupli
cation was involved since he studied single crystals of Harshaw 
LiF (TLD-100), while our work was based on powdered samples of 
relatively pure LiF. We extended our study to include TLD-100 
powder so that a comparison could be made with Regulla's results. 

There was the further possibility that the RPL of R2 and N2 
centers, which develops under higher radiation exposures, might 
serve to extend the dose range to correspondingly higher levels. 
Okuda? reported luminescence from R2 centers at low temperature 
and Gorlich et al. 8 confirmed this for room temperature measure
ments. Luminescence from true N2 centers has been less clearly 
established, although excitation in the general region of 550 nm 
Tras reported to produce luminescence8. 

Materials 

The LiF employed in the present study w .s obtained through 
the courtesy of E. Tochilln*, and was a sample of a large boule 
(No. 246B) of Leitz UV-grade LiF which had been ground and 
thoroughly mixed for homogeneity, then sieved to 100-200 mesh. 
This material was selected partly because of its known ability 
to perform as a TL dosiaeter in the 106-107 R range of y-ray 

* Radiation Detection Company, 385 Logue Avenue, Mountain View, 
California 94042. 
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exposures, since one of our secondary objectives (see paragraph 
(a) above) was to verify that the readout of dose Information 
through the Measurement of 0.0. was possible without disturbing 
the stored TL signal. The availability of a kilogram of homoge
neous LiF powder from a single source for possible later appli
cations was also viewed as a considerable advantage, should the 
method prove to be useful. 

Irradiation Techniques 

in gelatine capsules, several of which were enclosed in a graph
ite pillbox with walls 6.3 mm thick for electronic equilibrium. 
This was positioned in the NHL GOCo facility, at a location 
having a calibrated exposure rate of 4 X10* R/min, and removed 
after various total exposure times to extract one or more of the 
samples. The absorbed dose in the LiF was computed from the 
relation: 

k(l-a) I 
0.869 ( 1 - 0.028) § ^ g £ X 

"W".!* 

- 0.784J£ 
where k is the absorbed dose in rad to air 

exposed to 1 roentgen of y rays under 
electronic equilibrium conditions; 

a is the fractional reduction in r-ray 
exposure due to broad-beam attenuation 
in the 6.3 ma graphite wall; 

(u„n/P)IH1!i is the mass energy-absorption coefficient 
for LiF and air, respectively; and 'LiF, 

air 

X is the y-ray exposure at the sample 
location, in the absence of the graphite 
pillbox. 

X-Rays. A beryllium-window x-ray tube was operated at con
stant potentials of 26 kV and 43 kV, with an added filtration of 
0.2b mm of Al and 0.25 mm of Teflon. LiF powder samples were 
evenly distributed in a monogranular layer (6 mg/cmz) in a shal
low Teflon cup, 3 cm from the x-ray window. This close spacing 
was required in order to achieve the necessarily large doses 
within reasonable exposure periods of a few hours. The exposure 
rate (1 X106R/hr.) was calibrated by placing r 25-R VJctoreen 
ion chamber with its active volume bisected by the plane of the 
phosphor layer. This Ion chamber was in turn calibrated against 
the NRL standard free-air ionization chamber at 50 cm from the 
x-ray tube, employing the same voltages and filtration. The x-
ray spectra were determined by means of a lithium-drifted silicon 
detector, reducing the beam intensity by passing it through a 
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microdiaphragm. The ratio of (uen/P).lr/<Uen/P)air, averaged 
over the x-ray spectra, was found to be 1.19 for both 25 kV and 
43 kV, indicating an effective average x-ray energy of about 
15 keV in both cases. Thus the absorbed dose <rads) in the LiF 
is given by 

I^iF = (0.869) (1.19) X = 1.03 X 

where J\_ is the exposure in roentgens. 

Pulsed Electron Beam. Samples of 30 mg of LiF were enclosed 
between the two halves of No. 3 gelatine capsules, with the small 
end of each capsule inserted backwards into the larger end, thus 
compressing the phosphor into a thin lenticular layer «» 0.6 mm 
in thickness. These samples were exposed in vacuum to the pulsed 
electron beam at the HIFX generator at the Harry Diamond Labora
tory, Washington, D, C. The phosphor layers were located between 
a thick supporting slab of aluminum and a thinner plate 1,3 mm in 
thickness, upon which the «• <!.4 MeV electrons were incident. The 
average electron energy in the samples was therefore reduced to 
about 2 MeV, and the samples were located at the maximum of the 
depth-dose curve in aluminum. The dose in the plane of the LiF 
samples was measured simultaneously for each pfelse by a calori
meter consisting of a copper-constantan thermocouple spot-welded 
to a 6-mm diameter disc of copper foil 0.1 mm thick. The dose in 
the LiF was deduced from that in the copper by applying a factor 
of 1.13 to account for the stopping-power difference at 2 MeV. 
Doses per pulse (•= 30 usee in duration) were 10*-107 rad; 1 to 16 
pulses were delivered to each sample at roughly 1-minute inter
vals to obtain a variety of doses. The aluminum pieces were 
water cooled to avoid cumulative heating. As a check on the dose 
as well as the beam uniformity, 2-cm squares of "dye-cyanide" 
colorimetric dosimetry film* were exposed simultaneously, posi
tioned in the same gap between the aluminum plates as the LiF 
samples and the calorimeter. This film showed no significant 
difference in response per rad for the pulsed electrons, 60Co 
y rays, and low-energy x rays, as will be discussed in a separate 
paper by Attix, Gorblcs, and Claffy. Further details about these 
irradiation techniques will be included there as well. 

Van de Graaff Electron Beam. The electron beam from a 2-lieV 
Van de Graaff generator was used to determine the response of LiF 
to relatively low rates of electron irradiation (2X10° r/min). 
A small sample of powder (*> SO mg) was spread over an area of 
about 3 mm in diameter on the surface of a 1-mil aluminized mylar 
film mounted on a 6" diameter metal ring. The resulting thin 
layer of phosphor (« 5 mg/cm2) is placed in the electron beam for 
irradiation. 

Calibration of the beam intensity is accomplished by replac
ing the sample with a Faraday cup at the same position in the 
beam. The current from the Faraday cup is converted to the 
number of electrons/em'/see. The energy deposited by each 2-HeV 

* Obtained from Kent Humpherys, EGfcG Inc., Goleta, California. 
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electron i s then determined from the stopping power of LiF, as 
given in published t a b l e s 9 . 

Apparatus 

The di f fuse ref lectance apparatus used for measuring the 
opt ical absorption and RPL of powdered LiF samples has been 
described in d e t a i l elsewhere1" and w i l l be considered only 
br ie f ly here. Figure 1 i s a schematic diagram showing i t s e s sen
t i a l features . 

A l i g h t beam of appropriate wavelength i s passed horizontal ly 
from a monochromator and col l imator into a box having a d i f fuse ly 
re f l ec t ing inner surface . The beam i s re f l ec ted downward by a 
front-surface mirror onto the sample, typ ica l ly 30 mg of LIF 
powder evenly d i s tr ibuted over a c ircular depression in an alumi
num planchet posit ioned in the plane of the bottom surface of the 
box. The depression in the planchet i s 0 .10 ma deep by 6 mm in 
diameter. As l i t t l e as IS mg of »ample g ives sa t i s fac tory r e 
s u l t s . Light i s d i f fuse ly r e f l e c t e d from the sample and the 
aluminum surface beneath i t . At some e x c i t i n g wavelengths RPL 
l i g h t i s emitted by the sample. The l i g h t i s d i f fuse ly r e f l e c t e d 
by the wal ls of the box and enters the photomultiplier (Pli) tube 
window. A two-posit ion opt i ca l f i l t e r drawer and shutter allows 
discrimination against e i ther the incident wavelength or the RPL, 
or the complete exclus ion of l i g h t from the PM cathode-face 
(S-20, t r i - a l k a l i type; quartz window; spectra l s e n s i t i v i t y range 
165-850 nm>. Current from the PH tube i s measured by means of a 
Keithley guarded d i f f e r e n t i a l voltmeter , Model 660A. 

Optical Absorption Measurements 

The concept of opt ica l dens i ty a s a measure of absorption i s 
i t s e l f l e s s wel l defined for the case of d i f fuse ref lec tance from 
a powder than for d i rec t transmission of a f lat -surfaced s i n g l e 
crys ta l . In our apparatus one i s measuring the t o t a l e f f e c t of 
many individual rays which have passed through a d i s tr ibut ion of 
distances in the LiF material . Nevertheless , one can t r e a t the 
resul t ing s ignal as though i t were some measure of "apparent 
optical density" (AOD) for convenience in p lo t t ing dose-response 
curves for dosimetry purposes. 

In terms of measured l i g h t s i g n a l s , the AOD due to dose i s 
given by 

™ • 1O«IO[^T|] 
where l„ - Intensity of diffusely reflected light (PH-tube cur

rent) from an undosed virgin sample, 

I_ •= Intensity of light from a dosed sample, and 

I- - intensity of background scattered light from an 
absorbing black velvet disc in place of the sample. 

The term AOD is meaningful only as an empirical parameter under 
fixed conditions of sample mass, configuration and particle size. 

Fig. 2A shows the absorption spectra of two LiF samples which 
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received exposures of 6.38 X 106 and 6.67 X 10T rad of 60Co-y 
radiation, respectively. The values plotted are AOD, in terms of 
measured PH-tube current, as a function of wavelength for 30-mg 
powder samples. The Corning No. 9788 filter excluded the 
sample's RPL signal (predominantly a 670 nm band) from the PM 
tube. 

By comparison with Fig. 2B, which reproduces Vaughan and 
Miller's plot of 0D as a function of wavelength for 1.5-mm thick 
single crystals of y-irradiated LiF (Isomet, 2 X 107 R), it is 
evident that the present apparatus does detect absorption bands 
in the same regions - the H band, 450 nm; R2 band, 380 nm: N2 
band, 5S0 nm. The diffuse-reflectance apparatus gives somewhat 
poorer wavelength resolution, however, partly because of the 
replacement of the monochromator exit slit by a circular dia
phragm 6 mm in diameter used to illuminate the entire sample 
surface with a uniform spot of light. Some variation in relative 
peak positions and heights also results because the spectra are 
uncorrected for the wavelength sensitivity of the PM tube. 

In Fig. 3 are shown the changes in optical absorption (AOD) 
of the H band in Leitz LiF with increasing dose. The samples 
were illuminated with 450-nm light and the reflected light was 
viewed by the PM tube through a Corning No. 5562 filter to remove 
RPL arising from excited H centers - a predominant emission band 
at 670 nm and a lesser band at 520 nm8. Curve A delineates the 
trend in samples irradiated with 60co y rays (0 points). The 
absorption of samples irradiated with 2-HeV pulsed electrons was 
sufficiently d iff erect so that a separate curve (B) is drawn 
through those points (+). Other samples were irradiated in the 
electron beam of the 2-MeV Van de Graaff accelerator, and these 
points (O) are indicated for comparison; they tend to follow 
Curve B. Samples irradiated with x rays at 25 and 43 kV gave 
data points (X,A) lying close to Curve A. The significance of 
the difference between Curves .A. and B will be discussed later. 
The 60co points represent average values for several measurement*, 
which accounts for the evidently smoother fit with Curve ̂ . 
Doses ranged from 2 X 104 to 2 X 10s rad, but below » S J 10s rad 
the resulting absorption could not 'je clearly determined. 

Vaughan and Miller2 found linear response for the growth of 
the H band, based on transmission measureuents of single crystals 
in the dose range 10" - 2 X 107 R. The M-band curves in Fig. 3, 
based on reflectance from powders, only roughly approach linear
ity of response in this dose range. A pronounced saturation 
effect flattens out the curves at higher doses, unlike the re
sults of Vaughan and Miller. This apparent saturation probably 
results from the multiplicity of path lengths followed by indi
vidual light rays in penetrating the powdered sample, giving rise 
to a distribution of absorption thicknesses rather than the 
single well-defined thickness traversed in a flat crystal. At 
large enough doses the diffusely reflected light signal consists 
predominantly of rays which have passed through little or none of 
the darkened LiF material, but have been merely reflected from 
the crystal surfaces or aluminum tray. This accounts for the 
apparent convergence of Curves A and B. 

Fig. 4 shows a similar plot of the data for the H2 absorption 
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btnd with 377-nm incident light, viewed through a Corning No. 5330 
filter to remove the RPL of excited R2 centers (predominant 530 
nm band; lesser 670 na band)8. Again the data fall along two 
curves: A for 60co y irradiation, with a few polrv representing 
x-ray dosed samples; Curve B for 2-MeV pulsed-elecuron and Van de 
Graaff-electron irradiations. There appear to be several signi
ficant differences from the It-band results shown in Fig. 3: 
(a) The R2 band is weaker and the AOD values tend to be generally 
lower by about a factor of 8 in the 106-10' rad dose region; 
(b) Better linearity, and less saturation at the higher doses, is 
evident with the R2 band; (c) The points on Curve B show even 
greater scatter in Fig. 4, partly because of (a); and (d) One of 
the 25-kV x-ray points, indicated by X, falls more closely on 
the B than the A curve, but the AOD value is so small this is 
probably not significant. On the other hand, the response to the 
pulsed electrons and the Van de Graaff-electrons again tends to 
be lower than that for y rays and x rays to a degree comparable 
with that for M-center coloration, persisting over the full dose 
range studied. 

Absorption changes in the N2 band as a function of dose are 
similarly displayed in Fig. 5. Here the sample is illuminated 
with 550 na light, and viewed through Corning No. 9780 glass to 
filter out possible RPL from excited »2 centers (largely a 670 na 
band)8. The Nj-absorption first becomes detectable at still 
higher Irradiation levels than does R2 absorption, and the AOD 
values are roughly 30-fold less than for the II band in the lower 
part of the dose range, leading to excessive scattering of points. 
The x ray data tend to agree more closely with the y-ray curve 
than the electron curve, but the agreement is very poor at 106 

rad. The electron response again appears to be markedly less 
than the y-ray response, and again, the points for Van de Graaff-
electron irradiation fall more in line with the pulsed-electron 
curve than with that for y rays. The latter is distinctly steeper 
than linear for the low-dose end, as was the case for the II band 
also. 

Stability of Optical Absorption. Kaufman and Clark11 noted, 
among other optical changes, that in Harshaw LiF crystals the 
450 nm band increased and then stabilized during the first 30hrs. 
post-irradiation, during dark storage at room temperature. 
Vaugoan and Miller2 reported that no measurable change in optical 
density was observed in any of the three absorption bands between 
24 hrs. and two months after irradiation of the Isomet crystals. 
It was deemed desirable therefore to determine what changes in 
absorption, if any, took place in the irradiated Leitz LiF powder 
used in the current investigation. 

Figs. 6 and 7 summarize our findings. Identical samples were 
dosed to « 6 X 106 rad with 60Co y rays and 2-HeV Van de Oraaff 
electrons. Initial measurement of AOD at the peak of each band 
was made within one hour, after which samples were stored In the 
dark at « 25°C (ambient temperature) until subsequent measure
ments. Results were the same for both the y and electron-dosed 
samples, and these are reproduced In Fig. 6. The curves In Fig. 7 
are based on a similar sequence of measurements mads on samples 
dosed to « 1.6 X 10? rad with 2-seV electrons from the Van de 
Graaff generator. Those samples were stored at a controlled 
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temperature of 20°C, but the air-conditioning system failed after 
one week and thereafter the ambient temperature was * 25 C. It 
will be seen in both figures that the M band increases slowly but 
continuously with time to at least one month. In Fig. 6 the R2 
absorption fades during the first 5 hrs. and then rises again, 
whereas for the larger dose (Fig. 7) a steady rise is observed. 
(This difference in behavior may be due to the influencs of the 
overlapping short-wavelength tail of the H band.) The N2 absorp
tion fades during the first week, more or less, and then flattens 
out or rises slightly. In no case was the coloration completely 
stable with time, as has been reported for single crystals of 
(Isomet) LiF after 24-30 hrs delay following irradiation. 

We have also observed visual changes in body color of irradi
ated LiF powders stored in the dark at ambient temperature, 
<a 25°C. Immediately after y-ray or electron irradiation (e.g. 
« 10? rad) samples are green in color, changing to yellowish 
green during several hours, and to yellow within about 24 hours. 
The yellow color, perhaps resulting from predominant M-center 
absorption at 450 nm, seems permanent. Okuda? has reported that 
optical energy from intense light sources such as a 500-watt 
xenon lamp or high-pressure mercury lamp produces fading of the 
H2 band and an increase of the H band, and under certain con
ditions the reverse effects are produced. It was desirable, 
therefore, to assess the behavior of the three absorption bands 
under the working conditions of our apparatus for dosimetry 
applications. Exposure of irradiated samples of Leltz LiF powder 
for as long as one hour to the light from the tungsten-filament 
quartz-iodine lamp as set up in the reflectance apparatus did not 
produce detectable changes in either the M, R2 or N2 bands. This 
was determined by measuring the samples immediately after irradi
ation and again after 15, 30 and 60 minutes total exposm 3 to 
450, 377 and 550 nm light. Furthermore, there was no detectable 
difference In TL output as measured in the 400-475°C region, with 
or without a prior 60-minute exposure to light in the apparatus. 
Dose determination by AOD measurement nan, therefore, safely pre
cede standard TL readout procedures as described by Goldstein 
et al.3. 

Radlophotoluminescence Measurements 

When H centers in LiF single crystals are excited with approx
imately 450 nm light the RPL which is produced consists of an 
emission band at 670 nm and a less intense band at 530 nra8, or at 
520 nm°. Rcgulla6 has noted that in single crystals of TLD-100 
LiF (Mg-doped), the relative intensity of these bands is 4:1. To 
measure the RPL in LIF powders with our apparatus, optimum exci
tation was found to be at 455 nm, and the emission was viewed 
through three different PH-tube filters: Corning No. 2424 for 
the 670 nm band. No. 9830 for the 520 nm band, and No. 3384 for 
both bands combined. The amount of RPL was determined by sub
tracting the PM-tube reading obtained for an undosed sample from 
that of the dosed sample. The net difference in PM-tube current 
is the RPL value plotted as the ordinate in Figs. 8 - 10. Fig. 8 
represents the RPL from Leltz LiF powder, and Fig. 9 that from 
Harshaw TLD-100 LiF powder, exposed to 60co y rays and read out 
one day later. Fig. 10 compares the RPL (combined bands only, 
from Leltz powder) produced by irradiation sources of differing 
energy and dose rates. 
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Regulla6 reported linear response with dose from 102 R up to 
106 R for the H-center luminescence In single crystals, but Illus
trates the dose-dependence of the weaker 520 nat ealsslon band 
only. Our data for TLD-100 powder, as plotted in Fig. 9, show 
response approaching linearity In the approximate working range 
4 X 10* - 3 X 106 rad for the total RPL, but distinctly steeper 
variation vs. dose for the individually aeasured 670 and 520 na 
bands. The RPL response of Leitz LiF powder to dose, as plotted 
in Fig. 8, is approximately linear over part of its range 
(2 X 105 - 2 X 10* rad) for the 520 nat band, but the 670 nm band 
and the combined output for both bands are linear only in the 
immediate vicinity of 106 rad, being steeper below that dose and 
saturating at higher doses. The steeper-than-linear behavior of 
the RPL output at the lower doses appears to be related to an 
optical absorption effect, inasmuch as a slightly Irradiated LIF 
(<105 rad) produces a smaller PN-tube current than does an unir
radiated sample. Subtracting the latter from the former results 
In a negative net RPL signal. Maximum RPL for the combined 
emission bands in Leitz LiF, Fig. 8, occurs at 1.1 X 107 rad, 
whereas the 670 nm band continues to rise until 5.6 X 107 rad. 
The 520 nm-band component is saturating at the faster rate. Dif
ference in behavior of the component emission bands is likewise 
suggested by Regulla's observation that the color of the RPL from 
TLD-100 is green, yellow or red, depending on dose. 

If the RPL curves for LiF shown in Fig. 10 are compared with 
the H-band absorption curves in Fig. 3, it will be noted that 
there is reasonably good correspondence. There Is approximately 
threefold greater response from 60co y-irradiated LiF as compared 
with electron-irradiated samples, at 106 rad for example, whether 
RPL or absorption is measured. In Fig. 10 the curve, B, for 
electron-irradiated samples is based largely on a series of 
Van-de-Graaff exposures. This is in contrast to Fig. 3, where 
pulsed-electron-dosed samples predominate In Curve B. However, 
2-MeV electron exposures regardless of dose-rate give much the 
same response. In Fig. 10, the pulsed-electron points represent 
measurements on samples dosed cue year before, rather than the 
usual 24 hours, and are meaningful in a qualitative rather than 
quantitative sense. 

Stabili ty of Badlophotolumlnegcence. Our measurements of RPL 
in both Leitz LIF and karshaw TLD-10C LiF after one month of 
storage show an Increase roughly approximating that observed in 
the ADD of the M absorption band, shown in Fig: 7. Furthermore, 
in one experiment RPL measurements were initially determined on 
samples irradiated at least one month before, and presumably 
"stabilized" in the Vaughan-lliller sense. These samples also 
showed a rise in RPL output after an additional month's storage. 
Regulla6 reports a much greater Increase In RPL of TLD-100 crys
tals during the first week of storage. Whether this seemingly 
anomalous behavior la attributable to the different trace-element 
composition of the materials is not clear. In view of the dis
crepancy, it is desirable to check out the time-stability of any 
batch of LiF to be used for this type of measurement. 

RPL from Ra and Kg Bands. The R2 and H2 absorption bands are 
very small (Fig. ii). using our most heavily dosed •ample (4X108 

rad), we could detect no RPL when exciting into the peak of the 
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N2 band and only a very weak signal from peak Rg-excitation. In 
the dose-range of interest, therefore, RPL from the R2 and N2 
bands is not useful for dosimetry application by our technique. 

Discussion and Conclusions 

Optical Absorption. In some respects, LiF powder as an opti
cal absorption dosimeter does not fulfill expectations based on 
the earlier single-crystal work of Vaughan and Miller2. The 
linearity of OD vs. dose observed by them is only crudely approx
imated In the present results, and the complete time stability of 
the coloration (after the first 24 hrs following irradiation) 
which those authors reported has not been achieved with the Leitz 
LiF powder. Nevertheless, the present results indicate that 

(a) The H-band coloration provides a useful measure of the X-
or y-ray dose over the range 4 X 105 - 1 X lo7 rad, above which 
the AOD saturates excessively. 

(b) The Rg-band coloration is useful for X- or y-ray dose 
measurements over the range 2 X 106 - 1 X 10** rad, and perhaps 
even somewhat higher. 

(c) The N2-band is too weak to be of much practical value as 
a dose parameter. 

id) There seems to be no significant dependence of the H- or 
R2-band absorption response per rad in LiF upon quantum energy in 
comparing 60Co y rays with 25 and 43-kV x rays. Thus a LiF-dosi-
meter calibration with 60Co y rays is applicable for measuring 
soft x rays as well. It is likely that this energy independence 
applies as well to the intervening quantum energies, but addi
tional measurements should be made to verify this. 

(e) The optical absorption is significantly less for 2-MeV 
electrons at both the exceedingly high rates of 1014-10l5 rad/sec, 
and the relatively low rates of 104 rad/sec employed in the 
present work. The similarity of results at the high and low 
electron-dose rates makes it unlikely that the still lower dose 
rates of the x and y irradiations can account for the difference 
between Curves A and B in Figs. 3-5. Ruling out a dose-rate 
effect, one is Teft with either a difference in damage mechanisms 
between electrons and photons, or a dependence on the energy of 
the radiation. Since x and y rays deposit nearly all of their 
dose via secondary electrons, it is difficult to attribute 
special damage mechanisms to the photons. Rather, it seems 
reasonable to focus attention on the differences in electron 
kinetic energy involved. The equilibrium spectrum of the secon
dary electrons from 6OC0 y rays has an average energy of about 
0,3 MeV and for the x rays it is about 0.01 MeV, as compared with 
the 2-MeV electron beans. It thus appears that between electron 
energies of 0.3 and 2 MeV a decrease in effectiveness of pro
ducing color centers occurs in the LIF employed in this study, 
Ritzl" has reported a decreasing trend of F-center production 
efficiency with increasing radiation energy in LiF, which is 
qualitatively consistent with the present findings, although 
Ritz's irradiations were done at low temperatures. 

(f) Combining the conclusions in (d) and (e), it should be 
possible to calibrate LiF optical-absorption dosimeters with 
w>Co y rays at relatively low dose rates, and then employ that 
calibration in interpreting the coloration produced by high-
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Intensity pulses of z rays. This involves the assumption that 
the lack of dose-rcte dependence observed with electron beams 
will apply as well to x rayst which is not unreasonable. 

(g) The increase with tim« in the AOD for the a band, as 
shown in Figs. 6 and 7, is practically the sase for the two dose 
levels, 6 X 10* and 1.6 X lo7 rad. Relative to the reading 24 
hrs after irradiation, the AOD has increased by 5% at one week 
after irradiation, and by about 8% at 1 aonth. This degree of 
instability is comparable with that of some other practical 
dosimeters (e.g., the Car^iHn TL dosimeter), and can easily be 
corrected for. The R2 band shows approximately similar insta
bility at the higher dose level, but considerably greater time 
variations at 6 X 10s rad, suggesting that where time stability 
is important, the R2 band will be most useful for dosimetry 
above 107 rad, employing the M band for lower doses. 

(h) The reflectance apparatus used as a reader for the 
present study produces no bleaching or other effect on the 
coloration of samples, nor on TL readings which may be made 
later on the same samples to further verify dose determination. 

Radiophotoluminescence. In the 105-107 rad range, the RPL 
signal from the • center in LiF powder can provide a useful 
measurement of the dose, effectively extending the dose range 
of the N-band absorption technique one decade lower. The »2 
and »2 Rt* signals are too weak for dosimetry applications. 
The M-center RPL response and its build-up with time are similar 
to those of the AOD of the II band. Conclusions (d), (e) and (f) 
for optical absorption apply likewise to the H-center RPL. 

In comparing the RPL data for the Leitz LiF (Fig. 8) with 
that for Barshaw TLD-100 LiF (which is doped primarily with 
100-200 ppm of Hg) in Fig. 9, we see that the latter is roughly 
a factor of two brighter under similar dose and illumination 
conditions. Moreover, the combined-band curve for 1LD-100 tends 
to be more nearly linear than is the correspondlog curve for 
Leitz LIF. Regulla's6 data for single crystals of LiF (TLD-100) 
showed linear RPL response avvr the dose range from 10^ to 10* 
rad for the 520-ns band. Be did not publish the correspond"ng 
results for the 670-nm or combined bands. Obviously the use of 
large (8 a 8 z 4.7 mm) crystals weighing sow 780 mg provides 
such greater RPL sensitivity, and allows the measurement of 
much smaller doses, than does the small powdered LiF samples 
employed in the present experiment. Kegulla's results, further
more, give no indication of optical-absorption effects distorting 
the linearity of the RPL signal vs. dose, as seems to be the case 
in the present work. 

Summary 

LiF powder and the diffuse-reflectance apparatus offer a 
means for high-range dosimetry which allows the dose to be read 
out in several nondestructive ways: the optical absorption of 
the H band for 108-107 rad, the R2

 b» n d 'or 10e-108 rad, and the 
H-center RPL for 105-107 rad. None of these measuring operations 
disturbs the stored signals, nor the 1L signal which may be 
measured subsequently by separate means described by Goldstein 
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et al.3. Thus, verification of dose information is obtainable, 
which is especially valuable for measurement of nonrepeatable 
exposures. 

The stability of the H-band coloration and Rpi, as a function 
of time at room temperature after irradiation is adequate tor 
most practical applications. The R2-band-coloration stability 
is also satisfactory in the dose range above 10? rad where it is 
most likely to be useful. 

The powder form allows the homogenization of large quanti
ties of material for uniform performance from sample to sample, 
at reasonable cost, since only 15-30 mg is needed per dosimeter. 

The lack of linearity of the AOD or the RPL vs. dose of 
course necessitates the use of a suitable calibration curve 
extending over the entire range of doses to be measured. A 
60Co y-ray calibration will suffice for use with x rays, at 
least in the region of ~ 15 keV. 

Indications are that the absorption bands and the RPL as 
measured by this technique are independent of dose-rate, but 
are somewhat dependent on energy in the range between 60co 
V rays and 2-meV electrons. 
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Fig. 1. Schematic diagram of apparatus for diffuse reflectance 
and fluorescence measurements. 
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B)Absorption spectrin of Isoaet LIF single crystal, 
1.5 aai thick; 2 X 107 R (•> 1.6 X 107 rad), w>Co 
y rays. (Reproduced froa Vaughan and Miller, 
ref. 2, fig. 1, peralssioo Health Phys. Soc.). 
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Fig . 5. H2-Band absorption in L e l t z LIF. HonochrouMtor: 
550 na; PH-tube f i l t e r : 3 m Corning #9780. 
Curves and points as In Fig . 3 . 
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Hillenkaap 

If, as mentioned in your paper, the value measured for the optical density in 

reflection depends on grain size, geometrical conditions, etc., would it not 

be advisable to use an integration sphere arrangement to eliminate these 

effects? 

Claffy 

A Beckman "IK" ref lectance spectrophotometer with integrat ing sphere was used 

in our preliminary survey. Use of an integrat ing sphere was sacr i f i ced in the 

l a t e r experimental se t -up in order to have a simple, inexpensive apparatus 

that would r e a d i l y accomodate very small amounts of coarse-grained dosimetry 

powder as samples so long as i t s t i l l gave some experimental measure of opt ical 

dens i ty . 

Begun a 

I>id you i n v e s t i g a t e the emission spectrum of the pure LiF studied by you 

which might be d i f ferent from that of LiF TLD-100 used by us? 

Claffy 

No, we did n o t . I t i s reported in the l i t e r a t u r e by Garlich and others that 

M-centre and R-centre luminescence in pure (undoped) LiF cons i s t s of 6?0 nm 

and 530 nm emission bands in d i f f er ing proportions. 

Begulln 

Just as a comment I want to add that our BEL measurements with s i n g l e crys ta l s 

of LiF TLD-200 showed that there i s a l i n e a r dose-ef fect re la t ion between at 

l e a s t 10 S and more than 10 R« and : t 6e«ne poss ible to extend the range 

further ( d e t a i l s w i l l be published in Health Phys ics ) . 

Carlsson, C. 

Bie large difference in apparent optical densities when the sane absorbed 

dose in LiF is given by Co-60 gamma rays and 2 NeV electrons is remarkable, 
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espec ia l ly *e there i s no dif ference between the response to 25 kV X-rays and 

Co-60 jj.ii—11 rays« If t h i s e f f e c t i s true, i t seems to be an excel lent aethod 

of showing differences i n LSI-distributions i n the region of very low LET-

irradiation« I t seems unl ike ly that such a s a a l l change i n LET-dietribution 

can give r i s e to such a large e f f e c t , so I jus t wonder whether the dosimetry 

i s correct . 

Claffy 

Ve be l ieve the dosimetry to be correct« However, the observed dif ferences 

between the 2 MeV electron r e s u l t s and those for lower-energy photon 

irradiat ions are probably not re la ted t o LET di f ferences , but rather to scae 

unidentif ied energy-threshold ef fect« 

http://jj.ii�
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Two Years Experience of Clinical Thermoluainescence Dosimetry at the 
Radiutthemmet. Stockholm 

by 
Bengt-Inge Ruden 

National Institute of Radiation Protection 
S-104 01 Stockholm 60, Sweden 

Abstract 
Thermoluminescent dosimeters (TL]}) have been used extensively for patient 

dose measurements at the Radiumhemmet during recent years. About 17 000 c l i 
nical measurements were performed during 1970 and two thirds of these were 
made with TLB. The majority of the dose measurements were performed with 
dosimeters containing LiF, but Li-B^OyiMn and CaS0.iMn were also employed. 

The precision of the dosimeters is nithin - 2$ provided an individual 
calibration schedule is used. Calibrations have been performed to ascertain 
the differences in sensitivity for various radiation energies. The conversion 
of dosimeter reading to absorbed done in tissue is included in these calibra
tions. The clinical TLD application that are discussed include routine mea
surements for "°Co 7-rays 6 - 42 XV x-rays and 5 - 3 9 HeV electrons | veri
fication through intracavitary and intravenouB measurements of the dose dis
tributions obtained in patients f determination of absorbed dose from beta 
emittersi and investigation cf neutron contamination in the use of high 
radiation energies. 

Introduction 
R. Sievert began experiments with a new method of radiation measurements 

in 1926. This lead to the design of an ionisation chamber which was entirely 
separated from the measuring instrument. Later on another ionisation chamber 
was developed by Sievert , which was usable for larger exposures, 'he latter 
chamber become a routine tool in measurements at the Radiumhemmet. The total 
number of annual measurements using this so called condenser chamber was 
about 10 000 in 1940 and the number has since increased. 

Difficulties in the use of these ionization chambers became evident in 
conjunction with the commencement of high energy x-ray and electron irradia
tion around 1968. Thermoluminescent dosimeters were therefore introduced in 
the determinations of doses in routine therapy. During 1970 the number of 
clinical measurements amounted to 17 000 of which two thirds were made with 
TLB. During 1971 the number of tin measurements has further increased. Both 
disc and rod-shaped dosimeters have been used. Tbe majority of the dosimeters 
used contains Li? but dosimeters holding I^B^jiMn and CaSÔ iMn have also 
besn employed. 

Read-out apparatus and thermal treatment of the dosimeters. 
In clinical routine the tberaoluminescence of the dosimeters was measured 

with a Harshaw apparatus (Model 2000). For research purposes a modified Con-
Rad read out unit (Model 5100 A) was used. The modification of the latter im
plied that a feed-back operational amplifier (Keithley 301) was snbstituded 
for the original electrometer amplifier. A digital voltmeter has been con
nected to this amplifier. The advantages are that the drift and noise is con
siderably reduced. The mhotomultlpller has also been replaced by the more 
sensitive MI 9514SA. 

Thermal treatment of the LIF-dosimeters before they have been exposed to 
ionizing radiation (pre-annealing) depends on the type of application of the 
dosimeters. In some measurements fading influences the accuracy appreciably. 
This is , for instance, the case in situations where difficulties are eneoun-
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tered in keeping the time between exposure and reed out constant and when 
continuous exposure during prolonged periods i s used. This occurs for patient 
dose measurements as well as for radiation protection measurements. We have 
then used the following thermal treatment! for teflon dosimeters 30 min at 
3O0°C and far Harshaw ribbons and rods 60 »in at 400°C and 24 hours at 80% 
pre^umealihg and 15 win at 80°C before read-out. Separate ovens have been 
used for the various thermal treatasnts. In measurements where we were able 
to oancel the effect of fading the heating^during the read-out procedure was 
used as the only aethod for pre-anneallng . In such amasureaents the time 
interval between the irradiation and the read-out of a dosimeter was kept 
the same in both calibration and experiment. In order to allow Identical 
coding-cyoles for a l l the dosimeters they have been retained in the read-out 
apparatus 1 min after the integration was completed. 

The energy response to high energy elmctron and photon radiation of thin 
LiF-teflon dosimeters 

The dosimeters used in this investigation were 0.1 mm thick Lff-teflon 
dosimeters Li7, Lit and LIB. (Isotopes Inc). The thermoluminescenee of the Iff 
was measured in the aodified Con-Rad read-out unit. The dosimeters ware Irra
diated with bOco y-rays, high energy electrons and x-rays in a polystyrene 
phantoa. When bOco and 6 uV x-rays were employed the dosimeters were placed 
at a depth of 5 on. When 42 NT x-rays were used the depth was 10 cat and when 
the electron energies at the surface were 5, 7.5 and 10 to 39 meV, the depth 
were 1.0, 1.3 and 2.4 on respectively. 

The absorbed due in water was obtained from ionisation chamber measure
ments (Siemens Sondfingerhntkamuer) in the polystyrene phantom by a time two 
step process, f irst the ionisation measurement was converted to absorbed dose 
in polystyrene and secondly the absorbed dose in polystyrene was converted to 
absorbed dose in water. In the latter case we use the appropriate dose con
version factor for polystyrene for photons recommended by the laeriean 
Association of Physiolsts in Medioine 5 and the dose conversion factor for 
electrons experimentally verified by Almond 4, 

The calibration of the electron beam was performad with a Siemens Sond- , 
fingerhutkmamer aooording to the method described by Svenseen and Pettexowon . 
The LiT-doslmeters were in a l l cases given a dose between 180 and 200 rad. 
The relative sensitivity was defined as the thermoluminescent response per 
rad in water for various radiations of different energies divided by the 
thermoluminescent response per rad in mater for °°Co y-rays. The results of 
the experimental measurements are listed in Table 1. 

fable 1. Measured response of thin Lif-tefIon dosimeters Types 7 . 6 and » to 
various radiations relative to sOCo T-raya 

Electron radiation 
Energy at 

surface 
meT 

4.5 
7.4 
9.8 

11.6 
14.3 
19.4 
28.2 
59.2 

Kef. 
depth 

1.0 
1.5 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 

Iv. energy at 
ref. depth 

laV 
2.2 
4.1 
4.9 
6.7 
9.6 

14.7 
23.5 
34.5 

7 

0.94 
0.93 
0.93 
0.93 
0.95 
0.95 
0.97 
0.98 

6 

0.94 
0.92 
0.94 
0.95 
0.95 
0.95 
0.96 
0.98 

I 

0.93 
0.92 
0.92 
0.93 
0.94 
0.95 
0.97 
0.98 

Photon radiation 
Bad. 

quality 

»Co 
6mT 

42 MV 

7 

1.00 
1.00 
0.99 

6 

1.00 
1.00 
1.09 

• 

1.00 
1.00 
1.01 
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The observation was made that there is no difference (within the experimental 
error of * 2 jC) between the response of the different dosimeters fcr various 
electron energies. The dosimeters had a 7 - 5 i* decrease in sensitivity bet
ween 2 and 15 MeV electron energy and about 3 £ decrease in sensitivity for 
higher electron energies. For the studies will be aade to inves titrate the 
possibility of explaining these results using cavity theory. The trend in 
the experiment is that the change in sensitivity of the dosimeters between 
2 and 35 •«¥ is the sane as the change with energy of the aass stopping 
power ratio, SJj* 

Our results show a decrease in sensitivity of less magnitude than that re
ported by Bisks ° and Almond ?, the difference probably being due to diffe
rences in the thickness of the dosimeters« These authors have used loose 
powder in a polystyrene tube. The sensitivity of the dosimeters used did not 
differ when 6 HT x-rays was employed. Furthermore the sensitivity for 6 MV 
x-rays was the same »»for ^̂ Co y-rays 8 . Li7 has the same sensitivity for 
42 HV x-rays as for *°Co y-rays. LiX shows a slight increase and Li6 about 
10 % increase in sensitivity. The large increase of the sensitivity for Li6 
and the slight increase for LiX for 42 IT x-rays depend on the large cross 
section of °Li for thermal neutrons. With high energy roentgen rays, neutron 
radiation is produced through nuclear reactions in materials with high Z in 
the betatron. This is further discussed in a later section. 

Patient dose measurements 
The verification of doses aimed at in the routine external beam therapy 

has been achieved, on the one hand by entrance and exit dose determinations 
and. on the other hand by measurements of doses in accessable body cavities. 
LiF-teflon discs ($ 8 am, thickness 0.5 am) have been employed for the en
trance and exit dose measurement* while extruded LiF rods, inserted in pre-
sterilized teflon catheters have been introduced for instance in the eso
phagus or in veins. High sensitivity ribbons have been utilised for the deter
mination of doses, which represent only minor fractions of the therapeutic 
dose* Such measurements are of importance for instance for the estimation of 
dose contribution to organs, in which relatively small radiation doses night 
be particularly undesirable, e.g. the eyes and the gonads. 

The dosimeters have been divided into separate groups, each containing 2*. 
Calibration constants in rad/digit have been assigned to the individual dosi
meters after calibration procedures. In addition, five dosimeters have been 
used for calibration purposes in connection with every measurement occasion. 
The change in the calibration constant for these five dosimeters which there
by was obtained was applied to a l l the other dosimeters included in the same 
group. Such a procedure was made possible by running a l l dosimeters within _ 
the group through exactly the same thermal treatment and cooling procedure . 
It urns observed that when a new dosimeter was employed i t s sensitivity in
creased markedly during the f irst applications. Comparing the quotients bet
ween the individual calibration constants and the preceding constants for the 
same dosimeters shoved, however, that the variation between the dosimeters of 
the changes was always less than - 2 jt. At intervals a l l the dosimeters have 
been recalibrated in order to check their individual calibration constants. 
The dosimeters in a few groups have now been utilized more than 150 times but 
s t i l l the accuracy of dose determination remained at the same level as ini
tially* 

When in connection with external 7 and x-ray therapy the reference dose 
is to be determined, two LiF-teflon discs are placed in a specially designed 
build-up cap (Fig* l ) . This is attached to the body surface in the.center of 
the beam* The thickness of the build-up layer has been 4 ma in a wCo beam 
and 15 am in * 6 and 42 MV x-ray beam* The thickness of 15 am is too small, 
however, when the reference dose from 42 MY x-rays is determined* Therefore a 
correction factor derived from depth-dose curves must be applied. These 
correction factors have been determined through measurements* They are 
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dependent upon the front-akin distance and upon the s i z e of the f i e l d and 
amounts to maximum 1.2% 

When the reference doae i s determined in connection with e lec tron therapy 
a build-up cap i s not used rout inely . The re la t ion between the surface doae 
thereby determined and the doae at the maximum build-up l e v e l v a r i e s , how
ever, with the energy of the e l ec trons . In order to arrive a t Information 
about the d«ee a t the maximum build-up l e v e l , correct ion fac tors , maximum 
1.30, must be appl ied . The magnitude of these factors i s dependent on both 
the energy and on the s i z e of the tube, and they have been determined througb 
measurements. 

Determination of dose d i s tr ibut ion i n the pe lr ia i n gynaeiologic . intracavi-. 
tary radiation therapy 

The a v a i l a b i l i t y during recent yearn of l ithium fluoride thermoluminescent 
dosimeters i n s o l i d forms in a var iety of shapes has led to t h e i r use for the 
determination of dose in narrow body c a v i t i e s , such as blood v e s s e l s , prefer
ably on the venous s i d e . LIP rods have been used, for example, for the charac
ter i s a t ion of p e l v i c dose d i s tr ibut ion a t intracavitary treatment of c a r c i 
noma of the uterine cervix 1 0 * * 1 . The dosimeters in the l a t t e r investigatlCBB 
at Radiumhemmet were introduced in pres t er i l i z ed te f lon catheters , inserted 
in the external i l i a c and common i l i a c ve ins from transcutaneous punctures 
in the izguinal regions (Fig . 2 ) . The catheters remained in the v e s s e l s for 
treatment periods of up t o 30 hours without any untoward reac t ions . In addi
t ion , LiF dosimeters were used d o s s to the i rradiators , e . g . in the urinary 
bladderand i n the rectum. The use of lead spacers in between the LiF rods 
made i t poss ible t o determine the correlat ion between measurement locat ions 
and actual pe lv i c anatomy from ordinary orthogonal radiographs« In an i n 
vest igat ion performed as a cooperative project of the departments of Gynae
cology and Cl in ica l Radiation Physics at the Radiumhemmet and the Unite de 
Radiophysique, I n s t i t u t Gustave Soussy i n Paria the correspondanoe was t e s ted 
between computer calculated doses in various portions of the p e l v i s mud the 
doses in the same s i t e s measured with the LiF dosimeters. A marked d i s c r e 
pancy was observed at several cm distance from the i rrad ia tors , which n e 
cess i tated deta i led and precise experimental t e s t s using a polystyrene phan
tom, (Fig. 3)* Even though the phantom was constructed with the aim of 
arriving a t a constant interrelat ionship between radiat ion sources and d o s i 
meters i t was observed that in the phantom the average difference between 
repeated dose determinations in the same locat ions was 6 # . The average 
var iab i l i ty of the cal ibrat ion constants for the dosimeters used, however, 
was 1.0 %f maximum 2.0 <*. The difference in precis ion may be explained by 
the d i f f i c u l t y , even in phantom experiments, of obtaining* a constant i n t e r 
relationship between the irradiators and dosimeters. 

I t was concluded as a resu l t of the study that the movement in the caudal 
and in the dorsal direct ion of the irradiators during prolonged treatment 
periods accounted for the major part of the difference between the actual 
dose l eve l in a certa in speci f ied po int , measured with LIF, and the ca lcu
lated dose in the same pos i t i on . The calculat ion by computer i s namely based 
upon cartesian coordinates in space o f the radium needles as determined from 
loca l izat ion roentgenograms exposed cnoe only during the whole course of con
tinuous irradiat ion . The solut ion might be the re tr i eva l of information from 
respect l o c a l i s a t i o n roentgenograms or - bet ter - the use of l i gh t weight 
radiation sources, fixed to the patient by use of individual moulds. 

Calibration of LiF te f lon rods to internal LiF beta-ray dosimetry 

In vivo measurements of the radiation dose f r j a purs beta-emitters i s 
sometimes of i n t e r e s t , e . g . in the estimation of the dose t o the e p t h e l l a l 
l in ing of the gas tro intes t ina l tract from non-absorbable radioactive compounds, 
administered ora l ly . 
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LiF t e f l o n rod dosimeters are convenient for such dose measurements. They 
need, however, ca l ibrat ion s ince the dose absorbed in them and probably a l s o 
the r e l a t i v e l i gh t output from them wi l l depend on the spectrum of beta par
t i c l e s that has impinged on them. Furthermore a rod dosimeter which has been 
immersed in a beta-radioact ive so lut ion w i l l be exposed to a lower dose-rate 
than the so lut ion i t s e l f due to the replacement of a c t i v i t y with the volume 
of the rod« Aqueous so lut ions of various beta-emitt ing nuclides were used as 
radiat ion sources . Neglect ing second order e f f e c t s due to the shape of the 
beta spectrum, the mean beta-energy should be a good measure of the range of 
the e lectrons* 
__ The radionuclides used were (mean energy in MeV given within parentheses)! 
" S ( 0 . 0 4 9 ) , 9*c (O.O94), ^ l ( 0 . 2 4 ) , 55P (0 ,69) and * * ( C 9 0 ) . 

The LiF. rods were cal ibrated individual ly using "^Co-radiation fro^ a 

therapy u n i t . The beta dose from the different radionuclides was calculated 
from the exposure time and dose-rate formula dD/dt » 51.2 x 10^ x 1? x C 
rad/day when C is the radionuclide concentration in Ci/kg and B i s the mean 
energy in MeV. 

The r e s u l t s are given in P ig . 4 as the quotient between the dose related 
t o ""Co-calibration factor (measured dose) and the beta-dose in the sur
rounding medium obtained from the dose-rate formula (calculated dose ) . The 
term "dose related to the ^°Co-calibration" refers to the r e l a t i v e l i gh t 
output normalized in such a way that 1 unit corresponds approximately to 1 
rad in the dosimeter from "^Co gamma radiat ion. The dosimeters act as so l id 
s t a t e c a v i t i e s and the dose was calculated using the general cav i ty theory 
derived by Burlin ^ . The approximation involved in the calculat ions g ives 
an error of l e s s than 3 per cent . The prec is ion of the dosimeters i s found 
t o be within - 3 per cent and the maximum error in the quotient i s indicated 
i n the f i gure . 1 

A comparison between the experimental r e s u l t s of Kastner e t a l . ^ who 
used powder and s ing l e crys ta l s of LiF (0 0.1 and 0 .2 mm), and the resu l t s 
obtained in t h i s study when the LiP rods were completely surrounded by radio
a c t i v e l iquid show that the s e l f - s h i e l d i n g e f f e c t plays an important role 
over the ent i re e lec tron range studied. The resu l t s of theoret ica l ca lcu la
t i o n s of Lindgren e t a l . 14 of the integral dose to i n f i n i t e l y i m g t e f l o n 
cyl inders ($ 1 mm) immersed in homogeneous so lut ions of 9PSr and ^°Y seem 
t o indicate that a poss ib le dead surface layer does not y i e ld a substantial 
e f f e c t s ince theory and experiment are in good agreement (within the l i m i t s 
of experimental e r r o r ) . This would a l so be cons is tent with a neg l ig ib l e de
pendence of l i g h t output per rad in the dosimeter material on the incident 
e l ec tron energy. LiF rods should be useful as dosimeters for pure beta emit
t e r s a f t e r ca l ibrat ion on theore t i ca l ca lculat ions have been made to account 
for s e l f - s h i e l d i n g . 

In f igure At curve b g ives the quotient between the dose related to the 
ca l ibrat ion factor and the calculated dose a t a point on the in ter ior wall 
of the cyl inder containing the beta sources ( the l a t t e r dose i s twice that 
i n the l i q u i d ) . At mean beta-energies lower than about 0.20 HeV the dose 
re lated to the ^°Co ca l ibrat ion factor is approximately the same for both 
the. 8 geometries which means that i t does not matter i f the dosimeters are 
pressed against the in ter ior wall or completely surrounded by radioactive 
s o l u t i o n . 

Measurements of dose contribution from neutrons with tjiln LiF te f lon discs 

During radiotherapeutic treatment with high-energy roentgen and e lec tron-
rays , neutron and proton radiat ion with high r e l a t i v e b io log ica l e f f i c i ency 
i s produced through nuclear reactions in the pa t i en t , the col l imators , the 
beam f l a t t e r i n g f i l t e r and in those parts of t! betatron which are made of 
materials with high Z. The neutrons are very penetrating and they contribute 
i rradiat ion t o the whole pat ient and even cause radiation protection problems 
for the s taf f« 
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With oar measurements of the neutron radiation produced i n the treatment 
rooa of the betatron, using 42 ** x-rays we have employed 0.1 mm thick LiF 
te f lon d i scs of Li6 and Lt7 ( i so topes i n c . ) . 

Li6 and Li7 tef lon discs have been cal ibrated for fast and theraal neu
trons . Fast monoenergetic neutrons with energies of 0 . 1 3 , 1*0 and 2.0 MeV 
have been generated using a Van de Graaf apparatus. Thermal neutrons were 
obtained froa two Po- Be-sources with a c t i v i t i e s of 2 Ci each. Folyethene, 
water and graphite were used as Moderators. The dosimeters were surrounded 
b j a 1 a* layer of t i n with the aim, of shie ld ing the« from the influence of 
protons. I t was shown that Li6 and Li7 had a very low s e n s i t i v i t y for fas t „ 
neutrons. The s e n s i t i v i t y found for fas t neutrons was 5 x 10" 1 0 rad/n x ca 
which corresponds to the data published by Sehietaer and Gibson 1 5 . The uni t 
of l i gh t output i s defined as that obtained a f t e r placing the dosimeter in 
water and the absorbed dose in water using 1 rad. Using thermal neutrons. 
Li6 was observed to be more s e n s i t i v e than L17 with a factor of 160. In addi
t i o n , the s e n s i t i v i t y of Li6 was 530 times higher for thermal neutrons than 
for photons (°°Co 7 rays) per rad in water. 

Preliminary experiments have been carried out in order to determine the 
thermal neutron dose using Li6 and Li7« As a consequence of the low s e n s i t i 
v i t y of the dosimeters for f a s t neutrons the contribution t o the t o t a l dose 
froa the fast neutron fluence generated in the betatron i s l e s s than the 
l e a s t detectable dose for these dosimeters. The photon dose a t 42 MV x-rays 
was measured with L17 in a water phantom in which dosimeters were placed both 
inside and outside the beam. This l a t t e r dose value was subtracted from the 
to ta l dose measured with Lio". The resu l t s are l i s t e d in Table 2 . 

Table 2 . Results of measurements in a water phantom. Absorbed dose from ther 
mal neutrons (araa/rad* i n water) . 

Depth 
ca 
5 

15 
40 

Inside beea 

0.086 t 0 > 0°4 
0.050 - 0.005 
0.027 - 0.008 

Oatside beaa 

ill
 

1
+

1
+

1
+

 

111
 

^Photon-dose measured in water at the maximum point of the depth-dose curve 

The values measured in the centre of the beam are uncertain because the 
difference between t o t a l dose and theraal neutron dose ia only 10 ?•>• In com
parison, the quotient Li6/Li7 dose determination outside the beaa amounts to 
3 to 5. 

Measurements of the neutron dose were a l s o performed in the treatment rooa 
of the 42 MeV betatron with the Li6 and Li7 dosimeters surrounded by paraffin 
in a 8 ca thick layer . With such an arrangement the dose contribution from 
f a s t neutrons was determined. I t was observed that the t o t a l neutron dose was 
in good agreement with the dose obtained by using a rem counter. 

In order to measure the neutron dose a f f e c t i n g various organs i n connec
t i o n with abdominal irradiat ion a Temex-phantom was used in a 42 MV x-xay 
beam. I f a dose of 5000 rad was given the neutron dose the the eyes amounted 
to 1.2 rem (QF - 20 ) . The photon dose due to secondary irradiat ion was ob
served to be 3 rem. 

From the resu l t s of the study i t has been ver i f i ed that Li6 and Li7 dos i 
meters can be used l o r the determination of the thermal neutron dose when 
irradiat ion i s administered with 42 MT x-rays . The contribution froa fas t 
neutrons can be assessed by using CaSOjsMn te f lon dosimeters. 

Conclusion 

I t i s apparent from the examples above that TID can be widely applied in 
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ttae medical physics and that amny difficult problems in dosimetry can nos be 
solved by the use of thermoluminescent dosiseters. 
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Figaro 1 • Lvelte doaiawter holders for patient doae 
a. The bottoa of a holder eantainlng two dosiaeteri, 
b. The holder wed for °**Co f raya. 
o. The holder aaed for 6 and 42 HT x-xaya« 
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Tigaxe 2. Koentgenogru inap projection of one of the patient« during the 
course of treatment. The intrauterine radina cylinder and the 
intraTaginal box are held in place by aeans of graze taapoon, 
packed into the vagina. LiF doslaetera, interspaced with lead 
rods, inserted in tephlon catheters, are introduced in the ex
ternal and coaaon i l iac veins. LiF dosiaeters are also placed 
in the urinary bladder and in the rectua. 
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Tigvn J. The shamtoa aeed for the lmMtlamtlaa of the eonwpeaanea bet-
eeeB ealealated aad aeaaaze* dmee aboat the ooaMaatlea of a 
erUater aad a box loaded with radiaa ocoaleted of ttn pmrte. 
IB the central phentoa loeatioaa eaalralant to bladder aad reetea, 
aad in tb* firet »ing pbantoa looation aialeUag tbe.external pel-
Tlc eeiai, »ere axxanged. The eeeoad »lag pbantca arne aoed to r»-
pieaent the eonditlom »matt ing la the region of the coaaoa 
l l lae veine. 
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Figure 4-

Q02 0.1 10 
Mean beta energy (MeV) 

The ratio between the dose related to the Co ca l ibrat ion factor 
(measured dose) and calculated dose for LiP powder and LiF te f lon 
rods ( 0 1 mm and length 6 mm) as a function of the mean beta energy. 
Curve a g ives the r a t i o for dosimeters completely surrounded by 
radioact ive l iquid and curve b the rat io for dosimeters pressed 
against the wall of the exposure v e s s e l . Curve o i s reproduced 
from Kastner e t a l . who used LiF powder. The rat ios for 50Sr and 
90v calculated from data given by Lindgren e t a l . are marked with 
4 . 
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Suntharalingam 

Your energy response data for both high-energy photons and high-energy elec

trons are different from previously published data* I tend to agree with 

your photon data, but could you explain why you see a 6% drop in sensitivity 

for 2 and h MeV electrons compared to the 6 MV photon beam? 

Ruden 

My energy response data for electron energies between 2 end 13 HeV are not 

different from previously published data* I cannot at this moment explain 

why there ie a &% decrease in sensitivity for 2 and k NeV electrons as com

pared to 6 MV X-rays, but I hope the results can be explained by cavity theory. 
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Tjientioluminescence Dosimetry for C l i n i ca l Use 
in Radiation Therapy 

by 

David S. Gooden, Ph.D.* and T. J. Brickner, Jr., M.D. 

St. Francis Hospital 

and 

The William K. Warren Medical Research Center 

Tulsa, Oklahoma 74135, U.S.A. 

Abstract 

A complete thermoluminescence dosimetry system for use in 

radiation therapy is presented with a description of new tech

niques for dosimeter pairing, grouping, calibration and anneal

ing. TLD-100 High Sensitivity Ribbons are prop sed as the 

dosimeter of choice for routine dosimetry within a radiation 

therapy facility. The importance of a TL reader with a "two 

cycle" readout in which the luminescence associated with low 

temperature peaks is ignored is discussed. This TLD system 

lends itself well to routine dosimetry of a multitude of treat

ment techniques in a busy clinical practice. The entire system 

can be operated by a trained radiation therapy technician. The 

system is used within our department for external beam dosimetry, 

intracavitary dosimetry, calibration of treatment cones, exper

imental set-ups and others. It has shown an accuracy of better 

* Consultant to the Eberllne Instrument Corporation. 
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than ±2X under experimental conditions, and an estimated clini

cal accuracy of better than ±4J. 

Introduction 

It appears that a relation between thernoluminescence and 

ionizing radiation may have been observed as early as 1904 ; 

however, it was not suggested as a dosimetry technique until 

much later. We are all familiar with the work of Farrington 

Daniel at the University of Wisconsin in the late 1940's and 

early 1950's and his unsuccessful attempts to interest people 

in the use of thermoluminescence techniques for radiation dosi

metry. In the 1960's Dr. John Cameron revitalized the work 

which had been begun by Daniels and gave thermoluminescence 

techniques the impetus they needed to become a recognized dosi

metry method. 

Even now we feel that thermoluminescence dosimetry (TLD) 

has still not obtained the acceptance it deserves. This is 

especially true In the area of medical radiation therapy. The 

capabilities of good TLD are needed everywhere radiation therapy 

Is practiced. Such capabilities can help assure good patient 

care and a more uniform delivery and reporting of radiation 

doses between existing radiation therapy facilities. It would 

be foolish to say that good radiation therapy cannot be prac

ticed without the capabilities of good TLD; however, we certainly 

feel that these capabilities compliment a total prograa. 

Unfortunately, we who would most like to see the techniques 

of thermoluminescence dosimetry widely accepted are largely to 

blame for the lack of acceptance. Even the most thorough read

ing of the literature available on the subject would leave many 

confused and reluctant to engage in the setting up of a TLD 

program for routine use. We feel that individuals who are 

knowledgeable in thermoluminescence techniques have an obliga

tion to put the "dosimetry" back in TLD. 

In light of what luminescence dosimetry has come to mean 

In the last half decade, neither of us can hold ourselves to be 

experts 1n this extensive field. However, we do feel qualified 

to discuss the thermoluminescence dosimetry of X- and gamma 

radiation within a radiation therapy facility. 
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Choice of Dosimeters for Routine Dosimetry 

Although the TL reader is the heart of any T_D system we 

choose to discuss it last since the other considerations often 

influence the choice of readers. One of the most important 

decisions the TID user must make is the choice of dosimeter 

material and its physical form. The user is faced with a wide 

selection of theraoluminesrence dosimeters which include not 

only different compounds, such as lithium fluoride, calcium 

fluoride, and others, but also many different physical forms 

and shapes. Physical forms include powder, impregnated teflon 

dosimeters, glass encapsulated dosimeters and relatively new 
2 

extruded solid dosimeters . Harshaw Chemical Company* now 

supplies three different solid dosimeters as lithium fluoride 

(TLD-100, TLD-600, and TLD-700). Extruded dosimeters in other 

compounds are also available. 

One of the most recently developed solid lithium fluoride 

dosimeters is the "High Sensitivity Ribbon" . The standard 

geometry for this material is 1/8" x 1/8" x 0.035" and the mass 

of the dosimeters is approximately 15 milligrams (see Figure 1). 
The dosimeter consists of lithium fluoride without dilutant 

binder and is made of standardized lithium fluoride TLO powder 

using controlled temperature and pressure**. 

We feel that presently lithium fluoride TLD-100 High Sen

sitivity Ribbon Is unequivocally the best dosimeter fnr routine 

dosimetry in radiation therapy. Some of the advantages of the 

High Sensitivity Ribbon include optical transparency, mechanical 

ruggedness, capability of individualized calibration, small 
2 

size, extended use and handling convenience . 

The characteristics of TLD-100 have been well documented 

and are essentially "made to order" for radiation therapy appli-
3 4 5 

cations. These characteristics include wide exposure ranges, 
6 7 8 9 

high exposure rate Independence, low energy dependence, ' 

approximate tissue equivalence and long term response reten

tion. 1 0 , 1 1 The superlinearity with increasing exposure for 
1 2 12 

TLD-100 has been discussed by several investigators • 

* 6801 Cochran Road, Solon, Ohio 44139. 

** U.S. Patent No. 3320180. 
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FIGURE 1 : HARSHAW'S H IGH 

SENSITIVITY RIBBONS 

(1/8* x 1/8" x 0.035") 

g l o 2 -

10* -

10" I I I l l l l l l — I ' ' l l l l l l I I 11 Ill l l 
10" 10* 10' 10" 

60 Co EXPOSURE IN ROENTGENS 

FIGURE 2 : TL RESPONSE vs . 60Co EXPOSURE 



- 797 -

There is general agreement that superlinearity occurs above 

1,000 R. However, in the exposure range of interest in radia

tion therapy (10-1,000 R), we have found the response of TLD-100 

High Sensitivity Ribbons to be strictly linear (see Figure 2). 

The TL response versus photon energy for TLD-100 is also a 

parameter which has been investigated and reported.1. Again, 

it is generally agreed that lithium fluoride exhibits the best 

linearity of response for photons with energies from 10 keV to 

many meV available today. However, for high accuracy dosimetry 

in radiation therapy sections the TL response per/R must be 

checked for each modality used to deliver radiation. 

Readout Mechanism for Routine Dosimetry 

The type of instrument readout is very important for rou

tine dosimetry. A recording of the glow curve carries the most 

information; however, it is awkward and time consuming for 

routine dosimetry uses. The total integrated "counts" under 

the glow curve can also be used as the readout mecnanism. This 

is convenient for routine applications; however, it has the 

disadvantage of including information from low temperature peaks 

which are rather unsuitable for dosimetry purposes. The "peak 

count rate" readout eliminates the problem for low temperature 

peaks but necessitates a highly reproducible temperature cycle 

and does not include all usable information associated with the 

high temperature peaks. 

Me feel that for dosimetry purposes the best readout mech

anism is a "two cycle" one. During the first part of the cycle, 

the pan temperature is elevated and the unstable low temperature 

peaks are dumped with no counts recorded. During the second 

cycle, the pan temperature rises rapidly and the total counts 

are Integrated for the luminescence associated with the high 

temperature peaks. 

Figure 3 shows the two cycle readout sequence used in our 

TLD program. During the first part of the cycle (10 seconds), 

the pan temperature rises to 150° C. The low temperature peaks 

are dumped during this cycle with no counts recorded. During 

the second portion of the cycle (10 seconds), the pan tempera

ture rises to 250° C. All luminescence associated with the 
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FIGURE 3: Two CYCLE HEATIN6 SESUENCE FOR DOSIMETRY APPLICATIONS 

FIGURE 4: SLOTTED STAINLESS STEEL PLATE USED TO HOLD RIBBONS 

DURING ANNEALING 



- 799 -

second portion of the cycle is integrated and displayed as a 

5 digit number on Nixie tubes. 

A New Annealing Procedure 

for Use with the Two Cycle Readout 

There are many annealing procedures (both pre- and post-

irradiation) which have been reported in the literature for 

TLD-100. * • Most of these procedures have been designed 

to minimize the influence of low temperature peaks which are 

unsuitable for dosimetry purposes. The use of a two cycle 

readout In which the low temperature peaks are dumped has 

allowed us to use a very simple pre-irradiation annealing 

procedure. This technique consists of placing exposed dosimeters 

in an oven pre-heated to 400° C. The pre-heat of 400° C should 

take approximately 8 hours to insure that equilibrium conditions 

are present. After placing dosimeters in the oven, the oven is 

left in the "On" position for 15 minutes and then is turned to 

the "Off" position. The dosimeters are allowed to gradually 

cool down within the oven. The cooling process takes approxi

mately 10 hours to obtain equilibrium with room temperature. 

A slotted plate of stainless steel is used to hold the dosimeters 

during the annealing process (see Figure 4 ) . 

This annealing procedure is quite attractive for routine 

clinical dosimetry purposes. With this technique the oven can 

be turned to the "On" position at early morning and allowed to 

remain on throughout the day. At the end of the day any dosi

meters which have been Irradiated can be placed in the oven and 

the oven turned to the "Off" position after 15 minutes. The 

annealed dosimeters will be ready for use the next morning 

As can be seen from Figure 5, this annealing procedure 

causes rather prominent low temperature peaks. However, since 

these are dumped during the first portion of the readout cycle, 

they do not effect high accuracy dosimetry. Our annealing pro

cedure seems to enhance sensitivity of TLD-100 relative to the 

"standard annealing procedure". Me have noticed increases 1n 

sensitivity of up to approximately 30% during the first several 

annealings; however, this seems to level out and variations in 

sensitivity between annealings become only a few percent. It 
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5 10 15 

TIME IN SECONDS 

FI6URE 5: TYPICAL TL RESPONSE CURVE (300 R) USING TWO CYCLE 
HEATING SEQUENCE AND 400° C PRE-IRRADIATION ANNEALING 
WITH GRADUAL COOLING. 

FIGURE 6: DOSIMETERS BEING PREPARED FOR IRRADIATION. 
THE DOSIMETERS ARE ARRANGED IN ROWS AND COLUMNS 
so THAT THE POSITION OF EACH DOSIMETER IS KNOWN. 
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should be pointed out, however, that for high accuracy dosi

metry calibrations it must be performed after each annealing. 

Dosimeter Calibration and "Grouping" 

The most important part of any TLD program is calibration. 

Dr. Cameron said it quite well, "TL dosimeters are not absolute 

radiation detectors; there is no direct way to relate the TL 

release from an irradiated sample to the amount of radiation 

exposure or to the rad dose received by the dosimeter material. 

Consequently, all TLD systems must be calibrated...and the 

accuracy of the overall result can be no greater than the accu

racy of the calibration." These words should be carved in rock 

and stand as the cornerstone for every institution using TLD. 

Unfortunately, calibration for high accuracy dosimetry is a 

personal thing. It cannot be done at the factory, it must 

be accomplished at the facility using the system. It is also 

a continuing thing; the TLD user must know at all times how 

his system (reader + dosimeters) is responding. 

For routine dosimetry it is also important to establish 

large sets of dosimeters with the same sensitivity. The ex

truding process presently used by Harshaw produces large batches 

of TLD-100 High Sensitivity Ribbons of amazingly similar sensi

tivities. Batches of 50,000 dosimeters have been produced in 

which the luminescence associated with an exposure of 1 R of 

Cobalt 60 radiation exhibited a standard deviation of only 1% 
and extremes of only ±6J. Although the technological ability 

to produce these larger batches with such narrow sensitivity 

limits is indeed admirable, the limits are still too large for 

high accuracy dosimetry in radiation therapy. 

To establish large sets of dosimeters with narrow sensiti

vity limits, we recommend a procedure of pairing dosimeters. 

This procedure provides an increase in sensitivity of approxi

mately 2, since the High Sensitivity Ribbons are used as pairs. 

We have found that we can routinely establish large groups (50-

100 dosimeter pairs) with extreme readings within ±Z% of the 

mean. Our procedures for "pairing" and calibrating are discussed 

below. 

1) A reasonably large set of TLD-100 High Sensitivity 
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Ribbons (1/8" x 1/8" x 0.035") Mitti a quality control of ±4X 

is ordered from a commercial vendor. The vendor should be 

requested to establish the ±4% deviation based on an exposure 

of approximately 100 R. 

2) After receipt the dosimeters are annealed prior to 

any irradiation. 

3) The dosimeters are then arranged in a specific order 

such that each individual dosimeter can be followed throughout 

the pairing procedure. 

4) The dosimeters are given a dose of approximately 300 

rads, using the modality which is »ost often used within the 

particular center. This modality is a Cobalt 60 unit in our 

case. The dose rate for the machine must be determined using 

a secondary standard and appropriate factors. Figure 6 shows 

a typical set-up. One hundred dosimeters have been arranged 

so that the position of each dosimeter is known. The dosimeters 

are placed on a lucite sheet with several thicknesses of pressed 

wood located beneath the dosimeters to provide a backscattering 

media. A 5 mm. thickness of paraffin or similar material is 

placed on top of the dosimeters to provide electron equilibrium. 

A thin sheet of plastic or paper should be placed over the dosi

meters in such a manner that the dosimeters cannot be contami
nated with the paraffin material. This is necessary since 

paraffin contamination will oxidize during the heating readout 

cycle and give an increased reading. 

5) After irradiation, the dosimeters are read individually 

and the counts recorded. It 1s compulsory that the order of the 

dosimeters be maintained such that any specific dosimeter can be 

identified. 

6) The entire group of dosimeters 1s now annealed and the 

above described procedure carried out two additional times. 

7) The counts for the three runs are totaled for each 

dosimeter. From the information obtained from these runs the 

dosimeters are paired to provide Increased sensitivity and 

enhanced accuracy for dosimetry measurement. The pairing is 

accomplished by choosing individual dosimeters from the group 

which have combined total counts which are within the accuracy 
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desired. Usually arranging the dosimeters in descending order 

(by total counts for the three runs) and pairing from either 

extreme towards the center will provide a set of dosimeters 

whose sensitivity limits exhibit extremes within approximately 

±2% of the mean. Once this has been accomplished, the dosimeters 

are used only in pairs. 

8) The paired dosimeters are now irradiated and counted 

several times to determine their characteristics and reproduce 

bility as pairs. Any pair not reproducible within the required 

range is set aside and not used with the set. Gelatin capsules 

are used to house the dosimeter pairs when not in use. 

9) After the dosimeters have been grouped in pairs and 

their reproducibility characteristics determined, they can then 

be calibrated for routine clinical use. The calibration entails 

placing four dosimeter pairs within a beam of known character

istics. A known dose is then given to the dosimeters and the 

calibration in counts per ra<* determined. This calibration is 

then used for the remainder of the dosimeters within that group 

of pairs. It Is important to note that dosimeters should be 

annealed only in groups of pairs. For example, suppose that a 

group of 50 pairs has been determined to read within a specified 

sensitivity range. This being the case, the entire group should 

be annealed each time any dosimeter from that group is annealed. 

In other words, if only 10 pairs out of the 50 were irradiated 

during the day, then either those dosimeters should be placed 

aside until more dosimeters have been used, or the entire group 

should be annealed. 

For high accuracy dosimetry it is compulsory that a group 

of dosimeters be recalibrated to determine the number of counts 

per rad after each annealing. Again this is done by placing 

four pairs of dosimeters at a reference point within a radiation 

field of known characteristics. We have found that the TLD-100 

High Sensitivity Ribbons have a very long life. Even after many 

annealings the dosimeters give high accuracy results; however, 

periodic re-groupings are necessary. 
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Thermaluminescence Readers 

There are several commercial TL readers available today. 
In general, a l l of the readers are excellent; however, they vary 
considerably in price, design and ease of use for routine dosi
metry. Prices for commercially available readers range from 
under $2,000 to well over $5,000. In many instances the higher 
priced instruments reflect the specifications which are useful 
for carrying out basic research in thermoluminescence, but which 
are not necessary for routine dosimetry applications. The 
instrument chosen for our TLD program is the Eberline Instrument 
Corporation's* Model TLR-5. This instrument was chosen for the 
following reasons: simplicity and accuracy of operation, a two 
cycle readout with low temperature peak dump, and economical 
price. 

Clinical Techniques 

For any paper discussing the cl inical use of thermolumi
nescence dosimetry in radiation therapy i t is important to 
discuss the techniques employed. We certainly do not wish to 
imply that we are the f i r s t to use or report these techniques, 
or to suggest that the Items discussed are al l inclusive. Our 
intent is rather to describe our method of approach to what we 
consider some important routine cl inical applications. Many 
of these applications are discussed in a report published in 
the medical journal, Radiology. 

Entrance Dose Determinations 

For entrance dose determinations dosimeter pairs are indi 
vidually packaged in small plastic envelopes so that the dosi
meters wil l not be contaminated by the oils 1n the patient's 
skin. A 5 mm. thickness of paraffin or similar material is used 
for electron build-up when used for Cobalt 60 radiation. The 
dosimeter packets ire placed on the patient's skin within the 
irradiated f ie ld during the course of a normal treatment. This 

* P. 0. Box 2108, Santa Fe, New Mexico 87501. 
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FIGURE 7: A cl inical set-up designed to determine entrance 
doses for a mantle f ie ld treatment of a patient 
with Hodgkln's disease. The calculated given dose 
(Cobalt Irradiation) using machine output and 
appropriate a ir effective factor and backscatter 
factor was 225 rads. Experimentally determined 
doses were as follows: Position 1 - 235 rads; 
2 - 240 rads; 3 - 204 rads; 4 - 214 rads; 5 -
293 rads; 6 - 203 rads. 

FIGURE 8: A cl inical set-up designed to determine the en
trance doses for a shaped post-op breast f i e ld . 
The calculated given dose (Cobalt irradiat ion) 
using machine output and appropriate a ir effective 
factor and backscatter factor was 238 rads. 
Experimentally determined entrance doses were 
as follows: Posltltin 1 - 210 rads; 2 - 222 rads; 
3 - 240 rads; 4 - 225 rads. 
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technique has provided interesting and useful information on 
large shaped fields such as mantle fields or shaped post-op 
breast fields where there is a wide variation in the shape of 
the f ie ld and in the SSD of the various anatomical points 
within the f ie ld (see Figures 7 and 8 ) . 

Tangential Breast Fields 

The dosimetry for tangential breast fields is in general 
d i f f icu l t to obtain; however, TLD lends i t se l f nicely to this 
application. For this application, dosimeter pairs are placed 
at multiple points over the chest wall (see Figure 9 ) . I f 
orthovoltage or supervoltage with bolus is used, then the 
paraffin build-up blocks are not necessary. 

Rectal Dosimetry 

Rectal dosimetry is routinely performed in this department 
on al l patients receiving Intracavitary radioactive materials 
for carcinoma of the cervix. Five pairs of dosimeters are 
placed In a f lexible plastic tube and separated by 2 cm. lengths 
of solder. The solder allows visualization of the dosimeter 
positions on post application positioning films (see Figure 10). 
In cur department applications are routinely done in the early 
afternoon. The rectal dosimeters are put in place at the time 
of the application. They are le f t overnight and removed the 
next morning for counting and dose determinations. The fact 
that the f lexible plastic tubing is l e f t In place for an extended 
period of time under actual treatment conditions allows a very 
accurate determination of the rectal dose. We feel that this 
technique is superior to rigid probe rate meter determinations 
in which the bowel can be moved to an entirely unphysiologic 
relationship to the radioactive sources. 

The rectal tube dosimeters are also used with multiple 
external f ie ld set-ups to the pelvis. This 1s especially useful 
in three f ie ld pelvic techniques and gives an accurate statement 
of the dose to the rectum during actual treatment. 
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FIGURE 9: A c l in ica l set-up designed to detenilne the skin 
doses for a chest Mall radiation using tangentlally 
opposed fields of Cobalt i r radiat ion. An exposure 
was wade with the unit in the position shown in 
the f i l a and also with the machine rotated 180°. 
Bags f i l l e d with rice were used to provide a bolus 
material . Experimentally deterained doses were 
as follows: Position 1 - 178 rads; 2 - 186 rads; 
3 - 186 rads; 4 - 183 rads; S - 171 rads; 6 - 17« 
rads; 7 - 177 rads; 8 - 173 rads; 9 - 167 rads. 

FIGURE 10: Radiograph showing intracavitary application 
consisting of uterine tande« and vaginal ovolds. 
The positions of dosimeters located in the 
rectum are marked fey the solder spacers. 
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Vaginal Dosimetry 

Vaginal dosimetry can be performed for both external beam 

and vaginal bomb therapy. For external beam therapy a plastic 

vaginal bomb fs used with one or two pairs of dosimeters placed 

within the bomb. The bomb 1s inserted into the vagina and 

placed with its apex against the cervix and left there during 

routine external beam therapy. If multiple fields are used, 

the dosimeters may remain in the bomb for use on one or more 

treatment days to obtain a total dose from a combination of 

fields. With the use of the vaginal applicators for intracavi

tary therapy, the dosimeters nay be attached to the surface of 

the applicator prior to its insertion. This technique gives an 

accurate measurement of the dose to the vaginal wall. 

Special Dosimetry 

It is possible to obtain accurate bladder dosimetry by 

placing a pair of sterilized dosimeters within the tip of a 

Foley catheter which Is put in place within the course of the 

treatment. In addition, esophageal dosimetry may be determined 

by arranging dosimeters in a nasogastric tube similar to the 

technique described for the rectal tube. These techniques are 

not used routinely within this department but are available for 

special problems. 

Phantom dosimetry is easily accomplished in water, pressed 

wood, paraffin and other phantoms with the L1F dosimeters. This 

has been found to be of great use in the calibration of special 

techniques such as moving strip therapy in which water and 

pressed wood phantoms have been used with as many as 100 pairs 

of dosimeters. This technique has also been used to advantage 

on individualized paraffin phantoms in which plaster of paris 

molds of the chest wall, larynx and facial structures have been 

cast in paraffin. These paraffin phantoms are cut and dosimeters 

placed at points of Interest. The phantoms are exposed under 

clinical conditions. 

Calibration of Treatment Cones 

TLD provides rea" utility In rapid, simple and accurate 

calibration of output at the end of treatment cones. With 



- se; -

orthovoltage and superficial voltage radiation, the dosimeters 

are placed on a pressed wood ph.ntom and the cone positioned 

under treatment conditions. If cjtout lead shields are to be 

used, these are included in the set-up. This technique has 

been especially useful in malleable lead cones used for intra

oral therapy. When these cones are bent and shaped, it is 

difficult to accurately determine the dose by conventional 

means. 

Clinical Accuracy 

It is one thing to talk about accuracy and reproducibility 

in controlled experimental conditions, but quite another to 

talk about the accuracy of TLD under routine, clinical use. 

In the clinical environment, small standard deviations in the 

readings of large sets of dosimeters are of little value. The 

important thing is that the TLD user be confident any dosimeter 

used for a dose determination will be accurate within a small 

specified range. We have checked this in our own program by 

studying patients who are receiving radiation through standa-d 

square fields ( 6 x 6 cm. to 18 x 18 cm.) or only slightly irreg

ular rectangular fields ( 5 x 6 cm. to 15 x 18 c m . ) . Only 

patients who presented a relatively flat skin surface (small 

variations in SSD over the field) were studied. For these 

fields the calculated entrance dose using the machine output 

and appropriate air effective factor and backscatter factor 

were considered to be accurate. We have studied over 50 such 

fields using TLD-100 High Sensitivity Ribbons; only three have 

given readings outside ±2% accuracy. The readings outside the 

±2% accuracy range were -2.3i for a 5 x 6 cm. field, +2.63S for 

a 10 x 12 cm. field, and a -2.6« for an 18 x 18 cir. field. The 

dosimeter pairs used for these determinations wert chosen at 

random from calibrated sets. 

The thermoluminescence dosimetry program within our depart

ment has shown a reproducibility in variation within a paired 

set of dosimeters of better than ±2% at the extremes under 

experimental conditions. Under controlled clinical conditions 

(selected fields) the accuracy approaches ±21 at the extremes. 

The accuracy of our system for any clinical dosimetry is esti

mated to be better than ±4% at the extremes. 
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Summary 

A complete thermoluminescence dosimetry system for use in 

radiation therapy 1s presented with a description of new tech

niques for dosimeter pairing, grouping, calibration and anneal

ing. TLD-100 High Sensitivity Ribbons are proposed as the 

dosimeter of choice for routine dosimetry within a radiation 

therapy facility. The Importance of a TL reader with a two 

cycle readout in which the luminescence associated with low 

temperature peaks is ignored is discussed. This TLD system 

lends Itself well to routine dosimetry of a multitude of treat

ment techniques in a busy clinical practice. The entire system 

can be operated by a trained radiation therapy technician. The 

system is used within our department for external beam dosi

metry, intracavitary dosimetry, calibration of treatment cones, 

experimental set-ups and others. It has shown an accuracy of 

better than ±21 under experimental conditions, and an estimated 
clinical accuracy of better than ±*X. 
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Has on 

With reference to your annealing procedure: The large doses of radiation used 

in radiotherapy will quickly give r ise to changes in sensitivity which will 

vary from disc to disc depending on the individual accumulated dose. The 

necessity for efficient annealing in therefore obvious. Your discs will not 

spend more than lo-12 minutes at 400 C before the oven i s switched off. Have 

you observed any effects of disc sensitisation over a number of re-use cycles 

as the accumulated dose increased? 

Gooden 

First l e t me emphasize that we use the high-sensitivity ribbons and not the 

teflon discs« Actually my annealing procedure is quite stringent, since the 

dosimeters are allowed to cool down in an oven which was previously at an 

equilibrium temperature of 400 C. I have found essentially no change of sen

s i t iv i ty within a group over a number of re-use cycles. However, as stated 

in the paper, periodic regrouping is necessary if high-accuracy dosimetry 

i s desired. 

Schlesinger 

Our experience with LiF TLD-loo ribbons also shows that the best procedure 

for cooling the dosimeters i s to leave them in the oven for some hours. 

This i s in contradiction to the method suggested by the Harshaw Company, 

namely a further annealing for 24 hours at 80 C after the annealing at 400 C 

for 1 hour. 



- 814 -

TLD - Calcium-Fluoride in Neutron Dosimetry; 

TLD - Calciua-Sulphate in Health Protection Service 

D. K. Bewley and E. Blua 
Hammersmith Hospital 

London, England 

Calciua-Fluoride (Mn)- Teflon TLD has been used for studies of the 

fast neutron beam froa the MtC cyclotron. The very saall intrinsic re

sponse of this phosphor to fast neutrons aakøs it suitable for investi

gating the T contribution in the field. AXuainua, Tantalum, Nickel and 

Lead have been exaained as shielding materials and all the latter three 

aetals have been found suitable. Aluminua however, due to its activation 

by fast neutrons, is less reliable. The TLD of Caiciua-fluoride agreed 

fairly well with data obtained by fila measurements giving a y contamina

tion in the neutron beaa of about 5%. The response to fast neutrons can 

be enhanced by surrounding the dosimeters with a hydrogenous material such 

as polythene. Exposure in pairs, one in polythene and one in lead, makes 

it possible to measure both y and neutron components of the radiation 

field. This method has been applied to depth dose studies in tissue 

equivalent phantoms. 
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Accuracy is limited by the energy and angular response of the dosimeters 

which were discs of 0.13 x 6.0 mm supplied by TELEDYNE and read on CONRAD 

reader 5100. Reproducibility of 3% has been obtained, using a controlled 

calibration and annealing technique. Dosimeter discs have not suffered 

significant sensitivity change after repeated irradiation cycles. 

CALCIUM-SULPHATE (Dy)-TEFLON dosimeters in the for« of 4 n*n x 12 mm 

discs have been calibrated in the dose range of a few hundred rads, and linear 

response has been obtained over S decades of dose. The high sensitivity and 

high temperature peak make these dosimeters suitable for personal monitoring. 
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Lithturn Fluoride Dosimeters In Clinical 

Radiation Dose Measurements 

by 

N. Suntharalingam, Ph.D. 

and 

Carl M. Mansfield, M.D. 

Thomas Jefferson University Hospital 
Philadelphia, Penna. U.S.A. 

Abstract 

Several types of LiF dosimeters have been used in a wide range of 
clinical dosimetry applications. The use of loose powder, wherever feasible, 
gives the highest precision and accuracy £±24). When using the solid 
forms of dosimeters, special calibration procedures have to be accommodated 
in order to achieve a precision of *3%- In-vivo measurements on patients 
receiving Cobalt-60 radiation therapy by tangential breast fields, Hodgkins-
Mantle fields, and for tumors in the head and neck area, bladder and 
esophagus, are reported. Patient measurements have been supplemented by 
measurements with tissue equivalent phantoms. The measured doses have been 
compared with calculated doses and shown to be in good agreement. 

Introduction 

In clinical radiation therapy several situations present themselves 
where It would be advantageous to know the radiation dose received by the 
patient. A knowledge of the dose delivered at the site of the tumor and 
also at critical anatomical sites, both within and outside the treatment 
volume, would be of value to the clinician in the planning of the treatment. 
In the past the problem of measuring the radiation dose, in-vivo, presented 
many difficulties because of Inherent limitations of the then available 
radiation detector systems. The availability of thermoluminescent 
dosimeters In various physical forms and different geometric shapes and 
sizes has nade possible their use in a wide range of clinical radiation 
dose measurements('"3/. Even though many thermoluminescent phosphors have 
been investigated, Lithium Fluoride has many characteristics most applicable 
for clinical dosimetry"). However, the choice of the most appropriate 
LJF dosimeter for a particular clinical study has presented some 
difficulty because of the general confusion of the pre-use annealing 
requirements. In this paper, the performance characteristics of suitable 
LiF dosimeters with examples of their use In radiation therapy clinical 
studies, both in-vivo and phantom, are presented. 



-817 -

TL Dosimeters 

L i th ium F luor ide was the on ly TL phosphor m a t e r i a l used. LiF(TLD-lOO) 
loose powder, extruded rods and extruded high s e n s i t i v i t y r ibbons(5) and 
LiF(TLD-700) impregnated T e f l o n d i s c s ' 6 ' were the d i f f e r e n t forms of 
dosimeters i n v e s t i g a t e d . For d i f f e r e n t a p p l i c a t i o n s , each of these forms 
have c e r t a i n advantages. 

Whenever a la rge number of dosimeters were requi red for an 
i n v e s t i g a t i o n of the s p a t i a l d i s t r i b u t i o n of r a d i a t i o n dose, LiF(TLD-tOO) 
loose powder has been used because of i t s v e r s a t i l i t y and good 
r e p r o d u c i b i l i t y . A l s o , f o r phantom s t u d i e s , loose powder, encapsulated in 
e i t h e r g e l a t i n capsules (#5) or small t h i n p l a s t i c packets were found to be 
the most convenient . 

The LiF(TLD-lOO) extruded rods, 1 mm diameter and 6 mm l e n g t h , were 
used f o r i n - v i v o dose measurements by i n s e r t i n g them i n spec ia l c a t h e t e r s . 
The extruded rods were placed one alongside another , t o t a l l i n g usual ly 
four or f i v e dos imeters , ins ide e i t h e r a small piece of T e f l o n tubing w i t h 
metal markers a t the ends o r ins ide a small sect ion of radio-opaque ang io 
graphic c a t h e t e r and heat sealed a t both ends. These small sect ions o f 
tubing were then placed a t the t i p end of the standard nasogast r ic tube for 
esophageal "roasurements and a t the end of a Foley ca the te r f o r bladder dose 
measurements. 

The L I F impregnated T e f l o n d i s c s , 13 mm diameter and 0 .13 mm th ickness , 
were used f o r sur face and s k i n dose measurements. These dosimeters were 
a l s o used t o i n v e s t i g a t e the b u i l d - u p of dose as a f u n c t i o n of depth and 
the r e l a t i v e e l e c t r o n contaminat ion o f the photon beam due to the presence 
of s c a t t e r i n g m a t e r i a l w i t h i n the beam. In some ins tances , entrance and 
e x i t doses a t d i f f e r e n t s i t e s of an i r r e g u l a r blocked f i e l d were measured 
w i t h e i t h e r the L i F - T e f l o n discs or LiF(TLD-IOO) extruded r ibbons. On the 
entrance s i d e , t o ensure adequate e l e c t r o n dose b u i l d - u p a p p r o p r i a t e thickness 
of l u c i t e ( t i s s u e e q u i v a l e n t ) was placed over the dosimeters . 

A l l s o l i d forms o f dosimeters show about ±10% non-un i fo rmi ty of 
response from one dosimeter to another even though they are from the same 
batch of purchased dosimeters . For use in c l i n i c a l s t u d i e s , dosimeters 
having a u n i f o r m i t y of response w i t h i n ±2% were p r e - s e l e c t e d , by comparing 
the response of the i n d i v i d u a l dosimeters to 50 rads o f Cobat t -60 gamma 
r a d i a t i o n . 

TLD-Readers 

A l l the dosimeters were usua l ly read on the Harshaw-2000 TL Analyzer . 
Th is reader measures the t o t a l l i g h t emi t ted and d isp lays the in tegra ted 
l i g h t output In d i g i t a l form. 

Whenever I t was necessary to i n v e s t i g a t e the nature of the emi t ted TL 
glow c u r v e s , the dosimeters were read on a "research reader" where the PMT 
c u r r e n t is measured using a high impedance e lec t rometer ( K e i t h l e y Hodel 610B) 
which In turn dr ives a X-Y recorder . With t h i s reader simultaneous 
i n t e g r a t i o n o f the c u r r e n t is a lso p o s s i b l e . 
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Irradiation 

All Irradiations, both phantom and patient, were done on the AECL 
Theratron-80 and the Picker-C3000 Cobalt teletherapy machines. 

The phantom used In the study was the chest and upper abdomen 
portions of the Alderson-Rando phantom(7). 

Dosimeter Annealing 

The glow curve from a single crystal of LiF(TLD-lOO) annealed for 
I hour at 400°C and irradiated to 10 rads of Cobalt-60 gamma radiation Is 
shown in Figure (1 ) . Repeated irradiation and read-out gave identical 
glow curves (shown by dotted lines In the figure) with or without the 1 hour 
at kQQOC annealing, indicating no changes in sensitivity. The 400°C 
annealing was found to be necessary only to restore the crystal to I ts 
original sensitivity after any radiation induced increase tn sensitivity. 
LiF(TLD-IOO) loose powder gave similar glow curves with the relative heights 
of the different peaks being the same as for the single crystal , except for 
differences in overall sensitivity. The annealing of 2k hours at 80°C was 
necessary only to remove the low temperature peaks and this annealing did not 
show any- measurable change in the main high temperature dosimetry peak 
height. Figures 2 and 3 show the glow curves from LIF(TLD-IOO) extruded rods 
and high sensitivity ribbons respectively, for a dose of 100 rads of Cobalt-
60 gamma radiation after annealing the dosimeters for I hour at 400°C. 
Curve "a" Is when the dosimeters were read promptly, within 15 minutes, after 
irradiation, curve "b" Is for a read-out 2k hours after Irradiation and 
curve "c" is for a dosimeter that also received a pre-irradiation annealing 
of 2k hours at 80°C. Note that while the extruded ribbons gave a glow curve 
similar in structure to that of the single crystal or loose powder, the glow 
curves from the extruded rods showed the low temperature peaks to be 
dominant. The differences in the magnitude of the low temperature peaks In 
the glow curves of these dosimeters appear to indicate differences in 
techniques used !n their fabrication. I t was necessary to remove the low 
temperature peaks by the 80°C annealing, to achieve a precision of ±3* In the 
measurements. Repeated use after standard annealing gave glow curves 
Identical to curve "c", implying no changes in sensitivity. 

For use In clinical studies the MF(TLD-IOO) loose powder, extruded 
rods and ribbons always received before each use the standard annealing(8) 
(1 hour at 400oc, cool to room temperature in 15 minutes followed by 2k hours 
at 80°C). The LiF(TLD-700)-Tef1on discs were annealed for 5 hours at 300°C, 
allowed to cool to room temperature In 15 minutes, and then annealed for 2k 
hours at 80°C before each re-use. After Irradiation, a l l dosimeters were 
stored for 2k hours at room temperature before read-out. 

These annealing procedures, though they may appear to be inconvenient 
and cumbersome, have been str ict ly followed In a l l measurements. I t was 
fel t that the effort required In annealing and preparing the dosimeters was a 
small fraction of the total effort required for high precision measurements 
of clinical doses. 
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Figure I . Typical glow curve from a single crystal of LIF(TLD-IOO) 
irradiated to 10 rads Cobalt-60 gamma radiation after annealing for 
1 hour at 400°C. Heating rate used was approximately 600°C/min. 
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Figure 2. Typical glow curves from LiF(TLD-IOO) extruded rods, irradiated 
to 100 rads Cobalt-60 gamma radiation after annealing for 1 hour at 400°C. 
The heating rate used was approximately 600°C/min. 
a. prompt(wfthin 15 minutes) read-out. 
b. 24 hours at room temperature before read-out. 
c. standard annealed dosimeter. 
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Figure 3. Typical glow curves from LiF(TLD-lOO) extruded high sensitivity 
ribbons, irradiated to 100 rads Cobalt-60 gamma radiation after annealing 
for I hour at 40000. The heating rate used was approximately 600°C/mln. 
a. prompt(within 15 minutes) read-out. 
b. 24 hours at room temperature before read-out. 
c. standard annealed dosimeter. 
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C l i n i c a l A p p l i c a t i o n s 

I n c e r t a i n c l i n i c a l areas t h a t presented i n t e r e s t i n g and d i f f i c u l t 
problems i n dosimetry and t reatment p lanning the measurement o f r a d i a t i o n 
dose w i t h TL dosimeters has been Implemented. Some o f these a p p l i c a t i o n s 
where both phantom and i n - v i v o measurements have been undertaken are 
discussed below. 

a ) B r e a s t : - C l i n i c a l evidence of s k i n react ions fo l low ing Cobalt-bO 
t reatments o f the breas t and chest w a l l areas suggested the d e s i r a b i l i t y 
o f measuring the s k i n doses rece ived dur ing t rea tment . A lso , i t was 
necessary t o determine how the sur face curva tu re of the s k i n , the angle of 
incidence o f the beam, the e l e c t r o n contaminat ion of the photon beam and 
the presence or absence o f bolus a f f e c t e d the dose a t the s u p e r f i c i a l layers 
o f the s k i n . 

The measured sur face doses and doses a t depth as a func t ion o f the 
angle o f inc idence o f the beam a re g iven in F igure k. These measurements 
were made using L i F - T e f l o n d iscs on a breast phantom and w i t h a 15x15 cm2 

r a d i a t i o n beam and a source phantom d is tance of 80 cm. The data points are 
a mean o f f i v e separa te i r r a d i a t i o n s w i t h a standard d e v i a t i o n o f ±3%. Note 
t h a t the sur face dose f o r normal i n c i d e n c e ( 9 0 ° ) is about U0% of dose maximum 
and is as h igh as 65% when the beam is t a n g e n t i a l ( 0 ° ) . Also the depth a t 
which the dose reaches a maximum is dependent on the angle o f Inc idence. 

W h i l e v a r i a t i o n s i n the angle o f incidence can a f f e c t the sur face dose, 
the presence OT the breas t a p p l i c a t o r r e s u l t s i n e l e c t r o n contaminat ion o f 
the photon beam and f u r t h e r increases the sur face dose. Table 1 summarizes 
the measurements o f sur face doses on the breas t and chest w a l l of an Alderson 
phantom. The i n d i c a t e d doses a re expressed as a percentage of the tumor 
dose and a re the mean of severa l r e a d i n g s , w i t h a standard d e v i a t i o n of ±1%. 

TABLE 1 

TANGENTIAL BREAST TREATMENT 

MEASUREMENTS ON ALDERSON PHANTOM 

USING LiF-TEFLON DISC DOSIMETERS 

SURFACE DOSE 

{% of Tumor dose) 

Breast Chest Wall 

Opposed fields with breast applicator 

and with bolus JQQ 

(20x20 cm blocked to 20x10 cm) 

Opposed fields with breast applicator 

but without bolus 78-86 

(20x20 cm blocked to 20x10 cm) 

Opposed fields without breast applicator 

and without bolus 55-60 58-62 

(20x10 cm) 

C0BALT-60 
80 cm SSD 

100 

80-85 
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Figure * . Bui ld-up of do« for Cobalt-£0 oaaaa radiation as a functio 
of depth and angle of incidence, aeasured using LiF-Tef Ion discs. 
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The surface doses and the doses at points within the irradiated volume 
were Measured for a tangential chest wall treatment, using the AIderson 
phantom to simulate the patient. The Measured doses without bolus in the 
Mid-plane section of the phantom are shown in Figure 5. The *u.face doses 
were Measured using LiF-Teflon discs and these are indicateo by numbers 
within brackets. The doses at depth within the irradiated vol owe were 
Measured using UF(TLD-IOO) powder contained within gelatin capsules. 
The Measured doses at any one level agree to within ±2% and are in close 
agreeMent with the doses calculated using standard isodose data. The 
dashed lines are the calculated isodose lines. 

Using LiF-Teflon discs the measured skin doses on a patient treated 
with tangential opposed fields without bolus are shown in Figure 6. The 
calculated tuMor dose was 180 rads to point P delivered by both f ie lds. The 
surface doses are again seen to be about 70-80% of the tumor dose and !s in 
agreement with the phantom measurements. The measured skin doses on the 
sane patient when treated with bolus and the sane radiation fields are given 
in Figure 7. In this situation the skin doses measured about 10% higher 
than the calculated tumor dose of I8C rads (this higher dose was attributed 
to the insufficient bolus used to compensate for the lack of tissue). 

b) Hodgkins Mantle f i e l d : - In the radiation treatment of Hodgkins 
disease the nodes in the neck,superclavicular,axillary and the mediastinal 
areas are treated simultaneously using a large beam appropriately shaped 
to shield the lungs. The dosimetry of the resulting radiation beam becomes 
increasingly d i f f i c u l t , due to the irregular shape of the large f i e ld , the 
presence of scattering medium in the beam and also the presence of tissue 
inhomogen!ties. Computer Methods are available for the calculation of dose 
to arbitrary points within the irradiated volume and also to points within 
the shielded area. Because of possible inaccuracies in positioning the 
patient with respect to the shaped f i e l d , i t was necessary to measure the 
dose and compare then with the calculated dose. 

Doses at points within the irradiated volume of the chest portion of 
the Alderson phantom were measured using LiF(TLD-IOO) powder. The measured 
values were found to be in close agreement to the computer calculated doses. 
A typical example of the dtses at specific points within one slab of the 
phantom are shown in Figure 8. The measured doses are the numbers within 
the brackets. The agreement between calculated and measured doses In most 
instances was in the order of 2-34. Note that the doses at points within 
the lung, that is in the blocked area, are almost independent of depth and 
are about 20% of the mid-line dose. 

The doses at depth within a patient treated with a Mantle f ie ld are 
almost impossible to measure. However, both the entrance and exit doses 
could be measured. This has been done on several patients, using both 
LIF-Teflon discs and LiF(TLO-lOO) extruded ribbons, and two examples are 
given in Table 2. The measured values are in reasonable agreement with 
the calculated values, within ±S%, considering the uncertainties In the 
calculative method. 



-«4 -

PHANTOM 

Figure 5. Measured doses in rads at the surface (numbers In brackets) and 
at depth for a phantom chest irradiation without bolus using tangential 
opposed fields. The calculated isodose lines are shown by dashed lines. 

Figure 6. Measured doses in rads on the skin surfacefnumbers In brackats) 
of a patient during tangential opposed fields breast treatment without 
bolus. Also shown are th« calculated Isodose lines. 
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figure 7. Measured skin doses in rads(numbers within brackets) on the 
same patient but treated with bolus. Also shown are the calculated 
isodose lines. 

Figure 8. Comparison of calculated and measured(numbers within brackets) 
doses at depth within one slab of the chest phantom for a typical Hodgkins-
Mantle f ie ld irradiation. 
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IN-VIVO DOSE MEASUREMENTS ON PATIENTS 
TREATED BY MANTLE FIELDS 

H.G. 
(field shaped using 7 cm thick 
styrafoam cut out.filied with 
lead shots) 

LiF-Teflon discs 

R.C. 
(field shaped using 2" 
thick lead blocks) 

Extruded ribbons 

Hediastinun 
entrance 
exit 

Axt11a 
entrance 
exit 

Lung 
entrance 
exit 

Mediastinum 
entrance 
exit 

Axilla 
entrance 
exit 

Lung 
entrance 
exit 

290 
93 

270 
110 

32 
40 

283 
93 

2S2 
93 

30 
35 

ABSORBED DOSE(rads) 

COMPUTED MEASURED 

31* 
99 

255 
130 

*1 
40 

292 
8* 

2*8 
89 

25 
32 

In the mantle field technique »si nee a lucite stage to hold the lead 
blocks has to be positioned at a certain distance away fro« the patienttit 
was necessary to measure the increase in surface dose due to electron 
contamination of the photon beam. Table 3 shows the measurements on a 
Cobalt machine for typical treatment distances. LiF-Teflon discs were used 
in these measurements. The experimental data indicates that when large 
fields are used, the surface dose could be as high as 75% even at distances 
of 30 cm from the stage, thus decreasing the skin sparing effect of Cobalt 
radiation. 

c) Head and Neck:- The treatment of certain head and neck tinors 
especially those located in the area of the mouth, for example the tongue or 
floor of the mouth, gingiva, antrum or mandible, require sophisticated 
irradiation techniques. Acceptable isodose distributions can be obtained 
by the combination of two fields directed almost at right angles. Also, 
in most cases it Is necessary to make each field non-uniform across the beam 
by the use of wedge filters. Further, due to the pronounced surface 
curvature of the facia] area, tissue compensators have to be custom designed 
for each patient. The dose delivered during this somewhat complicated 

http://out.fi
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58 

76 

9H 

25 

51 

77 

TABLE 3 

COBALT-60 SURFACE DOSE MEASUREMENTS USING LiF-TEFLON DISCS 
( i n f l u e n c e of sca t te red e lec t rons ) 

Surface Dose 
(Percent of dose max.) 

Source sur face distance 60 cm 100 cm 

Stage sur face d is tance 10 cm 30 cm 

Field s i z e (cmJ 

10x10 

20x20 

33x33 

t reatment technique was Measured using LiF(TLD-IOO) extruded rods placed 
w i t h i n T e f l o n tub ing and p o s i t i o n e d inside the mouth, ^n example of the 
measured doses on a p a t i e n t t r e a t e d for a tumor in the g i n g i v a l a rea is 
shown i n F igure 9 . The doses Measured agree to w i t h i n tp of the c a l c u l a t e d 
doses. T h e ' c a l c u l a t e d isodose d i s t r i b u t i o n is a lso show" for comparison. 
Measurements were a l s o made when t h i s sane pa t i en t was t rea ted wi thout 
t i s s u e compensators and these da ta a re shown i n the same f i g u r e by the 
numbers w i t h i n the b r a c k e t s . 

d) Other a r e a s : - Tumors of the esophagus and b lad tø r T e usua l ly 
t r e a t e d by e i t h e r noving f i e l d therapy or m u l t i p l e f i e l d techniq' ies. Using 
p a t i e n t contour d a t a and the r a d i a t i o n beam parameters, i t i s poss ib le to 
c a l c u l a t e the dose t o the tumor a r e a . These computei' c a l c u l a t e d doses were 
v e r i f i e d by measurements w i t h TL dosimeters. Typica l examples of i n - v i v o 
measurements of the doses a t the esophagus and the b ladder , using LiF 
(TLD-100) e x t r u d e d rods ins ide c a t h e t e r s , are qtven i n T^ole **. 

TABLE k 

IN-VIVO PATIENT DOSE ME.'.UKEMENTS 
USING LiF(TLD-l00)EXTRUDED ROD DOSIX'ERS IN CATHETERS 

ESOPHAGUS 
(Parallel upposec 

fields, 

BLADDER 
(2-140° Arc, skip 

rotation} 

D.C. 

S.L. 

F.I. 

G.M. 

P.H. 

COMPUTE!, 
DOSE(rads i 

230 

210 

220 

233 
200 

MEASURED 
HOSE(rad') 

235 
230 

230 

237 
'60* 

-Dosimeters contaminated w i t h body f l u i d s . 
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Flgure 9. An exanple of doses measured inside the mouth using LlF(TLD-IOO) 
extruded rods on a patient treated for tumor in the gingiva area. The 
numbers within brackets are the measured doses In rads when tissue 
compensators were not used. The calculated Isodose values are shown by 
the solid curves. 
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Uatanabe 

I would like to add a convent. Ve are doing sone measurements of Co-60 gamma-
ray doses inside the esophagus and stomach, introducing TL dosimeters through 
plastic tubes. The measurements were done during irradiation of the patient. 
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A Personal Dosimeter System Based on 

Lithium Fluoride Thermoluminescent Dosimeters (TLD) 

by 

A. R. Jones 

Atomic Energy of Canada Limited 
Chalk River Nuclear Laboratories 

Chalk Rivert Ontario, Canada 

Abstract 

The system comprises: 

- a personal dosimeter 
- an automatic reader for it 
- a semi-automatic reader for finger tip dosimeters 

Two TLDs are mounted on a plaque bearing the identity of the wearer 
as a hole code. One TLD, 0.9 mm thick, registers the penetrating compo
nent of radiation and the other, 0.25 mm thick, the skin dose. 

The reader automatically identifies 200 plaques and measures 400 
dosimeters in one and a half hours. These identities and doses are printed 
and punched on paper tape by a teletype writer. The TLDs are read by 
heating them with a hot anvil until a thermocouple on the other side of the 
TLD reaches the temperature for complete readout. 

The semi-automatic reader measures the dose registered by teflon 
disc lithium fluoride TLDs, The discs are placed by hand onto a planchet 
fitted with a ring whose diameter is just right to keep the TLD flat during 
heating. 

Energy dependence results for the TLDs for gamma an<! Seta rays 
are given. Data on linearity, reproducibility and the effect of cycling TLD« 
through the reader are also presented. 
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Introduction 

Following measurements made with lithium fluoride TLDa, in ribbon 
form, it was concluded that photographic film dosimetry could and should be 
replaced by a TLD system *» 2, Furthermore, experience obtained while 
making these measurements showed a need for automatic reading if the 
benefits of TLD were to be realized economically for large groups (% 10™) 
of workers 1. 

This paper describes a TLD system designed to replace the photo
graphic dosimetry system now in use at the Chalk River Nuclear Laboratories. 
The system comprises: 

the dosimeter plaque 
- the automatic TLD reader for the plaque 
- a semi-automatic reader for use with finger tip dosimeters. 

Finally* the paper gives results obtained with the system and points 
to the direction of further work needed to improve it. 

The Dosime ter Plaque 

TLDs are mounted in a plaque, the same sise and shape as the dos
imetric film pack« because it 

obviates design and tooling for a new badge 
could be used in other film badge holders 
lends itself to automation. 

Plate I shows the plaque inserted into the film badge. Two high 
sensitivity lithium fluoride TLDs 2 are mounted in the plaque by sticking 
them to adhesive "Kapton" tape. The top one ia 3 . 2 x 3 . 2 x 0 . 9 mm and, 
when the badge is closed, is sandwiched between two aluminum slabs. 2 mm 
thick. This TLD registers the penetrating component of the radiation. The 
second (3. 2 x 3.2 x 0.25 mm) has only a thin paper covering in the badge and 
registers the skin dose ( 0 and v). 

The plaque is an aluminum stamping which carries the identity 
number of the wearer. Also, it carries a 5-digit, 8-hole, teletype code 
for identification in the automatic reader. All holes are stamped but over 
this a punched mylar tape is cemented. The tape can be punched by a tele
typewriter which also types the legible number. 

The mis Bing corner in the plaque helps to ensure correct orient
ation of the plaque in the reader. 

To permit a continuous personal monitoring program on a two-week 
basis, two plaques are needed for each worker. One is in use while the other 
is being read. To avoid confusion between the two they are colour coded 
blue and red with A or B before the number. Special plaques for issuing to 
visitors or other purposes can be printed, colour coded white, and the 
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identity code preceded by an S to prevent the dose from being added to the 
record of a worker with the same number. Standard dosimeter plaques 
carry, instead of identity numbers, "0 rad" and "1 rad". 

The Automatic TLD Reader 

Plates II and III are views of the complete prototype reader and of 
the automatic mechanism. Figure 1 shows the reader diagramatically. 

Up to 200 plaques are stacked in the magazine which is inserted in 
the reader. The normal sequence of operations in the automati- mode follows: 

The lowest plaque drops into a hole in the shuttle which transports 
the plaque to a position under the teletype hole code reader. This identifies 
the plaque and then transmits the information to the teletypewriter for 
printing and punching on paper tape. 

The shuttle next moves the plaque so that the thick TLD is under the 
end of a light pipe (as shown in Figure 2), optically coupled to a cooled (at 
constant temperature) photomultiplier. At this point a hot anvil, whose tip is 
maintained at about 27Q°C, presses up against the bottom of the TLD. 
Between the TLD and the light pipe i s a 0. 25 mm diameter thermocouple which 
monitors the temperature on the cooler, top face of the TLD. When, and 
only if, this temperature rises sufficiently to release all thermoluminescence, 
a signal is applied to drop the anvil. If this process takes too long, because 
of improper heating, an alarm is sounded and the reader stops. If the pro
cess is too quick, the same thing happens. This serves to detect a missing 
TLD or the emptying of the magazine. These precautions ensure that in
correct processing of a TLD is noticed by the operator. Unlike systems 
which only control the heater temperature, it checks the heat transport to 
and through the entire TLDs. 

Light is emitted as the temperature front moves through the TLD. 
During this time, about 8 seconds, the photomultiplier current-pulse drives 
the analog-to-digital converter CA.D. C. }m This circuit produces a train of 
pulses whose total number equals the dose in mrads and it is fed to a zero 
subtraction circuit. This is adjusted to subtract any number of pulses, up 
to 100, from the pulse train and it is designed to automatically remove any 
contribution due to black body radiation, photomultiplier or spurious lum
inescence. It is set up by first passing an unexposed dosimeter through 
the reader. The reduced pulse train is then fed to a six decade scaler whose 
content, at the end of the heating period, is printed and punched by the tele
typewriter. Shoud the A. D. C. give a million, or more, pulses (> 1000 rads) 
an alarm sounds and an over-range indication is given. An alarm is also 
sounded if a dose of 800 mrad is exceeded. This dose is greater than that 
normally permitted for 2-week exposures. Following such a measurement, 
a standard dosimeter plaque exposed to 1000 mrad is inserted to test the 
reader. 

Next, the thin dosimeter moves into the reading position. In this 
case the average reading time is reduced to 4 seconds because the tempera-
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ture front penetrates the thin dosimeter more quickly. Each pulse from the 
A. D. C. corresponds to 10 mrads so that indicated doses of 10 mrads to 
10,000 rads can be read. 

The shuttle then moves to its most extreme position and drops the 
plaque into a reject magazine where it i s placed in the same sequence as it 
went into the reader. The shuttle returns to pick up the next plaque and the 
complete cycle is restarted when a proximity switch detects that the shuttle, 
driven by toothed belt and stepping motor, has returned to its starting 
position. The average cycle time is 28 seconds so that 200 plaques (a full 
magazine) may be processed in 90 minutes. During this period the reader 
requires no attention if mere is no alarm. The operator i s free for other 
work for this time, provided the alarm can be heard or seen. 

Calibration i s done with dosimeters which have been exposed to 1 
rad or 0 rad. In this connection, a "0 rad" dosimeter is one which has 
been stored shielded for two weeks during the working days. At night 
and weekends, it is unshielded since we do not wish to record the dose 
absorbed by dosimeters when their wearers are away from work . If the 
reading is more than 10% in error for the I rad standard the photomultiplier 
voltage i s adjusted before proceeding with the automatic reading. No light 
source is used because I feel that this only tests the optics and electronics 
which are probably the most reliable parts of the system. There is no real 
substitution for testing the system with exposed dosimeters. 

Annealing 

No annealing after reading and before exposure is needed. This is 
very fortunate since the labour of processing would be much increased by it . 

The reader is of the integrating kind and it is important that the 
contribution from low temperature traps should be small to avoid dependence 
on time between exposure and reading. This is done by storing the dosim
eters at 50°C from Friday evening when the badges are changed to Monday 
morning when die working week begins. If a dosimeter must be measured 
quickly, the same is achieved by storing it at 100°C for 10 minutes. 

Semi-automatic Reader for Finger Tip TLPs 

Lithium fluoride-teflon disc (13 mm dia. x 0.4 mm) TL2>s are used 
at Chalk River Nuclear Laboratories for finger tip dosimetry because of 
their convenience for measuring fi contact doses without interfering with 
work . Since the scale of use is small* only a few hundred pairs per month, 
a completely automatic unit is not required. However, a semi-automatic 
one which transfers the results to a teletype page printer and tape is useful 
because it saves time and facilitates data processing. The reader used 
does mis with the same type of circuits as those employed in the fully 
automatic reader. 

Experience at Chalk River has revealed a serious problem in the 
heating of teflon discs, particularly when they are folded or bent. This 
results in heating of the teflon only at points of contact so that an incorrect 
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low reading results. We must keep the TLD flat without cutting down on the 
light output too much (which meshes do). By selecting the appropriate dia
meter for a thin, spring-loaded ring, the tenon disc can be held flat without 
the centre or perimeter rising. This is illustrated in plate IV. 

Since speed is less important with smaller numbers of TLDs, a 
post-irradiation anneal is built into the reader. The dosimeter is rapidly 
raised to I50°C and held there for 10 seconds while the shallow traps are 
emptied. During this period, the gate to the counting circuits is closed. 
Then the dosimeter is taken rapidly to 240°C, when the counting gate is open. 
As with the high sensitivity ribbon, no other annealing process is used. 
Since the dosimeter retains about 0.2% of the light those that have been 
exposed to more than 10 rad are re-read before re-issue. The reader will 
also accept high sensitivity ribbon TLDs (not mounted in a plaque). By 
changing a switch, the appropriate sensitivity and zero correction can be 
selected for each type of dosimeter. 

Performance 

The semi-automatic finger tip reader has been in satisfactory op
eration for seven months with about 100 pairs of readings each month. 
1000 dosimeters were all bought at one time to avoid buying other batches 
later which might not have the same sensitivity. 90% of the dosimeters had 
sensitivities within 12% of the mean value when exposed to 1 Roentgen. 90% 
of them had zero readings within 9 mR of the mean value. 

The fully automatic reader has been tested for small scale user 
trials (eleven subjects) with small exposures (0-50 mR) over a period of 
ten months. It has also been tested for three months on a larger scale 
(160 subjects) at low and moderate exposures (0-1000 mR). 

Prior to u&er tests, measurements were made on the system, 
dosimeters, holders and reader to examine the effect of the following 
factors: 

- number of reading cycles 
- reading-precision 
- linearity of the dosimeters and reader, taken together 
- energy dependence of the dosimeter 
- directional dependence of the dosimeter. 

Sample dosimeters were exposed to 1 R and their readings compared 
with standards and were then processed through the reader 50 times. They 
were then again exposed to 1 it and the reading again compared with stand
ards (which had not been cycled through the re<tcte~). This was repeated 
for another 50 cycles to process them 100 times which corresponds to 
over 6 years service at one reading each month. The results are shown 
in the following table. 
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Dependence of Relative Sensitivity 
on Number of Reading Cycles 

Cycle Thick dosimeter Thin dosimeter 

1 1.00 1.00 
50 1.01 0.96 

100 1.01 0.98 

During these 100 cycles the zero readings declined from 16 mrad to 
14 in rad in the case of the thick dosimeter and from 30 to 20 in rad with the 
thin ones* These results show that the reading process would not affect the 
dosimeters during a useful working life. 

Reading precision depends on the variance of the TLDs themselves 
and also on variations caused by their mounting in the plaques and non-
uniformity in reading. The TLDs are purchased from the manufacturer 
with a + 10% tolerance on the thick ones and +_ 15% tolerance on the thin ones. 

Measurements made on a batch of 35 plaques yielded standard 
deviations of 3. 5% and 8. 8% for the thick and thin TLDs. From a practical 
point of view it is more important to note that 32 of them had sensitivities 
lying within ? and 15% of the mean values. This precision is sufficient for 
radiation protection. 

For measurement of small exposures the uncertainty i s set by the 
variations in black body radiation and spurious light signals. These variat
ions again depend upon factors associated with the TLDs, their mounting 
and reading. The same batch referred to above were immediately re-read 
to obtain their zero readings and these yielded standard deviations of 2.8 
and 6 mR for the thick and thin TLDs respectively. All 35 TLDs of each 
kind were within 10 mR of the average. This means that readings of 10 mR 
and 20 mR for the thick and thin TLDs respectively are probably significant. 

Supralinearity in lithium fluoride TLDs has been well documented 5 
but in a TLD system the observed linearity depends upon the reader also 
which must operate over about seven decades. Figure 3 shows the total 
effect which really has two components. The first depends upon the individual 
exposure and the second upon the whole history of exposure. The differ
ence between the two is shown by the dosimeters which were given a final 
small exposure of ID R after a series of much larger ones. It should be 
remembered that the only heating was that of reading and the low temperature 
anneal (10 minutes at 100°C). From a practical view-point the results suggest 
the need to check the calibration of results over 300 R and also to throw 
away the dosimeters. However* even accumulated exposures of 300 R to 
radiation workers are rare. 

To measure the energy response of the plaque in the photobadge« 
it was mounted at waist height on a realistic phantom* and the dose was 

*The phantom was made of tissue equivalent rubber containing a complete 
skeleton with the dimensions of the average man. 
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measured, with an ion chamber, at the testes site. This site was chosen 
since the testes are the most exposed critical organ &» 7 . Thus, the energy 
dependence is referred to tissue dose and also the final calibration of the 
dosimeter. 

Figure 4 shows the observed results over the energy range 0.03 -
1. 25 MeV. The response depends upon the energy dependence of the lithium 
fluoride itself, the variation in scattering and absorption in the phantom at 
the two sites. At lower energies the 2 mm aluminum cover is also import
ant. It should be noted that the average response to tissue rads while 
mounted on the phantom is significantly different from the response t o \ -
rays in free air and this must be accounted for if calibrations are done in 
free air since a personal dosimeter should give an estimate of dose. 

Figure 5 shows the calculated response of the two thicknesses of 
lithium fluoride to 6 rays of different end point energies. The calculations 
were made assuming a source "distance" in air of 30 mg/cm 2 (^ 230 mm) 8 . 
They show a clear advantage for the thinner one for end point energies 
below 1 MeV. Since 0 -ray hazards figure prominently at most reactor 
research establishments (and, potentially, at nuclear power plants) the 
thinner TLD should be used. The table shows results obtained with the two 
thicknesses and $ particles of various energies. 

• Response of TLD s to Beta Rays as a Percentage of 
their Response to Radium v-Rays 

End-point 
Energy(ies) 

MeV 
Isotopes Distance 

mm 0.9mm TLD 0. 25mm TLD 

2. 3 and others 
3.0 and 0.32 
2. 3 and 0. 54 

0.77 
0.225 

natural U 
Ce-Pr-144 
Sr-Y-90 

Tl-204 
Pm-147 

contact 
300 
300 
150 
110 

62 
49 
42 
28 
14 

92 
56 
53 
69 
5? 

As predicted, the thick dosimeter is substantially lower in response 
for end point energies below 1 MeV. 

The results shown in figure 4 for energy response to v-rays refer 
to normal incidence. Although this is the most probable single direction, 
since workers normally face their work, other directions are possible. 

To test this effect, two TLD badges were mounted at waist height 
with the reference ion chamber at the testes site. Figure 6 shows the 
results obtained for 660 keV y-rays and 100 keVX-rays. For angles of 
incidence up to 60° no large effects are noticeable. However, when irradiat
ed from the gide, the dosimeters overestimate the dose because the ion 
chamber is shielded by a leg. From behind, the TLDs are shielded by the 
body, thus underestimating the dose. Changes in the design of the filter 
might reduce the effect at the side. In view of the variation in where and 
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how the badge is worn« the value of such a change is doubtful. 

Conclusions 

The reported results of measurements on this TLD system show 
that it could replace film dosimetry with advantage. 

Two deficiencies remain to be corrected. 

It would be useful to have one TLD which remains with the badge 
during the whole of the wearer's employment. It could act as a back-up 
for the main TLD system in case of failure or of a very large exposure. 
At the end of employment it could be stored as a "permanent record" or 
read out for comparison with the sum of all readings. 

In the event of an exposure to thermal neutrons (improbable at 
Chalk River), serious overestimation of doBe would occur. For this 
reason« a second dosimeter without high sensitivity to thermal neutrons 
would be desirable. 

Both requirements could probably be met by a single TLD for 
which there is ample space in the existing badge. 
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Plate I. Dosimeter plaque inserted into the film badge 
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Plate II. Prototype automatic TLD reader and teletypewriter 



- M S -

Plate III, Automatic mechaniam of TLD reader 
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Plate IV. Insertion of Teflon disc into semi-automatic reader 



JUUL 
A . B . C . SCALER 

MAGAZINE 

COOLED 
PHOTO-

MULTIPLIER 

LIGHT PIPE. 
THERMOCOUPLE 

ULZ. 
i — i 11™*,^ 1 . 
f PI TLD 

TELE
TYPE
WRITER 

HOLE 

CODE 

READER 

200 
PLAQUES 

CYCLE 
COMPLETE 

HOT 

ANVIL 
ANVIL 

CONTROL 

7 
SHUTTLE 

Figure 1. Diagram of automatic TLD reader 



0.25 mm 
THERMO
COUPLE 

STAINLESS STEEL 
ANVIL TIP 270°C 

Figure 2. Detail of TLD heating and optics 



1.5 

1.4 

1.3 

g '•* 

1.1 

a X2 
0.» 

10(1453) 

I 

O 0.9 nm TLDS. 

X 0.25 mm TLDS 

i 

I 

10 
(13) 

EXPOSURE IN R 

300 
(443) 

30 100 

(43) (143) 

FIGURES IN BRACKETS • ACCUMULATED EXPOSURE 

Figure 3. Lineiri ty of TLD« 

1000 
(1443) 



o 

9; 
t— 

o 

900 

800 

700 

600 

500 
2 

A 

9" 
0 3 0 

.--f 
-17% 

4 a 

6 
-HT 

*^9 

6 0 

4 ^ + 1 2 * •̂̂ J 
1 

80 100 
keV 

L i * « ^ i 
150 

> 4 y—j 
V 

200 
PHOTON 

300 
ENERGY 

400 600 

1 

600 1 1 
MeV 

i 

5 S 
i 

MEAN = 7 1 2 COUNTS/RflD AND 621 COUNTS/R IN FREE AIR 

Figure 4. Energy dependence of T L D mounted on phantom 



- 848. 

0.5 1.0 1.5 2.0 

/9-RAY END POINT ENERGY 

Figure S. Calculated energy reaponae to beta particles 

3.0 



- 8 4 9 -

2.5 

S 1.0 

Figure 6. Angular dependence 



- 6 5 0 -

Narshall, T.O. 

When the dosimeters are passed through the reader, are the chips reaoved fro« 

the holder during the heating? 

Jones, A.R. 

No. The chips reaain fixed to the plaque by aeans of the adhesive kapton tape. 

The identity is carried by the plaque. 
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Abstract 

A TL dosimeter uni t (badge) nas designed to f a c i l i t a t e automatic pro

cess ing . The badge, which i s made of heat -res i s tant p l a s t i c material and 

covered with 1 mm Al sh ie ld ing , contains four dosimeters and a binary iden

t i f i c a t i o n code. Three dos ioe ters are read i n an automatic procedure and the 

fourth i s retained for manual read-out i n case of f a i l u r e . The dosimeter badge 

i s used as standard uni t for several dosimetry purposes including personal 

and environmental monitoring. 

A major component of the overal l system i s an automatic reader which 

accepts a stack of TLD badges, reads the ident i f i ca t ion number and l i f t s the 

TLD from the badges into a read-out chamber where they are heated by hot 

nitrogen gas . 

The badge-unit was adapted for personal 3-7-monitoring by imshielding 

one of the four dosimeters. Resul ts are presented from inves t igat ions of a 

personal monitoring system cons i s t ing of two Lithium borate dosimeters for 

routine p-y-aonitoring and one Lithium-7-fluoride dosimeter intended for 

long-term monitoring and back-up in the caee of exposures to thermal neu

trons . The Inves t igat ions include dosimeter response to neutrons, beta- and 

gamma radiat ion of d i f f erent energ ie s . 
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Introduction 
Recently several nuclear faci l i t ies have taken up TLD for routine 

monitoring, and many laboratories are investigating and designing dosimetry 
systems based on tfcermoluminescence with the purpose of using this technique 
in their routine monitoring program. 

At Kist)t TLD i s now in routine use for several purposes involving 
personal monitoring, environmental monitoring and dating of ancient ceramics. 

To facilitate automatic processing, a TLD unit (badge) containing four 
solid dosimeters was designed intended for the evaluation of personal doses 
and as a universal unit for other routine measurements. 

The TLD unit was designed for the use of small solid dosimeters such 
as hot pressed 2 5 m g 3 x 3 x 0 , 8 n i n LiF squares (Harshaw Chemical Company) 
and hot sintered 25 mp 4,5* x 0,8 mm Li-BrO„sHn,Si tablets. The latter are 
produced at Bisti from lithiumtetraborate powder containing 0,1 wt. % man
ganese and 0,23 wt. % silicon. The main advantages of LiJB.O-tMn, Si are 
the low cost, the re-useability after the read-out process without any an
nealing requirements and, in addition, an excellent energy response. 

A major component of the overall system i s an automatic reader which 
will accept a stack of dosimeter units to be read in sequence together with 
an identification code incorporated in the badge. 

The badge design 
Several criteria were considered on the design of the TLD badge; i t 

should be small and light, i t should be easy to adapt for automatic proces
sing and i t should be able to detect different radiation qualities for the 
evaluation of personal doses in order to replace film badges. 

Fig. 1 shows the TLD unit schematically. The unit consists of an in
sert and a cover mainly made of heat resistant plastic material which 
allows annealing procedures up to 100°C. The insert contains the dosimeters 
in four depressions together with an identification number and a corre
sponding binary code consisting of a 1 mm punched holes. The insert i s 
placed into the cover which has a 1 am aluminium shielding on both sides 
and a beta window thus situated that it corresponds to one of the dosimeter 
positions. 
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For personal monitoring the badge should contain two Li B.0 iKn.Si 

dosimeters for routine y- and p-recording and one 'LiF dosimeter to enable 

slow neutrons to be detected and for use as long-term dosimeter. A fourth 

dosimeter i s reserved for manual read-out in case of failure or accidents. 

1 mm aluminium shielding of the dosimeters was chosen as a compromise 

between the absorption of soft /-rays and the penetration of high energy 

p-rays. 

The binary code i s detected by light transmission through the punched 

holes when scanned by a pair of photo diodes. A special encoding punch was 

designed to 15 pairs of hole positions allowing for continuous numbering 

from 00000 to 32767. See fig. 2. 

Apparatus 

Fig. h shows a block diagram of the automatic TLD reader system. For 

evaluation of the results from the TLD units, three main operations are 

required! 1) The automatic loading and handling of the TLD , 2) The detec

tion of the TL and decoding of the identification number and, 3) The trans

fer of the results via a Teletype printer to punched tape for further treat

ment in a computer. 

A schematic diagram of the automatic reader is shown in fig. 3> A 

stack of TLD badges are loaded into a movable magazine. When a badge is in 

position« the insert is pulled out of the cover by a movable slide with a 

coupling device and led to the measuring position. During this transfer, 

the coding holes are scanned by a photo detection device consisting of two 

gallium arsenide light emitters and two photo diodes. The signal from the 

photo diodes are fed to a decoder and further to registration on the Tele

type printer. 

Three dosimeters are automatically lifted in sequence into a read-out 

chamber by means of a vacuum probe. A hot nitrogen gas stream of app. 250 C 

is used for heating the dosimeters thus avoiding mechanical heating elements^ 

After read-out the dosimeters are returned to the insert which is fed back 

to its cover. 

The entire automatic procedure is controlled by a. pneumatic system 

where the overall component is a special pneumatic programmer unit. The only 

non-pneumatic component that interrupts the automatic cycle is an adjust

able electronic timer for preset of the time required for integration of 

the glow curves* A photograph of the entire set-up is shown in fig. 5-
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Radlation Response 

a) X- and r-rays 

The gamma-ray response ( CO) of the LiF- and Li^B.O-iWn^Si dosim

e t e r s i s l inear for exposures from a few oR and up to about 1000 K, where a 

small supralinearity i s observed. Based on the glow curve area, the LiF 

squares are about two to three times as s ens i t ive as the borate dosimeters. 

Both dosimeter types are suitable for measurements of person doses down to 

a few nrads. The standard deviation for a 10 mR measurement has been determined 
7 

to 3 .2 and 9.1% for the measurement made with the LiF and Li,B.0„iMn,Si 

respectively . The borate dosiaeters do not require any annealing for doses 

below about 100 rads except i f the reading i s made within a few hours a f t e r 

the exposure when the low-temperature peak has to be removed by a short low-

temperature annealing (e .g . 5 min at 100 C). A standard annealing procedure 

of 1 hour at *(00oC followed by 2 hours at 100°C before the exposures and 20 

min at 100°C af ter i s at present applied to the LiF-squares. The X-ray energy 

dependence of the three dosimeters contained in the batch i s shown in f i g . 6. 

The dose rates were determined by means of calibrated ionizat ion chambers (Dr. 

PUchlau). The decreased response observed below 30 keV for the shielded dosim

eters i s analogous to the energy dependence curves showing the absorbed dose 
2) 

in the c r i t i c a l organs in the body . The dependence of the response of the 

badge on the incident angle of the radiation i s shown for 58 keV in f i g . 8. 

b) p-rays 

Beta response data for the dosimeter unit were obtained by placing the 
l b t s pOk 

unit on 1 cm thick gelat in« moulds of the i so topes Cr
 vCa, XL and 

^ S r - Y. The response expressed as the equivalent of rad Co y-radiation 

pr. one rad beta radiation a t the surface of the moulds I s shown in table 1. 

Table I 

Beta-ray response of the dosimeter unit 

Average 
beta energy 

HeV 

0.9? 

0.2h 
0.076 

Response 

eqiv. rad Co y-radiation pr one 
rad beta radiation 

L i jB^ lMn.S i 

open window 

O.M. 

0.15 

O.OJ 

Li- .B^.Mn.Si 

behind Al . 

0 .10 

0.00 

0.00 

7 I i P 

behind Al. 

0 .08 

0.00 

0.00 
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90 

It appears that high energy p-rays, e .g . from Y wi l l to some degree pene

trate the Al-shie ld and give r i se to an overestimate of the g&mta dose. The 

thickness of the two dosimeter types used does not make them ideal for- 3 -

monitoringi however the response i s not very different from that of the 

film badge used at present . Some experiments have been carried out to pro

duce a th in skin dosimeter by s inter ing a thin layer of f ine grain phosphor 

onto a non*ctivated (and hence radiation insens i t ive) lithium borate base. 

The phosphor was placed onto the borate tablet by sedimentation from a methanol 

suspension. By means of t h i s technique dosimeters with thicknesses down to 

1 mg/cm were produced. Fig. 7 shows the difference in beta response for a 

normal l ithium borate dosimeter and a thin C&SO.iDy dosimeter of thickness 
2 

approx. 2 mg/cm • Both curves were obtained with the dosimeters placed in 

the open window p o s i t i o n of the dosineter un i t . The dependence of the response 

of the batch on inc ident angle of beta rays i s shown for *Tf in Fig. 8. 

c) Neutrons 
7 

Because of the great difference in response of Li B,0_iMn,Si and LU* 

to thermal neutrons, a combination of the two dosimeters can be used for eva

luat ion of neutron doses from mixed radiation f i e l d s of gamma and thermal 

neutrons. I f A i s the response of Li_,B.O iMn,Si and B that of LiF both ex-

pressed as y-ray t i s s u e rad and 

response of Li?B.0_iMn>Si per neutron t i s sue rad 
m = - -

response of Li_B.0_iMn,Si per y-ray t i s sue rad 

determined by means of paraffin-moderated neutrons from a 5 Ci Pu-3e source 

calibrated by g o l d - f o i l act ivat ion technique. The y-ray contribution measured 

with 7LiF dosimeter was subtracted. Using a factor of 6 ,8 x 10" rad-em / n 

(excluding the n t y contribution) for conversion of n.. fluence to t i s sue 

dose m was determined to have the value 390. I f the body i s exposed to fast 

neutrons, some of the neutrons w i l l be moderated to thermal neutrons which 

w i l l d i f fuse out to the dosimeter. In that case indirect detection of fast 

neutrons w i l l occur and the evaluation of the neutron dose becomes compli

cated. Under s p e c i f i c conditions (3) the value of m can be determined and 

used for the doe« evaluation. A value for m of 2 .8 was found i f the dosimeter 

was placed in front of a 30 cm thick water phantom and exposed to neutrons 

from a Pu-Be source 50 cm from the source. In t h i s case a conversion factor of 

* , 9 x 10" 9 rad-em2/n val id for b,0 MeV was used. 
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d) Field Experiments 

Fig. 9 shows resu l t s from an ear l i er invest igat ion of the behaviour 

of the two dosimeter types i n practical use , Elast ic capsules each con-
7 

taining two shielded LiF and Li B^O_iMn,Si dosimeters for y-mcnitoriag and 

two unshielded dosimeters for (p+v)-monitoring were worn as personnel dosim

e t e r s , together with film dosimeters, by people working in different radiation 

areas. The invest igat ions covered monitoring periods of one to four weeks. 

The good agreement found between the two TL dosimeters in the measurement 

of gamma doses in neutron-free areas i l l u s t r a t e s the accuracy of the system. 

The resu l t s of the gamma doses from reactor areas show a small overdose for 

the borate measurement, thus indicating the presence of small dose contr i 

butions from thermal neutrons. The beta-ray doses measured with the TL dosim

e t e r s , taken as the difference in the response of the unshielded and shielded 

dosimeters, were a l l in agreement tc within 23 mrads. The correlat ion between 

the film and TL doses was poor for both y and 0-doses. 

Conclusion 

A TL dosimetry system intended for automatic processing for large scale 

routine monitoring has been described. The system includes the p o s s i b i l i t i e s 

for accurate evaluation of personal doses received from aixed radiation f i e l d s . 

Preliminary r e s u l t s of the system when applied to different radiation 

areas indicate that TLD i s a very a t tract ive al ternative to film dosimetry 

systems for personal monitoring. 
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k, L.R.L. Hazards Control Progress Beport No. 31* BCRL-50007-69-2. 



-858 -



- 859 -

0 0 6 18 

i 

THE COMtETE DOSMETER UMT 

1 INSERT 
Z 1mm ALUMNUM SHELD 
1 SOUD TL-OOSMETER 

THE INSERT 

IBENTIRCATION NUMBER 
5. BINARY IDENTIFICATION CODE 
6. BETA-WINDOW 
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Becker 

Why did you add s i l i c o n as an addit ional act ivator in your Li.,PiO„:Hnt ar.d 

what i s the exact composition and preparation procedure? 

Better-Jensen 

Addition of 0-255É of s i l i c o n (by weigh1'* lias made the dosimeters more r e s i s t 

ant to chemical attack froa the atmosphere. The Si was added as £ i 0 o together 

with NnCOL during the wet production of tetraborate. The dry material was 

then pressed into t a b l e t s and s intered at 900°C. 

Suntharalingav 

Cfae of the d i f f i c u l t i e s with Li_BjCL:Mn dosimeters reported in ear l i er works 

was the hygroscopic nature of t h i s Material . Does your dosimeter not have 

the save charac ter i s t i c and i f not how did you overcome thin problem? 

Bøtter-Jensen 

Ve found e a r l i e r a s l i g h t brownishijig of our l ithium borate dosimeters during 

use which might be due to the hygroscopic nature of the material ; however, 

for dosimeters doped with s i l i c o n we do not find t h i s e f f e c t . 

Schlesinger 

I s there any atomic energy i n s t i t u t i o n s where the film badges were en t i re ly 

replaced by TtD badges? 

Attix 

Yes, there are five such institutions; perhaps we can discuss this point in 

the panel discussion. 
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UV INDUCED THBRHOHMINESCENCE IH NATUEAL CALCIUM FLUORIDE« 

Emico Okuno and Shigueo Vatanab* 

Institute de Heiea - University of Sao Paulo 

Institute) ås Energia Atomoa,Sao Paulo-Brasil 

ABSTRACT 

Saaplea of a green var iety of f l u o r i t e found at Criciuma, B r a s i l , 

annealed at 580°C for 10 minutes and then at 400°C for tw> hours Here exposed 

to 365 nm UV l i g h t . The transferred TL from deep trap to lower temperature 

trap give« r i s e to a glow c u m containing peaks I , I I , I I I ' . I l l and IV i n a 

readout up to 400°C. This TL reaponae waa measured as a function of UV exp£ 

sure t ine t and the resu l t i s not a saturation curve, but, TL tends to zero 

for large t indicating a simultaneous bleaching e f f e c t . 

The curve of TL va. the nunber n of ident i ca l cyc les i n a exposure 

readout cycle was obtained for di f ferent durationa of expoeure i n each c y c l e , 

showing that for large a the rate of decrease of log (TL) i s independent of 

the exposure duration. The e f f e c t of duration and temperature of pre-anama " 

l ing on TL transfer under BV exposure as wel l as the dependence of transfer

red TL on previous gamut radiation were invest igated. Final ly a mathematical 

model ia proposed. 

* Latti in part upon portion* of a thtsis evbmittod by B.Okuno to tht Inttitu_ 

tø of Physios, Vniwreity of Sao Paulo, 'n partial fulfillment of tht rsaui_ 

Meant for th* Ph " itgnt. 
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INTRODUCTION 

Schayes e t a l discussed same of the thermoluminescent properties 

of M.B.L.E. (Manufacture Beige de Lampes e t de Hateriel EUctronique S.A.,Bru 

n e l l e s , Belgium) natural CaF2 due to u l t rav io l e t l i g h t . They observed that 

samples of natural CaF- submitted to a complete heat treatment at 600°C to 

empty a l l traps formerly f i l l e d through the action of natural rad ioac t iv i ty ; 

subsequently irradiated to y "(or 6- or a) rays , annealed at 400°C (to empty 

a l l traps up to number IV) and exposed to l ight (300 to 500 ran) present TL 

reading for peaks 1 to IV, with the exception of peak I I I , which i s displaced 

to a higher temperature peak referred to as peak I I I 1 (~275°C). This result 

was interpreted as a transfer of charge carriers from traps corresponding to 

peaks V and VI to lower temperature traps . 

Hilaon, Lin, and Cameron and NcCullough and Cameron discussed 

addit ional proper t i e s , having i n mind poss ible use as a UV dosimeter. The high 

s e n s i t i v i t y to UV l i g h t , the s t a b i l i t y of peak I I I ' , and the r e l a t i v e mechanic 

cal s impl ic i ty are considered advantages of natural CaF., over other UV dosi 
(4) ~~ 

meters. Light e f f e c t s i n CaSO.: Mn have been St died for some time* , and 
* (5) 

more recent ly CaF«: Mh was a l so suggested as a UV dosimetry s-stem . 

We have extended the study of thermoluminescent properties of f luo 

r i t e found at Criciuma, Santa Catarina S t a t e , Braz i l . This work concerns the 

e f f e c t of UV l ighton the TL of "green" f l u o r i t e . 

TL RESPONSE AS A FUNCTION OP UV EXPOSURE TIME 

Samples of green coloured v irg in f luor i t e were f i r s t annealed at -

580°C for 10 min and then at 400°C for 2 hours were used in th i s experiment. 

Then for i l lumination a small amount of the sample was spread out homogeneous, 

ly i n an aluminum pan and exposed to 365 nm UV l i g h t , which was obtained with 

Corning Glass f i l t e r s 7-37 and 0-52 and Osram IIWL-250V mercury Lamp.The l i g h t 

i n t e n s i t y at the samples was 12 uw/cm . The l i gh t and the aluminum pan were 

enclosed in a box t o avoid room l i g h t . Since the temperature ins ide the box 
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reached about 60 C, peak I decayed quickly and we consequently ignore i t .Such 

procedures were repeated for time of exposure varying from 1 min to 780 hours. 

The reading of TL response of peaks II and III was ferr ied out in CON-RAD TL 

reader model 1500, keeping the PMT voltage at 860V. The right hand curve in 

F i g . l i s the glow curve of gieen f luor i te irradiated to 100 R y-raja from 

Cs source, while on the l e f t we have a glow curve of a sample exposed to 

365 nm UV l i gh t for 6 min. In the l a s t case I I I ' was observed at about 242 

- 4 C with a height much smaller than that of peak I I I , which appears at-290°C. 

Figure 2 shows the TL response vs.exposure time. In contrast to 

the case of H.B.L.E. f l u o r i t e , we alwasys found peak I I I to be much more 

prominent than peak I I I 1 , therefore we considered only peaks II and I I I . t,i_ 

near response i s not observed unless as an approximation for very short time 

intervals (of the order of 5 min). The overal l behaviour of th is curve su& 

gests that the f i l l i n g of low temperature traps i s accompanied by a simulta 

neous bleaching by UV l i g h t . Thus in the beginning, trap f i l l i n g predomuu 

t e s and peaks II and I I I grow, but as the traps are f i l l e d , bleaching becomes 

large. Since the population of deep traps decreases as the f i l l i n g of shal lov 

traps proceeds, there i s a time when the rate of both f i l l i n g and bleaching 

becomes equal so that f i n a l l y bleaching predominates, and peaks I I and I I I 

s tart to diminish. In the l a s t sect ion a mathematical model i s proposed to 

describe t h i s r e s u l t . 

At t h i s point we should reca l l that the samples used in t h i s measii 

rement were pre-annealed at 580°C for 10 min. This me^is that traps correspon^ 

ding t o peaks IV and V were emptied, hence any charge carriers that are trans

ferred must come from peak VI or a deeper one. 

Samp tes treated as described previously, were irradiated to UV ligte 

for 0.25 t o 130 hours. The planchet current was kept at 1.25 amperes so that 

peaks IV and V could a l s o be read. Figure 3 presents the heights of peaks IX, 

I I I , IV, and V as functions of exposure time. While peaks I I , I I I , and IV 

have the behaviour described above, peak V only decreases , indicat ing that i t 

may be one of the deep traps from which transfer occurs. 

Peak I I I ' could be resolved for short exposure only. As the exposu_ 
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re times becomes longer peak I I I grows fa s t er and masks peak I I I ' . i t was 

found, however* that peak I I I 1 can be bet ter resolved i f the f luor i te i s 

pre-annealed at a temperature higher than 550°C, because as we w i l l see 

la ter high temperature annealing diminishes peak III while peak III* i s l e ss 

a f fec ted . 

The question of why peak I I I ' i s ind iced by UV radiation but not 

by X or Y rays i s unanswered y e t . I t i s poss ible that UV l ight f i r s t crea 

t e s a new kind of trapping center and then f. l i s i t by transferring charge 

carriers from deep traps . 

EXPOSURE-READOUT CYCLES 

Virgin samples of green f luor i t e annealed at 580 C for 10 minutes 

and then at 400 C for 2 hours were subsequently subjected t o : 

1. Exposure to 365 nm UV l ight for 15 min; 

2 . Readout (primary current I = 0.8 A) 

3 . 400°C anneal for 15 min. 

Let us c a l l these three operations one cyc le . The f i r s t experiment included 

s c r i e s of e ighteen such c y c l e s . The resu l t i s shown in F ig ,4 where (x) in_ 

d icates the height of peak I I I and (+) that of peak I I . We see that af ter 

the f i f t h cyc le log(TL) decreases by a constant amount for each c y c l e . The 

s lope of t h i s l i n e r e f l e c t s the rate at which deep traps are emptied by in_ 

cident photons. 

In a second experiment, the material used in the above experiment 

without further treatment was irradiated to Co y-rays with an exposure of 

10 R. Next, f i f t e e n new cycles were carried out and the resul t i s a l so 

shown in F ig . 4, where black c i r c l e s stand for peak III and white ones for 

peak I I . We see that a high y-exposure tends to restore i n i t i a l condit ions , 

probably by r e f i l l i n g deep traps , and that decaying behaviour continues for 

each cyc le . 

In the next experiment the annealing at 400 C for 15 min in each 
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cycle was eliminated. We found that i t made no difference because each rea 

dout emptied the low temperature traps . 

Next, we invest igated the e f f e c t of longer exposure times to W light 

in each cyc le . In Fig . 5 the r e s u l t s for 5 min, 15 min, 1 hr , S hr , end 

17 hr exposure are represented for peak I I I . I t i s interest ing to note that 

the slope of l ines for large numbers of cycles i s independent of the cyc l e ' s 

exposure time. The peak heightdepends, of course, upon the exposure time 

in each c y c l e . The peak II has the same behaviour as peak I I I . 

EFFECT OF DURATION AND TEMPERATUBE OF PRE-ANNEALING 

I t i s wel l known that the TL s e n s i t i v i t y for X- orv-rays of f luor i te decrea_ 

ses ad the isothermal pre-annealing temperature i s kept above 450 C. For 

such a high temperatare i t decreases a l so with the duration of the heat treat 

ment. Since usually a TL dosimeter i s pre-annealed at some high remperature 

to be used or re-used, we have to inves t iga te the dependence of TL s e n s i t i v i 

ty to UV l i g h t on these fac tors . 

Virgin samples of green f l u o r i t e were pre-annealed at 400, 450,500 

andS0°C for 10 and 30 min. For comparison's sake each group of samples w* 

divided in to two. One was irradiated to 10 R X-rays and the other one was 

exposed t o UV radiation for 15 min. The way the s e n s i t i v i t y decreases i n 

i l l u s t r a t e d i n F ig . 6 and 7. The reading for the sample pre-annealed a t 

600°C was taken as 100Z. We see that the s e n s i t i v i t y decreases very f a s t 

for temperatures above 450°C, and as expected, i f the time of annealing i s 

longer, there i s a larger decrease of s e n s i t i v i t y . Furthermore, i t can be 

seen that the UV s e n s i t i v i t y drops fas ter than that for X-rays. 

Two causes can account for t h i s drop in the UV s e n s i t i v i t y : (1) 

the higher the temperature of pre-annealing the smaller i s the number of 

electrons l e f t in the deep traps that contribute to transferred TL, (2) the 

annealing may thermally damage traps corresponding to peaks I I and I I I . In 

f a c t , as we already mentioned, peak I I I ' suffers l e s s heat e f f e c t than peak 

I I I . 
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DEPENDEHCE OF TRANSFERRED TL ON PREVIOUS y - EXPOSURE 

Samples of f l u o r i t e were exposed to cesium Y~tays from 35 R to 10 R. 

After usual readout they were annealed at 400°C for 15 min and then exposed to 

365 nm UV l i gh t for 15 min. The transferred TL of peaks I I and III was subse 

quently read. 

Figure 6 shows that previous y-exposure has no e f f e c t on peak II up 

to about 2 x 10 R while the peak III height increases s teadi ly s tart ing at 
3 

- 3 x 10 R. Ho saturation above 10 kR was observed. 

In connection with t h i s result i t was found that the posi t ion (peak 

temperature) of peak II remains unchanged while that of peak III s h i f t s to hi& 

her temperature s tar t ing at about 3 xlO R. 

One might think that the growth of deep traps account for the increa

se in the peak I I I height as the Y-exposure increases . On the other hand th i s 

'assumption does not explain why peak II remains constant. I t i s more reasonable 

to assume that the s e n s i t i z a t i o n e f f e c t on >-induced TL holds a l so for trans_ 

ferred TL. 

Mathematical model • We proposed the following model to describe the 

mechanism involving transferred TL. Let us den<> 

t e by: 

* i n i t i a l number of f i l l e d deep traps (one k ind) , 

« number of deep trap:, that remain f i l l e d af ter time t of i l l u 

minati on to UV l i g h t , 

* constant probabi l i ty factor per unit time for l iberat ion of 

charge carr iers from a deep trap, 

- number of f i l l e d traps corresponding t o peak t i l after time t , 

• probabi l i ty per uni t time for the f i l l i n g of traps I I I , 

Nod 

N d 

°d 

83 
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N.f - i w i w nuaber of available traps III that aze filled or 

cor, 

o_ • probability per unit tiae for emptying of traps III. 

Now we assuae that 

-^~ - - ^ » H * M O - ^expC-n^t) 

dH 

- ~ " * B3(-dHdWt>(H3f-,,3> " "3B3 

The solution H_(t) has the following form 

3 ( t W / « I 0 d l l 3 f " p ( ~ 0 3 t * V o d * * 1 " 0 ^ " ! ^ < < V ^ ) t ' ~ * 3 ^ H l e 3 * ( " V , ) ) d t ' 

' a 

H- vaniahea as t goe- to sero or to i n f i n i t y i n »greenene with the 

cxperiaentsl data. For very swel l values of t 

The nunerical calculat ion for deteraination of parascters i s under 

way and the reault v i l l be reported elsewhere. 

CWCLgPMC BEHMUCS 

In the present work we found peak I I I ' at a tenperature below that 

of peak I I I . Both peaka can be observed af ter short exposures t o DV l i g h t . Peak 

III being always larger than peak I I I ' i t s height should be uaed <n DV dot in s t ry . 

The decrease of the height of peaka I I and I I I in each c y c l e , deseri. 
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bed in third Section i s due to the reduction of the number of electrons captu 
red in traps VI. Therefore the rate at which log (TL) decreases in each cycle 
•easures the rate for emptying of traps VI. 

No evidence for direct induction of thermoluminescence by ultraviolet 
light was found. However the appearance of peak III' for UV light but not for 
y-rays can be interpreted as creation of craps III' by UV light and subsequent 
f i l l ing by charge carriers transferred from deep traps. 

The linearity of transferred TL with UV light is not observed. 

The fluorite has a high sensitivity to UV induced thennc luminescence. 
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A Current Look at TLD in Personnel Monitoring* 

F. H. Attix 
Nuclear Sciences Division 
Naval Research Laboratory 

Kashington, D.C. 20390, USA 

Inermoluminescent dosimeters have been studied vigorously for more 

than a decade now, and are gradually receiving acceptance in routine per

sonnel aonitoring. It has been difficult to assess just how much progress 

has been made in this latter direction, leading the author tc seek more 

information through a questionnaire, sent to 140 establishments of various 

types in 26 countries. 105 completed forms were returned for evaluation, 

reporting on the monitoring of some 200,000 persons by badges of various 

kinds. Roughly one-third of the establishments now include TLD's as part 

of the badge, covering 65,000 employees. However only 14 institutions and 

15,000 employees use TLD's for record keeping purposes in place of film. 

Within the next 3 years 25 more institutions (41,000 employees) plan to 

adopt TLD's and 18 establishments (50,000 employees} plan to use them in 

place of film for record keeping of BY radiation exposures. TLD with LiF 

chips or Teflon discs is now the method of choice for extremity monitoring, 

being so used by 57 establishments. 46 use TLD's for area monitoring and 

19 for measuring patient exposure. Only 21 are not now using TLD at all in 

some radiation protection application. 

In reply to a question on the importance of TLD's to the establish

ment's radiation protection operations at this time, 54 replied "important", 

28 "somewhat useful", and 21 "insignificant". (2 did not respond to the 

question). 

•This paper was prepared with partial support from the Division of Biology 

and Medicine of the U. S. AEC. It will be p«hlished in full in the Health 

Physics Journal. 


