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SYNOPSIS
Following a short description of the thermoluminescence kinetics and the experimental techniques and procedures used during the course of this project, the thesis reports on thermoluminescence studies of materials of terrestrial and extraterrestrial origin. The terrestrial materials studied include geological samples such as natural Brazilian quartz and Oklo materials (Gabon, Africa). The extraterrestrial materials are lunar soil samples collected from inside and outside the shadows of certain Apollo 17 boulders.The experiments described in this thesis are:1. The study of the changes in the TL sensitivity and sensitisation in crystalline quartz induced by varying doses of protons and gamma-rays. The changes are interpreted as being caused by damage to the Al/alkali recombination centre.2. The study of a strong dependence of the TL sensitivity and sensitisation upon the temperature at which the quartz sample is irradiated. The temperature effect results in a variation of a factor of 5 in the TL glow intensity over the temperature of.irradiation range from 293°K down to 113°K with an X-ray dose of 5krad and a factor of/^10^ over the temperature range from 293°K down to 178°K with a gamma-dose of 600krad. An explanation of the temperature effect is presented and its implication on TL-dating is discussed.3. The study of natural and artifically induced TL of some Oklo samples as a function of distance from the edge of a reaction zone to compare the TL characteristics of the samples from inside and outside thereaction zone and to assess the degree of radiation damage suffered



by the core samples as a result of the occurrence of the nuclearreaction. The age of the Oklo natural nuclear reactor is cal-9culated, by the fission-track analysis method, to be 1.73 x 10 yr.4. Attempts to calculate the shade temperature of certain Apollo 17o 4boulders, and duration yield 256 K and 6.5 x JO yr respectively,based on a dose rate of 10rad yr in the shade.
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-1-
CHAPTER IGENERAL INTRODUCTION 1. 1 The thermoluminescence phenomenon.When a phosphor, previously subjected to ionizing radiations (such as beta-particles, alpha-particles, gamma-rays, etc.), is heated the energy stored in the phosphor as a result of the irradiation process is liberated in the form of visible light in addition to the normal thermal radiation. Re­heating the phosphor immediately after the first heating gives rise only to the normal thermal emission. The additional visible light emitted during the first heating is called thermoluminescence (TL).The thermoluminescence phenomenon probably was first observed in the seventeenth century by Sir Robert Boyle when he reported that a diamond, when heated by the warmth of his hands, emitted light which, although very faint, could be noticed by the naked eye in the dark.The plot of light output intensity emitted by a sample versus the sample temperature is called a glow curve. The method of obtaining a glow curve was first reported by Urbach (1930) and then developed by Randall and Wilkins (1945) due to their researches in the field of TL. The method includes in general two steps: (i) the excitation of the sample at low initial temperature using ionizing radiations, and (ii) the recording of the light output by warming the sample, generally from the temperature at which the sample was excited, at a heating rate which is made as uniform as possible. The glow curve is a characteristic feature of the luminescent solid itself and a detailed analysis of the glow curve can reveal much information concerning the radiation and thermal history of the sample (see Chapters V and VI), apart from providing information vital from a solid-state point of 



-2-
view (see Chapters III and I∖r), Figures 1. la and 1. lb show typical glow curves for Brazilian natural quartz and for a lunai' sample respectively.An explanation of the TL phenomenon can be presented with the aid of the familiar energy band model (see Figure 1.2) which was proposed by Riehl and Schon (1939). The existence of lattice defects and trace impurities in the luminescent solid will give rise to a number of discrete localised energy levels in the forbidden band between the valence and conduction bands. These localised energy levels are called 'traps’. These energy levels, depending on the nature of the impurity, can act as traps for either electrons or holes. Ionizing radiation creates free hole and electron pairs within the luminescent solid. The holes maybe captured at centres which are electronegative with respect to the lattice and are known as hole traps. This may be represented energetically by the free hole losing energy and making a transition to a localised energy level within the forbidden band gap. Also, as a result of the collisions which occur in the conduction band, the electrons will lose their energy and make transition either into one of the localised levels, electropositive with respect to the lattice, known as electron traps, or will return to a hole centre which leads to recombination and the emission of light. The latter process is called fluorescence. The emission of light through this process usually occurs at a mean time, t, after excitation, t being the lifetime of the excited state and of the order of 

fallen ∙∙ 3 i10 sec (Curie, 1963). If an electron is^in an electron trap of energy depth E(eV) below the conduction band, then it will stay in the trap until it acquires this amount of energy, by some means, before it can be freed. When the luminescent phosphor is heated, say during the reading out of the TL, then the trapped electrons will acquire a sufficient thermal energy to enable them
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Schematic Representation of TL Phenomenon
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-3-
to escape from the. traps and migrate through the phosphor until they are either retrapped or they recombine with the holes. The recombination of the electron and the hole on one of the recombination centres will give rise to the emitting of a phonon or perhaps photon depending upon the recombina­tion centre itself. The emitted photons produce the observed TL>, and the centre which is capable of emitting photons is called the luminescence centre. In reality only a small fraction of the created electrons and holes are involved with the emission of light and the production of TL. The rest of the created electrons either recombined immediately with their parent atoms or were involved in non-radiative recombination with the trapped holes, the result of which is the emission of phonons instead of photons.The first mathematical analysis of thermoluminescence glow curves was made by Randall and Wilkins (1945) and later by Garlick and Gibson (1948) who took into account the effect of re-trapping upon the kinetics, a factor which was neglected in the analysis made by Randall and Wilkins (1945). These models will be discussed in detail in the next section.1.2 The basic theoretical models for TL.In spite of the many applications of TL in various fields such as archaeo­logical and geological dating, dosimetry and the study of thermal and radiation history of meteorites and lunar samples (Cameron et al, 1968; McDougall, 1968), the theoretical aspects of the subject still lag behind advances in TL application and the fundameιlal theory of TL is still far from complete. The absence of such theory leads workers in this field to deal with some of tire theoretical aspects, making use of available experimental results to test the proposed models. Examples of this are the mathematical models proposed by Cameron and Zimmerman (1965) 1.0 explain the supralinearity (i.e. the 



increase in the amount of TL induced per unit dose of beta or gamma with the dose received by the sample) observed in lithium fluoride (TLD-100).In this section the theoretical interpretations of the TL phenomenon which have been proposed by the pioneer researchers in the field, Randall and Wilkins (1945) and also by Garlick and Gibson (1948), will be reviewed. Although based on simplified models, these two theories have had success with some materials and provided some insight into the processes involved in most others.1 .2. 1 Randall-Wilkins theory.According to the fir st-order kinetics theory of Randall and Wilkins, all liberated electrons (or holes) must recombine with trapped holes (or electrons). This theory neglects the retrapping of electrons at the same trap after they have been able to escape. The recombination which takes place at a certain centre may or may not give rise to the emission of light, depending upon the nature of the centre itself.Consider electrons trapped at an energy depth E below the conduction band; then at a temperature T (°K) the probability, p, that an electron will be released from the trap up to the conduction band is given by:p = sexp(-E∕kT) (1)where k is the Boltzmann constant and s is the attempt-to-escape frequency8 13 -1factor. The values of the s factor are of the order of 1 0 to 10 sec The frequency factor, s, does not appear to vary with temperature ( Curie, 1963), but for a given phosphor it can be different for traps of different E values. It was concluded by Williams and Eyring (1947) that the factor s12 1is the product of two factors: first, thermal vibration frequency 10 - 10-1.sec ) of the electron trapped in a potential well of depth E, and the second 



factoι, is the quantum mechanical 'transmission coefficient' for the electron transition from, the trap to the conduction band.If n is the number of trapped electrons per unit volume, the rate ofrelease of electrons from the traps at temperature T is given by:dn - r-,∖37 - -np <Z)
= -nsexp(-E∕kT) (3)or ~ = " s exP( ⅛ ) dt (4)

11 lv XIf a linear heating rate β was used during heating up the phosphor:dT = β dt (5)Then:
∫ ⅛ =-∫ i≡≈p < - ⅛>dτ <6>no Towhich gives rise to: TΓs τr- exp (- —- ) dT) (7)D KIowhere nθ is the initial number of trapped electrons before the heating is started, and the initial temperature (T ) was taken here as 0(°K).The intensity, I(T), of the glow curve is proportional to the rate of supply of electrons to radiative centres, namely:dn dtTherefore: „TI(T) = n s exp (- ~)exp(- f ∣ exp (- ) dT)

O lx A JP K. A

O

(8)
(9)



-6-From equation 9 the maximum of light intensity can be obtained by differentiating I(T) with respect to temperature T and setting the result d Iequal to zero, i.e. ^7 = 0. By applying this procedure the maximum of the emitted light is found to occur at temperature T⅛ where T* satisfies the following relation: βE , E λ⅛ = seχp(- 5fγ ) (10)
IC J.T* is known as the peak temperature, and it is clear from equation 10 that it depends .on the heating rate β.Equation 2 can be used to obtain the rate of decay of the number of trapped electrons at a constant temperature T. Assuming n is the number of trapped electrons in traps of depth E per unit volume, then the number of electrons remaining at a time t at a given constant temperature T is: En = nθ exp (- s texp(- ^-∣ ) (11)

From equation 11 the time required to drain half of the filled traps (the half-life of the trapped electrons) is found to be: tin 2 z E x= —“ exp(-) (12)
1 s -LΣEquation 12 shows clearly the strong dependence of the half-life of the trapped electrons on the trap depth E and the storage temperature. This temperature dependency is an important characteristic upon which the method of TL dating is based. For a phosphor stored at room temperature, half-lives for shallow traps can be found to be as short as a few seconds, while for the deepest traps the half-life can be js long as many millions of years.The chief characteristics of the variation of thermoluminescence with 

temperature equation 9 when E is single valued, are summarised by Garlick 



-7-and Gibson as follows:1. For given values of s, n θ,and β the peak temperature T',' at which the maximum emission occurs is proportional to the trap depth E. ,i2. For given n and E, the peak maximum T',' moves to higher temperatures oas s decreases or β increases. This also makes the peak sharper and therefore higher.3. In all cases the area under the emission-temperature curve is propor­tional to the number of electrons initially trapped before warming begins (n ). However, the actual shape of the emission curve is independent of on which also means that the height of the curve at any point is proportional oto n . o4. The initial rise of the TL curve is exponential with temperature following the simple relation: I = nθ s exp (-E/kT) . (13)This is the basis of the initial-rise method for trap depth E determination and has been used in this work (see Chapter VI).1.2. 2 Garlick-Gibson theory.In this theory the retrapping effect was considered and second-order kinetics used. The theory assumes that the electrons, freed from their traps by warming the phosphor, can either be retrapped or may recombine during their movement in the crystal of the luminescent phosphor. Also, according to this theory, an electron escaping from a trap has the same probability of being retrapped as it has of recombining with an empty luminescence centre. This theory deals with traps of single energy depth E and one type of emission centre at which recombination occurs.If the number of trapped electrons is n per unit volume and the total 



-8-number of traps is N, then there will be (N-n) empty traps available for re­trapping and n empty luminescence centres also available for recombination (the number of electrons in the conduction band at any instant is assumed to be small compared with n during the thermoluminescence). Hence, the probability that an escaping electron will recombine with an empty lumin­escence centre and not be retrapped is given by:
- S__  - ⅛ (14) (N - n) + n--------------N v 'and 1∞ = "⅛ = ⅜ * n≡e*p(-E∕kT) (15)

where the rate of escape of trapped electrons from the traps during thermo­luminescence process is the same as in the first order kinetics, namely n s exp (-E∕kT).Using equation 15, the decay of TL at a fixed temperature is found to be: I = nJ s exp (- ⅛r ) / N [ 1 + ( — ) st exp(- “r ) ] 2 (16)
where nθ is the original number of trappeii∙ e. the value of n at t = 0. The equation is simplified if the traps are saturated at the commencement of decay. That is, if nθ = N, the equation 16 becomes:

P p ?I = Nsexp(--) / [ 1 + stexp(- ) ] (17)
If the phosphor is warmed at a uniform rate β after excitation at low temperature, then the TL variation with temperature, in the case when the retrapping effect is considered, is given by:I = nJ. s exp (- -^) / N f 1 + ⅛ f s e*P <~ > dT 1 2 l18)o PThe properties of equation 18 have been summarised by Garlick and



-9-Gibson (1948) as follows:1. For fixed values of s, n ,and β the temperature at which the emission reaches its maximum is proportional to the electron trap depth E. For saturation of the traps (nθ = N) and the same values of s, equations 9 and 18 give maxima at the same temperature.2. For given n and E, the peak temperature T ,' increases as β increases oor s decreases, in the same way as for the case when retrapping is absent.3β In all cases the area under the emission-temperature curve is propor­tional to the number of electrons (nθ) initially trapped. However, the actual shape of the curve is dependent on nθ as shown by equation 18. This is essentially different from the case when retrapping is negligible.4. The initial rise of the curve before peak emission is reached is given by the following relation which can be derived by setting the integral part in equation 18 equal to zero, namely:21 = "⅜∙ seχp(-⅛ (19)
Comparing this equation with equation 13 it is seen that the power of n o is different in the two equations, the exponential term being identical.This provides a further means of experimental correlation with theory.The retrapping has important effects on the applications of TL for dosimetry and dating purposes. Due to the re trapping, the peaks shift towards higher temperatures and peak half-widths are increased. Further­more, the peak height is not linearly dependent on the number of filled traps. Retrapping also affects the decay of the TL peak at constant temperature, with the decay becoming non-exponential and slower. Because of these effects the TL peak height or glow area versus dose curves used in dating 



-10-and dosimetry will be inaccurate, so that extrapolated doses will also be inaccurate. This can be more complicated when there are more than one kind of trap with different number densities and cross sections for charge carrier capture and subsequent recombination. This is usually the case in materials which are commonly used in dating and dosimetry.1 ∙ 3 Methods for the determination of TL parameters.Knowledge of the thermoluminescence parameters, namely the trap depth E(eV) and the frequency factor s(sec ^) are vital (see Chapter VI). 
Several methods have been developed for the determination of these parameters which are described in various papers (see, for example, Braunlich, 1968). In this section three commonly used methods for the determination of E and s values are described, with the emphasis given to the initial-rise method.1.3. 1 Hoogenstraatents method.This method (Hoogaistraaten, 1958) depends upon the relationship which exists between E, s, the peak temperature T*, and the heating rate β.The relation between these variables was found to be (see equation 10):

...2 “ β kT',' h kTand hence: ⅛2
ln(-⅞H = ~⅛ " ln ⅞ (20)p kTT*2 *-l EThus a plot of In ”— versus T is linear and has a slope ——. Thefrequency factor s can be determined from the intercept of this line on the rp⅛2 ] Slvln(~—) axis. The intercept is equal to - In-—, where k is the BoltzmannP hConstant.This method is applied for glow peaks obeying the first order kinetic 



-11-only since it is based upon the theory of B-andall and Wilkins (1945).The experimental procedure is to monitor the change in the peak temp­erature T ,' as a result of the change in the heating rate β. This method is limited by the capacity of the TL apparatus, since to change the peak temp­erature by a .measurable amount requires varying the heating rate over a wide range. Also, even assuming that the equipment available can provide a wide range of heating rates, the method cannot achieve accuracy better than 20 or 30% in E. This is due to the fact that the peak temperature varies very slowly with the heating rate (Curie, 1963) and overlapping of different peaks makes the method impossible to use in most materials.1.3.2 Isothermal decay method.This method is also based on the first order kinetics theory of Randall and Wilkins (1945). From this theory we can have (see equation 11):E n(t) = nθ exp (-st exp (- )
where n is the initial number of trapped electrons immediately after the irradiation is ended (i. e. at t = 0). n(t) is the surviving number of trapped charges after keeping the phosphor at a constant annealing temperature, T, for time t.Equation 11 can be written as follows:- In n/n ------ --------- = sexp(---) (21)
The left-hand term of the above equation is equivalent to the decay constant λ of a simple nuclear decay, that is:1 - In n/nλ _ ____________ 2

z ^ tThen equation 21 can be re-written as:



-12-

or
- In n/nIn [------------ - ] = In s -t1 , _ EIn λ = In s - τ~=~

(23)
(24)

The experimental procedure of this method involves the determination of the ratio n∕nθ for different holding periods at a constant annealing temp­erature. The same procedure is then repeated for other annealing temp­eratures. The ratio n∕nθ can then be plotted against the storage time t for each annealing temperature on a semi-log scale. The half-life of the trapped electrons can be determined from the slope and hence the mean-lifetime at that temperature can be determined. The decay constant λ can then be calculated for each temperature and λ plotted against 1—— on a semilog scale to give a straight line, the slope of which is equal to-E/k; they intercept will give s.The isothermal annealing decay method for the determination of TL parameters has the following disadvantages.1. It is a lengthy method. It also requires the control of more than one variable such as the annealing temperature and the annealing time and also the calculation of E depends upon the experimental determination of the mean-life values which might give rise to error.2. It requires a large amount of material which is not always available, particularly in the case of lunar and meteorite samples.3. It is highly dependant on the order of kinetics for the decay of a peak. Since the order of kinetics is usually not easy to determine, die decay curves cannot be readily used for E determination.1.3.3 Initial-rise method.The initial-rise method was first suggested by Garlick and Gibson (1948) 



-13-as a means of determining the energy depths of the traps of a TL phosphor. Since then this method has been used successfully to measure the energy depths of the traps for a large number of materials such as lunar and meteorites Christodoulides, 1972; Durrani et al, 1972a; Wintie, 1974).This method is based on the fact that at temperatures far below the peak temperature T , the initial rise of the TL intensity is found to be proportional p;to the factor exp(- ∙, —■). This result is found to be true regardless of theorder of the kinetics involved. Provided the temperature T is much lower than T ,' (peak temperature as given by equation 10), the integral part of equations 9 and 18 which account for the fraction of traps emptied as a result of heating the sample up to temperature T, can be neglected. Then equation 9, which is based on the fir st-order kinetics (Randall and Wilkins, 1945), reduces to:
1(τ) = nθ s exp (- kτ ) (25)

Similarly equation 18 which was derived from the second-order kinetics reduces to: n 21(τ) = s exp (- ~r) (26)
In both the above cases a plot of Log I versus ψ∙ yields a straight line with Eslope of - — from which the E value can be determined, kThe experimental procedure involves a subsequent heating followed by cooling to room temperature, which leads to a series of initial rise curves. Each initial rise curve is plotted on a logarithmic scale against — . TheElinear part of each curve has a slope of - ” . The values of E found from the slopes can be plotted against the average temperature of the range used for finding the energy. The initial rise method should yield E values which 



-14-form groups corresponding to the number of glow peaks constituting the glow curve (see Figures 6.8a and 6.8b, Chapter VI). The temperature of each peak can be determined by a separate experiment such as the thermal cleaning which has been used to resolve the peaks of the lunar samples glow curves (Nicholas and Woods, 1964). Knowing E, T*,and β, equation 10 can be used for the determination of the frequency factor s, assuming first-order kinetics. The advantages of the initial rise method, which has made it highly competitive as a means of determining the energy depths of the traps, are:-1. The evaluation of E is independent of the order of the kinetics involved.2. Quite a large number of energy measurements can be made on as much material as needed for one glow curve.3. The method can be used for the determination of E values regardless of the heating rate, linear or not.For these advantages the initial-rise method was chosen during this work for the determination of the energy depths of the traps in some lunar samples (see Chapter VI).



-15-CHAPTER II APPARATUS AND EXPERIMENTAL PROCEDURE2. 1 TL Appartus.The thermoluminescence measurement equipment consists of three major parts. These parts are: heating system,light detection system and recording system. A block diagram of the apparatus is shown in Figure 2.1.2.1.1 Heating system.In this work, samples were heated on a tantalum strip of dimensions 14 cm x 2. 5 cm x 0. 025 cm. The choice of the material for the heating strip was governed by restrictions placed upon the amount of available power. Calculations made for tantalum as well as for other possible materials, e.g. copper, nickel, iron and graphite, (Prachyabrued, 1972), revealed that the power consumption of a tantalum strip was well within the range available. The strip is enclosed in a light-tight cylindrical chamber. The chamber is made of brass. The radius and the height of the chamber are 10 cm and 5 cm respectively. During measurements, oxygen-free nitrogen at constant pressure is flushed through the chamber in order to avoid chemiluminescence and oxidation of the tantalum strip (Aitken et al, 1967).The temperature of the strip is measured by a nickel-cħromium∕nickel- - aluminium ther mo couple, spot-welded on its under side.The temperature of the strip can rise from room temperature to about 600°C by passing an electric current through it. The heating rate can be varied from 0. l°C∕sec to 90°C∕scc with consistent linearity better than 3%. The heating rate which was used throughout this work was 3. 6 C∕sec. The
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-16-linear heating rate was maintained automatically by a comparator amplifier. The e.m. f. developed across the thermocouple is compared by means of an operational amplifier with a reference voltage from a ramp generator.The difference between the thermocouple e.m.f. and the reference voltage is amplified and subsequently used to activate a thyristor firing unit which in turn fires a ,triac , for an appropriate duration of time to supply the necessary power to the heating strip. The system is described in detail, together with the electrical circuits, in Prachyabrued, 1972. A schematic diagram of the temperature controller is shown in Figure 2.2.2.1.2 Light detection system.The thermoluminescence light which is emitted from the sample was usually detected, during the course of this work, by means of EMI photo­multiplier (P.M,) tubes, types 6256SQ and 9804QB. Both P. M. tubes vzere supplied with quartz windows. These tubes were selected for their low dark current at room temperature which is typically 0. 5nA. The P.M. tube is housed in a thermoelectrically cooled P.M. tube housing unit type TE-102TS, Serial No. 1-70-2, (Products for Research Inc., 78 Holten Street, Danvers, Massachusetts 01923.) The housing unit was designed to cool the P.M. tube cathode to at least -20°C, stable to + 0. 50°C, in a maximum ambient temperature of 22°C. This allows one to work with -9 very low signal levels where the signal currents are of the order of nA(10 A). The tube operates with its photocathc∙de at a potential of ~1200V in the case of the 6256SQ type and -1000V in the case of the 9804QB type with respect to common earth. The potential difference developed across a resistor, due to the flow of anode current through it, was amplified by a sensitive electrometer (model 600B, Keithlcy Instruments Ltd. ). The electrometer
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-17-
output was fed into a two-channel potentiometric chart recorder. The recorder registers the electrometer output as a function of time. A silica window and Ilford ,,Bright Spectrum Blue" filter No. 622, transmission band (375-530 nm) were inserted between the photomultiplier tube and the sample to protect the P.M. tube from the heat and to reduce interference from black-body radiation. A polished aluminium re∩ecting cone open at both ends and positioned over the sample was used to limit the amount cf black­body radiation received by the photomultiplier tube by limiting the area of the strip visible. From the time to time the P.M. tube gain was checked by utilising a betalight source which consists of a sealed glass tube coated internally with a zinc sulphide and filled with tritium gas. The source was embodied inside a perspex disc to avoid damage and permit easy handling. The betalight source was made by SRDL (Saunders-Roe Develop­ment Ltd., .Hayes, Middlesex, England) and encapsulated in perspex by K. Stammers. For the purpose of obtaining the TL emission spectra of some phosphors, a set of 'BALZERS’ B-40 interference filters was occasionally used. The transmission characteristics of these filters to­gether with the quantum efficiency of the P.M. tubes 6256SQ and 9804QB versus light wavelength are shown in Figures 2. 3 and 2.4.2.1.3 Recording system.The P.M. tube current output was measured by a Keithley 600B electro­meter. The electrometer provides an output of 1 volt for full-scale deflection. The recorder used was a y-t two-channel potentiometric recorder Servoscribe 2 (Smiths Industries Ltd. ). The time was plotted along the t axis and the P.M. tube output along the y axis. As the tempera­ture is known to be changing linearly with time, it was possible, therefore,
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-18-
to have an indirect plot of TL output versus temperature. 2. 2 Irradiation Facilities.2. 2.1 Beta irradiation.Irradiation with beta particles during this project was performed using a 0. 5 Curie Strontium-90 beta source. The source was made and calibrated by the Radiochemical Centre, Amer sham, England, the Strontium 90 powder being uniformly rolled between two silver plates. The thicker plate of the sandwich source is used for backing support and the thinner one of 0. 04 mm thickness is used as the front surface of the source to cut off the weak beta particles emitted from the Strontium-90. This plane source 2 has an active area 1x2 cm . The isotope Strontium-90 is a pure beta emitter with a maximum energy of 0. 54 MeV. Its daughter nuclide, Yttrium-90, emits beta particles with energies up to 2.27 MeV.The source is mounted at a fixed position inside a 0. 625 cm thick brass box with a shutter which is made of the light alloy, duralumin. Samples can be irradiated at a known distance from the surface of the source. This set-up can be seen in Figure 2.5.The dose rate at four different distances from the surface of the source was determined (Hwang, 1972) using film badges as dosimeters, for the purpose of the dose rate determination. The film badges were analysed by the Radiological Protection Service Unit and the dose rate was measured by the darkening of the emulsion (see Figure 2. 6).The beta source has also been calibrated independently by Dr. K. V. Ettinger (Hwang, 1972) usiiιg a miniature ionization chamber. The results were found to be in excellent agreement with the film badge results.
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-19-2. 2. 2 Gamma irradiation.Gamma irradiation was used extensively during the course of this work. The irradiation with gamma-rays was performed with the aid of a 6θCo 
gamma source situated in the Radiation Centre, University of Birmingham.60The strength of the Co source used was 5000 Curies in September 1973, reduced to 3500 Curies in July 1976 through decay. AThe dose rate measurements were made by Dr. P. Fowles of the Radiation Centre. These measurements were done at various distances from the source along the axis of the irradiation chamber situated in the centre of the source unit. The dose rates varied considerably with the distance from the source. According to the dose rate measurements made on 1st July, 1976, the dose rates vary from 2Mrad∕hr at 0. 5 cm from the source to27krad∕hr at 38 cm. The dose rates used during the course of this project ranged from 800krad∕hr to 500krad∕hr. Lower dose rates were occasionally used for the purpose of studying the effect of dose rates upon the TL sensitivity of quartz.The irradiation with gamma-rays gives rise to the problem of achieving electronic equilibrium throughout the irradiated sample. For irradiation 60 2with Co gamma-rays (1. 25 MeV average), a minimum of 450 mg/cm build-up thickness must be placed before the target to build up the free electron density to its equilibrium value inside the target (Johns, 1961). Consequently, if a TL sample without the necessary amount of build-up material is irradiated by a photon bec.m (x-rays, γ-rays), the average dose received is somewhat less than it would be under equilibrium conditions.To obtain electronic equilibrium, all samples were irradiated in cylindrical aluminium containers of wall thickness 3. 3 mm and internal 



-20-diameteι, of 6.2 mm. This thickness of 900 mg/cm" reduces the dose rates by 5% (Christodoulides, 1972).2. 2. 3 X-ray irradiation.The X-ray irradiation was carried out using the X-ray set located in the R,adiation Centre, University of Birmingham. The X-ray set is a Pantak constant potential industrial radiography unit modified to reduce output fluctuations by stabilising the main supply and the tube current. Both voltage and current are continuously variable up to maxima of 300kV and 12mA. The set also includes a three-range automatic timer and an auto­matic exposure shutter. The latter permits the operator to set voltage and current before exposing the sample. The shutter can be removed in the case.of a very high dose rate requirement for samples small enough to go into the unshielded re-entrant: region of the tube shield.The tube generates up to 3.6 kW and is cooled by circulating oil through the tube shield and an oil-to-water heat exchanger. The cooler is on a separate mains supply so as to allow the cooling of the tube for a minute or so after completion of an experiment.The sample table provided is aligned horizontally to a good degree of accuracy. The table slides up to approximately 2 metres to allow fcr a range of exposure distances. The radiation output obeys the inverse square law and can be expressed (Fowles, 1976) by:Rr =
(* + a)where Rθ (Roentgen min ^) is the exposure rate at one metre from the focus, 

d is the distance (m) from the shutter front plate and x is the distance (m) of the focus from this plate (= 17.8 cm by extrapolation). The equation 



-21-gives central axis exposure rates (Roentgen min ) in air, which can be converted to rads by using the appropriate multiplying factor. The maxi­mum dose rate which can be obtained with unfiltered radiation by removing the shutter is about 700krad∕ħr.2. 2. 4 Proton and Helium-3 irradiation.Protons and Helium-3, at energies of 10 and 30MeV respectively, were used during the course of this project (see Chapters III and V). The irradiations were carried out using the Department of Physics 1.50m Nuffield cyclotron. The cyclotron is capable also of providing deuterons and alpha particles at energies of 10MeV per nucleon. The Nuffield cyclo­tron is capable also of producing fast neutrons of maximum energy of 7MeV by bombarding a lithium target with 10MeV protons. The mean energy is about 2. 2MeV and the yield is rj 2 x 10^θ n μA sec ∖ Bombarding a beryllium target with 30MeV Helium-3 particles will yield about 6 x 10^θ n μA 1 sec ∖ with a mean energy of8MeV and with a maximum of 35MeV.
A charged particle current of 2μA was used in both proton and Helium-3 irradiations. All the irradiations were carried out in vacuum and the sample holder was cooled by circulating water.2. 3 X-ray Techniques for Structural and Compositional Studies.2. 3<. 1 The production of X-rays.X-rays are generated when electrons, travelling at high speeds, collide with the atoms of a target. Broadly speaking, two types of interaction occur and these result in two types of X-ray spectra: continuous and characteristic (Nuffield, 1966).The characteristic spectra are produced when the bombarding electrons have sufficient energy to penetrate to the interior of the atoms of the target and to strike and displace a tightly bound electron deep in the atom near the



-22- nucleus, thereby ionising the atom. ’When a particular inner shell of an atom has been ionised in this manner, an electron from an outer shell may fall into the vacant place, with the resulting emission of X-rays character­istic of the atom involved.A high-speed electron maybe slowed down in passing through the strong electric field near the nucleus of an atom. The decrease in energy ∆E of the electron appearing as an X-ray photon of frequency as given in Einstein's equation: h P = Δ Ein which h is Planck's constant. In this case, the produced X-radiation is independent of the nature of the atom being bombarded and appears as a band of continuously varying wavelength whose lower wavelength limit is a function of the maximum energy of the bombarding electron. Hence, a continuous spectrum is produced.2. 3. 2 X-ray fluorescence technique.-The content of the major elements in Okiomaterials (see Chapter V) were determined by using the X-ray fluorescence technique. The basis of X-ray fluorescence and its use for elemental analysis is as follows.The absorption of X-rays by an element gives rise to the excitation of the atoms of that element which is followed by the generation of secondary radia tion. The secondary radiation is characteristic of the absorbing element. When an element is generating X-radiation in this manner it is said to be fluorescencing; the secondary radiation is usually called fluorescent radiation.The fluorescence is a useful tool in X-ray spectroscopy. In this methodTheof elemental analysis the sample is bathed in a beam of X-radiation.



-23-K and/or L> spectra of the elements are thereby excited and the sample fluorescences. It remains only to determine the wavelength of the character­istic peak in the radiation emitted by the sample and their intensities to identify the elements and to estimate their abundance.Theoretically if the mass absorption is constant, then a simple linear relationship will exist between fluorescence intensity and element concen­tration. Following this assumption, the nature of a certain element could be found by using the linear calibration of a 'standard' of the same absorption coefficient. The wide variation in mass absorption coefficients of the Oklo samples made the simple linear calibration unsuitable. This difficulty was overcome by adopting the fusion technique (West et al, 1974).The Oklo samples were fused in sodium tetraborate with an oxidising agent, sodium nitrate, added. All the fusions were performed in platinum plus gold crucibles in an electric muffle furnace. The apparatus used for bead preparation consisted essentially of a duralumin plunger mounted on a hot plate into which was recessed a duralumin mould. The melt was poured into the mould and the plunger brought down forming a thin bead (0. 8 mm thick). The fusion mixture consisted of 0.2 gm sample, 0.4 gm sodium nitrate and 2. 5 gm flux. It was thoroughly mixed in a platinum + 5% gold crucible which was then placed in a muffle furnace at 1150°C. After ten minutes, the crucible was quickly transferred to a blast burner (maintained at 1150°C), given a vigorous stir to ensure homogeneity in the melt, and the contents poured into the mould of the bead-making apparatus. The stability of the beads was ensured by annealing _or ten minutes at 240°C.The induced X-ray fluorescence from the beads was collimated and passed on to the analysing crystal which was orientated in such a way that



-24-only the emision of the element to be measured in the specimen was diffracted into the detector. The content of certain elements in the bead was determined by comparing the fluorescence intensity with that of the standard using the calibration lines.A Philips PW-1212 automatic spectrometer was used in the X-ray fluorescence analysis. The machine is situated in the Department of Geology, University of Birmingham. The machine is connected to an on-line computer and a print-out machine; therefore the analysis is fully automatic after the calibration. This technique is able to detect concen­trations of a few parts per million with an accuracy of better than 0. 1% for most elements.2.3.3 X-ray diffraction technique.The phenomenon of X-ray diffraction by crystals results from a scattering process in which the X-rays are scattered by the electrons of the atoms without change in wavelength (coherent or Bragg scattering). The X-ray diffraction can be produced only when certain geometrical conditions are satisfied which may be expressed in the form of the Bragg law:nλ = 2d sin θ where λ is the wavelength of the reflected X-radiation, d is the spacing of the reflection planes, θ is the angle of reflection, and n is the order of the diffraction.The X-ray diffraction pattern of a substance is unique to that substance. For the identification of minerals in Oklo materials, such as quartz, feld­spar, etc., the fine powder technique was used. In the case of a mixture of substances each substance produces its pattern independently of the others, so that the photograph obtained with a mixture is the superimposition of the 



Page 25 is missing in this thesis.



-26-of that line was calculated by applying the Bragg law. This value of d was compared with those in standard tables which led to the identification of the unknown elements in the sample. The results obtained by this method also showed that there is no evidence of crystalline quartz, in the core samples in contra.st to the samples from outside the core (see Chapter V). 2. 4 The High Temperature Annealing System. QIsothermal annealing at temperatures as high as 900 C was carried out by the aid of the high temperature annealing system available in the thermo­luminescence laboratory, Department of Physics, University of Birmingham. The system for high temperature annealing consists of a tubular furnace which is fitted with a vacuum tube relay and controlled by the thermocouple. The whole furnace was made by Johnson, Matthey and Co., England. The tube, which is made of fired clay, is about one foot long and. 1~,, in diameter. The heating element is a coil wound around the tube and embedded in a good electrical insulator. The power consumption of the heating element is 2, 000 Watts and it provides a maximum working temperature of 1350°C. The heating current is controlled by a Ni-Cr/Ni-Al thermocouple which is inserted into the tube with its tip at about the mid-point of the tube. The thermocouple is connected to a temperature indicator and an automatic relay, type 17-90B, both made by Ether Etd. , England, for maintaining the tempera­ture to an accuracy of + 2°C.To avoid inaccuracies due to the temperature gradient which forms along the length of the tubular furnace, the samples were always put at the same position next to the tip of the thermocouple. Also, during the actual annealing period both ends of the furnace were sealed with aluminium foil to prevent temperature fluctuation resulting from draughts.



-27-2. 5 The Design and Construction of Low Temperature TL Readout Apparatus.Following the finding of the effect of the temperature of irradiation on the sensitivity of quartz (Khazal et al, 1975), a TL apparatus was designed and constructed capable of reading out thermoluminescence from samples irradiated at temperatures far below room temperature. The apparatus was designed by the author and constructed in the main workshop in the Department of Physics, University of Birmingham. The newly designed machine is a modified version of the one used at Harwell to study the low temperature thermoluminescence of lunar samples, induced by 160 MeV proton beam (Jahn, 1971). The modifications centred on the sample holder as well as the size and capacity of the machine to maintain the sample at low temperature for a reasonable period of time if needed. In the Harwell- designed apparatus the sample was held in a vertical position to suit the irradiation facilities.The newly designed apparatus was able to overcome all the disadvantages inherent in the old version; in particular the sample holder was arranged horizontally. It was intended to use this apparatus to study the low tempera­ture TL characteristic of phosphors other than quartz., such as meteorite and lunar samples, feldspar, flint, etc. , as well as the effect of the temperature of irradiation upon the TL sensitivity of these minerals (Khazal et al, 1975). The size of the apparatus as well as the small volume of the irradiation chamber in the gamma-ray irradiation unit limited the source of inducing TL to the X-ray set which could be aligned so that the beam is directed at any angle.A cut-away view of the apparatus is shown in Figure 2. 7. It consists
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' -28-of a liquid nitrogen cryostat and sanaple holder assembly held inside a vacuum chamber. The cryostat and the pipes which carry the liquid nitrogen are made of stainless steel. The vacuum chamber is made of brass.The cryostat volume is 3. 7 litre, which gives liquid nitrogen retention of a few hours to allow the sample to receive a reasonable amount of irradiation if a. high dose is needed. It was found that 5 minutes were enough to cool the sample to temperatures as low as -160°C. The cooling of the sample to such low temperatures was achieved by an arrangement which allowed liquid nitrogen to flow through the two stainless steel pipes brazed on to the rear of the copper sample block. On the top surface of the copper sample block a recess of 1 cm in diameter and 0. 2 mm deep was cut, into which a sample container could be placed when powder samples were being used. In the case of a sliced sample, the sample was put in contact with a copper block in the middle of the recess. A chromel-alumel thermo­couple was soldered next to the groove in’order to monitor the temperature of the sample. Between the cooling pipes and beneath the copper sample block a 60 watt heating element was fitted to warm up the sample for- the TL readout from the irradiation of∕√ -160°C to +300°C. The heating 
element was connected to a mains rheostat by which the power to the element could be controlled to maintain a given heating rate.Electrical connections were made to the outside of the vacuum chamber by means of a set of metal pins electrically isolated from each other. The pins unit was soldered to the wall of the part of the vacuum chamber containing the cryostat. This arrangement of the electrical connections enab±cd one to inspect the sample holder unit when it was needed by taking it out together with the cryostat unit without the need of disconnecting any of the electrical



-29-. connections.On the top of the sample position a P∙ M, tube, type EMI 9804QB, was located for the detection of the TL light from the sample when the sample was heated. The P. KT. tube views the sample through a window 5 cm in diameter covered by a silica disc to seal the chamber during evacuation. Optical filters of dimensions 2n x 2" could be used with the silica disc to select certain wavelengths of the TL light. These filters were rested in a special groove made for this purpose. The output of the P.M. tube was amplified by a sensitive electrometer,model 600B (Keithley Instruments Ltd. ) and fed into a single pen recorder, model Oxfored Series 3000, and recorded on chart paper.The chamber was evacuated to 5 x 10 torr by means of a rotary pump, type Speedivac. single stage ISI50, to prevent an ice layer forming on the sample holder and on the chamber surface due to the presence of water vapour. The pressure inside the vacuum chamber was monitored by means of a mercury-filled pressure gauge, model Edwards ,Vacustat,.



-30-CHAPTER III
THE VARIATION OF THE TL SENSITIVITY OF NATURAL QUARTZ WITH RADIATI ON DOSE USING GAMMA-RAYS AND PROTON IRRADIATIONS3,1 Introduction and Theoretical Background.One of the many problems confronting investigator’s using thermo­luminescence (TL) as a means of archaeological and geological dating has been the phenomenon of sensitisation of the TL signal by radiation dose, particularly when the TL phosphor being studied in the dating process is quartz (Aitken, 1968; Tite, 1968). The mechanisms of such sensitization are not perfectly understood despite substantial studies of the TL properties of quartz (Yokato, 1953; Medlin, 1963; Schlesinger, 1964; McMorris, 1969 and 1971).One usually considers that the incident electromagnetic radiation (X- or y-ray) excites electrons and holes within the crystal. A proportion of these charge carriers is then captured by existing traps. As the radiation dose is increased it follows that the subsequent TL intensity (due to the thermally stimulated radiative recombination of the electrons and holes) will increase until such time as the existing traps become filled and the TL intensity reaches saturation level.Some results have been obtained, however, which are not in accord with these expectations in as much as tbe predicted saturation level is not reached. This points to the possibility of the creation (and subsequent filling) o^ new traps by the incident radiation (Ichikawa, 1968). Such an increase in the concentration of trapping centres beyond the original concen­tration will result in an increased TL sensitivity for the sample. Further-



' -31- morei it has been suggested that extremely high doses of radiation will, aftei' an initial increase in sensitivity, give rise to a sensitivity decrease (Durrani et al, 1975; Shekhmametev, 1973).The extent to which quartz exhibits TL is related to the presence of impurities within the material giving rise to trapping centres (electron traps) and recombination centres (hole traps) (Schlesinger, 1964; Ichikawa, 1968; Batrak, 1958), The smoky colour induced by radiation in all types of quartz has been shown to be intimately related to the presence of aluminium substitutionally incorporated into the quartz lattice in place of silicon (Halperin, 1963).O'Brien (1955) was the first to describe this centre in detail. The trivalent Al, substituting for a Si, results in an unpaired electron on an adjacent O atom (Figure 3. 1). This unpaired charge is compensated for by the presence of a monovalent positive ion (usually an alkali ion, Na or Li*) which is in an interstitial position in. close proximity to the Λl atom. 
Upon irradiating the sample, electron-hole pairs are created and a hole is localised by the oxygen atom with the unpaired electron, so that the alkali ion is now free to migrate away. The alkali ion migrates along one of the structural channels (e.g. the c-axis [Chentsova, 1956]) until it reaches a captured electron which has become localised at a nearby electron trap (such as substitutional Ge, [Schlesinger, 1964]). In this position the alkali ion now stablises the trapped electron. Upon heating the sample the electron is freed to recombine radiatively with the trapped hole. This results in the characteristic blue TL emission near 300°C, and the Al/alkali c entre is reformed.In this way the Al/aJkali centre can be seen to be acting as a recombina-



The Al∕Alkαli Centre in Crystalline Quartz
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-32-tion centre for the electron and the hole. This sequence of events has been confirmed, notably by Mackey (1963) who ∏sed Electron Paramagnetic Resonance studies to support the work of Halperin and Ralph (1963) and O'Brien (1955), and it has now become the generally accepted mechanism for TL in quartz (see review by Lell et al, 1966).Questions arising from these TL studies of quartz include considerations as to how the sensitivity is affected by radiation dose when the traps and recombination centres are associated with impurities. Furthermore, if the radiation is causing structural damage, how is this damage produced by purely electromagnetic radiation such as X-rays or γ-rays ?It is in the context of these problems that further investigations were undertaken into the TL properties of quartz with a view to understanding the mechanisms of TL sensitisation by dose.The part of this project which will be described in this chapter was initiated by the finding which will be discussed inChapter V (see also Durrani et al, 1975), namely the failure of some of Oklo samples (core samples) to retain their natural TL and to produce TL artifically by irradiation. This was explained by the radiation damage hypotheses put forward by the author (see Chapter V) which led to a thorough investigation of the change of the sensitivity of natural quartz over a wide range of radiation dose.3. 2 Samples and Sample Preparation.The samples used in this work were of different types of natural Brazilian quartz (rose, smoky and clear crystals) supplied by Kernowcraft, Truro, Cornwall, England. To achieve a reproducible geometry of the sample, the samples used were in slice form (Goksu and Fremlin, 1972). The slices of 0. 5 mm thick were cut from a lump of natural quartz using a 



-33-diamond wheel mounted on a Macrotome 2 built by Metals Research Ltd. , Melbourne, Royston, Herts., England. The slices were then ground to a thickness of about 150μm using a slurry of 400 grade Carborundum (silicon carbide). All the slices were annealed (unless otherwise stated) at 500°C in an open-tube furnace (see Section 2.4) for one hour to remove their natural TL. After annealing, the slices were polished on both faces using diamond dust on a cloth lap to improve the transmission of the TL emitted from the interior. The polished slices were then cleaned with acetone to remove any grease or dirt marks. Finally, the large clean slices were broken carefully into small pieces of 1-2 mg in weight, which were ready for experimental use.3. 3 General Experimental Procedure.The apparatus used (see Section 2.1 for details) consisted essentially of a brass chamber in vzhich the samples were heated, in an oxygen-free nitrogen atmosphere, on a 0.025cm thick tantalum heating strip. The constant heating rate (3. 6°C∕sec) was accurately controlled by a program­mable temperature controller.For normal work the TL output was transmitted through a. (375 -.530nm) broad band blue filter and detected by an EM19804QB photomultiplier tube. The output from this was monitored by a. Keithley 600B electrometer and graphically displayed on the y~axis of a y≈>time pen recorder,For the determination of the emission spectra of the TL light, output, the broad-band blue filter was replaced by narrow band Balzei’ interference filters.Two methods for obtaining the TL intensity were adopted in this work: namely, measurements of peak height and of the area under the glow curve.



-34-In each case the measured TL output was divided by the sample weight to give the TL intensity in arbitrary units of peak height or glow area per unit sample weight.When peak heights are used for the TL intensity, it is necessary to isolate each peak appearing in the TL spectrum. The method adopted foι∙ this was the technique of 'thermal cleaning', described in detail in Nicholas and Woods (1964). Briefly, the method consists of systematically emptying the traps, the shallow,est first, and thus obtaining the rising portions of the individual glow peaks corresponding to each succeeding trap.In order to define the area under the glow curve when the alternative method of measuring the TL output is used, the area under the glow curve from 240°C to 480°C was taken. (The lower temperature was chosen to reduce any possible effects of thermal fading and the upper temperature was generally where the black-body radiation became appreciable). 60Gamma irradiations were performed using the 3500 Curie Co gamma source in the Birmingham Radiation Centre, University of Birmingham (see Section 2. 2. 2). The proton irradiations were carried out on the Nuffield cyclotron in the Department of Physics; the cyclotron provides beams of 10MeV protons.3.4 Gamma-ray Irradiations.A typical glow spectrum for gamma-irradiated quartz is seen in Figure 3. 2. At least four peaks are evident at approximately 200°C, 26θ°C, 300°C and 360°C. When this spectrum is resolved by thermal cleaning into its peak components the glow curves of Figure 3. 3 are obtained. Four definite peaks are seen at 200°C, 255°C, 275°C and 355°C. The four peaks 
shown were found to be reproducible in position and relative size. The
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-35-355°C peak sometimes appeared to be composed of at least two peaks, but these were found to he extremely difficult to resolve and in all the following results the 355°C peak is treated as a single peak.Owing to the irihomogenous distribution of impurities within the quartz samples, the slices were found to exhibit appreciable differences in TL∣ sensitivity. To correct for this, each sample was given an initial test 90 dose of 15krad of beta irradiation at room temperature from a Sr source (see Section 2. 2. 1) and its sensitivity was then defined as ’the TL response per unit sample weight to 15krad β'. Having determined the ’intrinsic1 sensitivity of each sample in this way, their response to subsequent gamma­irradiations could be normalised and direct comparisons of the responses were made. Furthermore, in order to prevent any changes in sensitivity due to thermal cycling of a sample (Durrani et al, 1972a) each sample was only used once so that each point on the emission spectra, dose response and sensitivity curves to follow was taken from a different sample.In Figure 3.4 are shown the growths of the TL glow for the four TL peaks with increasing gamma dose. All four curves exhibit a similarity, with a fast initial growth up to ∕∙√ 2x10$ rads. Of interest here is the 
observation that the 255°C peak shows a noticeable decrease in response for doses^> 2 x 10^ rads whilst the other three curves exhibit properties akin 
to reaching a saturation level. The sensitivity changes induced by these large gamma doses are shown in Figure 3.5, Here, all four curves show an increase in sensitivity up to a dose of 10θ rads, followed by a lessening 
of the increase with the sensitivity apparently reaching a steady level at7 doses of r>J 10 rads.From Figures 3.4 and 3. 5 it can be seen that all four peaks behave in a



Response to Gamma Irradiation

Fig 3∙4



Sensitivity Changes Following ^-Irradiation
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-36-
similar fashion, i.e. the gamma-rays are apparently affecting each peak in the same way. It will be shown in the next section that the common factor between the four traps is the recombination centre, which is being affected in a uniform (but as yet unknown) fashion by the radiation, giving rise to the observed curves of Figures 3.4 and 3.5 3. 5 TL Emission Spectra.Figure 3. 6 shows the emission spectrum of each peak in the quartz TL glow. For these curves a series of Balzers narrow-band interference filters (types R-UV and B-40) were used during TL readout after giving each sample a gamma-ray dose of 310krad. The photomultiplier output at any given temperature of readout is a function of the emitted TL intensity I(λ), the transmission characteristics F(λ) of the filter in use and the quantum efficiency Q(λ) of the photomultiplier at the pass-band wavelength λ of the filter. The differences in F(λ) and Q(λ) for each filter can be compensated for by a process of normalisation in order that the true variation in normal­ised l(λ) can be determined. Figure 3. 6 shows the variation in normalised l(λ) (corrected for the different sample sensitivities) with λ. As can be seen, all four curves exhibit broadly the same shape, peaking in the blue region near 470nm (compared with 450nm as reported by Batrak, 1958). The important information gleaned from Figure 3. 6 is that each of the four different election traps responsible for the observed four TL peaks uses the same recombination centre. Once thermally liberated from the traps into the conduction band, the freed electrons are no longer dependent upon the nature of the traps. The TL emission wavelength is dependent only upon the position of the recombination (luminescence) level in the energy band diagram of the material, which in turn is dependent solely upon the nature of
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-37-
the centre itself. 3β 6 Bulk Test.This test was carried out to see whether or not the sensitisation of the quartz following a radiation dose was a surface effect. The test was made by preparing two slices: one of them ground to a thickness of about. 150μm , the other to 250μm. The initial sensitivity of each slice was measured by using a test dose of 30krad of beta particles, then the induced TL readout and the areas under their glow curves in the temperature range 240°C to 480°C were measured as the glow intensity. Both slices were then given a gamma dose of 1.5Mrad followed by TL readout. The 250μm thick slice was then ground down to 150μm by removing 50μm from each face. After this procedure both slices were given the 30krad beta test dose followed by the readout of the TL∣ and the new sensitivity determined. The results of this experiment showed that both slices were sensitised by the 1.51vlrad gamma dose to the same degree. This experiment proved clearly that sensitisation is a bulk effect.3. 7 The Effect of Isothermal Annealing on the Dose-Created Sensitisation.It was noticed by the author that annealing of quartz, previously sensit­ised by gamma-radiation at 500°C for one hour, did not re-install the original sensitivity. This result indicates that the entities responsible for the observed increase in sensitivity were thermally stable at this temperature. This led to the study of the effect of annealing at higher temperatures. The experiment was performed on polished slices of 150μm thick and about 2mg in weight. For the purpose of normalisation, all slices were first given a 30krad beta dose and the TL from each sample normalised to a unit of weight and dose, this being defined as the original sensitivity of each slice.



-38-These slices were then sensitised by giving each sample a gamma dose of 600krads followed by TL∣ readout. The samples were then given a dose of 30krad beta and the area under the glow curve between 240°C and 480°C, normalised to a unit weight and dose, designated nθ. Annealing was carried out for various times at each of the constant annealing temperatures. After the annealing period the sample sensitivity was tested by using the standard dose of 30krad beta, and the new sample sensitivity designated n..» The ratio of the sensitivity of the sample after a certain annealing time to the sensitivity of the sample corresponding to a zero time of annealing (i. e. n/n ) was calculated and plotted against the annealing time. This procedure° o 560°Cθwas repeated for five, temperatures: 540 C, 550 C,∕570 C and 580 C. The results of this experiment are shown in Figure 3.7.For each annealing temperature the 'decay curve' can be broken into two linear components, each component representing the logarithmic decay of the entity which was created by the high gamma-ray dose and also respons­ible for the sensitisation, A 'half-life', can be defined for each 
2 

, - j- ∙ ι , 1 r-,, ln(n∕nr,)component as in the case of a simple nuclear decay. iħe term °t equivalent to the 'decay constant' (λ) of the corresponding component, is 3plotted against —— (where T is the annealing temperature in °K). The result is shown in Figure 3.8.Annealing of a previously sensitised quartz sample (by 15Mrad of gamma-ray dose) at 900°C was also carried out. The results of this investigation showed that annealing for two hours at 900°C was capable of removing the sensitisation effect and the sensitivity of the sample returned within a factor of 5 of the original. A similar annealing procedure was carried out upon an unsensitised (virgin) sample of natural quartz, the results
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-39-of which showed that annealing at 900 C for 20 hours followed by slowly cooling to room temperature increased the sensitivity of the sample by a factor of 5«In Figure 3.9 ■ the results of annealing of two previously sensitised quartz samples by a dose of 600krad of gamma- and X-rays respectively at two annealing temperatures (530°C and 580°C) are shown. For the purpose of this experiment two quartz slices were prepared. One slice was sensit­ised byr√600krad gamma-rays and the second slice was sensitised by 600 krad of 300keV X-rays. The sensitivity of each slice as a result of the 600krad was determined using a test dose of 30krad beta. The samples were then annealed first at 530°C for different lengths of time and the sensitivity after each annealing time was determined using a 30krad beta test dose. This was followed by raising the annealing temperature to 580°C and the sensitivity after each annealing time calculated following the pro­cedure described above. A conclusion can be drawn from Figure 3. 9∙ : the sensitisation created by X-rays is thermally less stable compared with that created by gamma-rays.The effect of successive heating (by TL machine, i. e. 20°C to f∙j 500°C) on the gamma-dose-induced sensitisation in natural quartz was studied using two samples prepared by following the procedure described in Section 3.2. They were first heated (by TL machine to 500°C) to eliminate their natural TL, then the intrinsic sensitivity of each sample was determined by using a 15krad test dose of beta particles. After this, one sample was given repeatedly 15krad of beta and the TL area/mg between the temperature range 240°C to 480°C after each step determined. The second sample was given 150krad in one irradiation and the TL due to this dose was eliminated by heating the sample in the TL apparatus. After this the sensitivity of the
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-40-sample was determined by using die 15krad test dose. Since the total dose received by both samples was the same and was equal to 180krad of beta, the difference in sensitisation between the two samples (see Figure 3.10) could be explained by the fact that the first sample was heated (by TL apparatus) many times more than the second, giving rise to the desensitisation of the quartz sample.3. 8 The Variation of the TL Sensitivity of Quartz with Dose-rate.In this section the effect of the gamma-dose rate upon the sensitivity of quartz in the region of the glow curve between 240°C and 480°C is studied. Slices of natural quartz 150μm thick and l-2mg in weight (prepared by following the procedure described in Section 3.2) were used in this investiga- 90tion. A test dose of 15krad of Sr betas was used to determine the initial sensitivity of each slice for the purpose of normalisation. The variation of the normalised TL glow area, indιιced by a dose of 50kra,d, between 240°C and 480°C with the dose rate is shown in Figure 3. 11. The figure shows that for dose rates greater than 500krad hr there was no change in TL sensitivity with the dose rate, while for dose rates between 500krad hr and 60krad hr the sensitivity varied by a factor ofr√ 4. As a result of this finding a dose rate of∕*√ 600krad hr was used in the TL studies reported in Chapters III and ΓV to avoid any dose-rate effect.3. 9 Proton Irradiation. 7Figure 3. 12 shows a typical glow-curve following a dose of 1 0 rads of 10MeV protons. As can be seen, the glow-curve shape is similar to that obtained from the gamma-irradiated quartz (cf. Figure 3.2), with the previously discussed four peaks being apparent.Owing to restrictions placed upon the gamma dose rate, it was not
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"-41- 7 possible to obtain gamma-doses of greater than 5x10 rads. With proton irradiation, however, much larger doses were available. With these larger doses changes became evident in the glow-curve shape. The glow in the region 200°C to 300°C became less significant, with the result that the main glow appeared in the region of 350°C. This is demonstrated in Figure 3. 13, where the glow-curve obtained after a proton dose of 2xl0^θ 
rads is illustrated. Only one peak is immediately obvious and it proved extremely difficult to resolve the glow-curve into any further components. For this reason the TL intensity was defined as the area under the glow­curve from 240°C to 480°C.Using this definition of glow intensity it was possible to produce curves exhibiting changes in the TL response and TL sensitivity as increasing doses of proton irradiation were imparted to the sample. Figure 3.14 illustrates these curves. Here one again sees the initial growth of TLup to doses of 7∕-√ 10 rads, followed by a tendency to saturate, similar to that seen by gamma-irradiation. However, it can be seen in Figure 3. 14 that as the dose is increased further a sharp decrease in both the TL response and -, 9sensitivity is observed. This αecrease occurs at doses greater than 10 rads and is followed by a region in which the sensitivity and the response remain reasonably stable (at doses of r>J 10^ rads) before apparently de- 12creasing again at higher doses (10 rads). Although the areas under the o o 7 11glow-curve between 240 C and 480 C at doses of 10 rads and 10 rads are approximately equal, the shape of the glow curve has changed considerably, as is evident by reference to Figures 3.12 and 3. 13.It is interesting to note that the initial increase in sensitisation due to proton irradiation is less than that induced by the gamma-irradiation. This
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-42 τis illustrated in Figure 3. 15 where the sensitisation induced by gamma irradiation is compared with that induced by proton irradiation. In this figure the TL intensity for the gamma-irradiated samples is taken as the area under the glow-curve from 240°C to 480°C, as is the case for the proton-induced TL intensity, in order that direct comparison of the effects of the two types of irradiation can be made.3.10 Discussion.The Al/alkali centre described in the introduction (cf. Figure 3. 1) is the predominant hole trap in crystalline quartz. Electron traps in natural ,as received’ samples also result from the presence of impurities. Schlesinger (1964) has shown the importance of substitutional Ge as an electron trap in smoky quartz, whilst Wright et al (1963) have indicated that substitutional Ti is a significant electron trap in rose quartz. Alkali impurities in quartz break up the Si----- O bonds, thereby introducing non­bridging oxygens which can also act as electron traps. Although usually associated with Al impurities (to form the hole traps) the alkali ions have been observed without the nearby presence of Al (Lell et al, 1966), and Batrak (1958) reports the observation of TL peaks arising from the presence of Li and Na alone.There is some evidence, however, to indicate that the total number of possible electron traps is insufficient to match the total number of Al/alkali hole trapping centres present (Bambauer, 1961). The implication here is that if extra electron traps were to be created (by, say, raidation damage effects) there would be sufficient hole traps (recombination centre) nitially present to compensate for them.Although predominantly a covalent compound, quartz does have some
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-43-degree of ionic character. Evans (1964) estimates the Si---- -— O bond to be 60% covalent and 40% ionic. However, in contrast to a metallic or a purely ionic bond, a predominantly covalent bond is highly directional with a well-defined bond length giving rise to a rather rigid lattice structure. Point defects and dislocations do exist, but their usually complex structures are not well known in any great detail although they are usually found to be intimately associated with the presence of impurities, substitutional or interstitial. Similarly, any lattice damage induced by radiation absorbed by the sample is also likely to be associated with impurities due to the relative ease with which bonds can be broken in these strained lattice regions. This latter point is thought to be certainly true of electromagnetic (ionising) radiation (Lell et al, 1966). Although calculated energies of γ- and X-rays appear sufficient to dislodge oxygen atoms in unstrained regions of the quartz lattice, very few such examples have been observed with any degree of certainty. Structural faults of this nature usually require irradiation of the sample with high energy particles.The present work indicates that structural changes are occurring within the quartz lattice when irradiated with a sufficiently high dose of either gamma­ray or protons. The structural changes give rise to the observed changes in TL sensitivity. The evidence presented also suggested that structural changes are centred upon the recombination centres which, owing to the high concentration of Al impurities in all types of quartz, are thought to be the Al∕ alkali centres (McKeever, 1976).Because this damage can be induced by electromagnetic radiation (gamma­rays), even at relatively low doses (cf. Figure 3. 5), it is suggested that the damage takes the form of a broken bond rather than a direct ,knock-on, dis­



-44-olacement. In order to produce vacancies by a direct displacement process the gamma-irradiation would have to give rise to energetic secondary electrons which would then displace the oxygen from its normal lattice site. Arnold and Compton (1959) calculate that if the binding energy of a lattice atom were 24eV then an electron energy of 0. 16MeV would be required to produce a displacement by elastic collision. Although this is possible, they suggest the most likely mechanism would be to break a strained Si —- O bond, a process which requires far less energy and can result from simple ionis­ation.It is suggested here that the latter process is occurring at the Al/alkali centre. The ionising radiation will simply be required to break the strained bond between the silicon and the oxygen atom which is associated with the alkali ion. This will result in an oxygen vacancy and an oxygen interstitial. Although it is not clear what will happen to the alkali ion, it can be seen that the result of this damage would be that the recombination centre is destroyed and, furthermore, that electron traps are likely to be created at its expense. As it is assumed that, initially, the concentration of electron traps is less than the concentration of recombination centres, this would result in an increased TL sensitivity for relatively low gaπima and proton doses (see Figures 3.4, 3.14 and 3.15).In materials with an atomic number -<≈≤1 30, the number of direct dis- placements caused by gamma-irradiation is 5 orders of magnitude lower than that caused by alpha particles (Levy, 1968). Hence, if the mechanism of increasing the sensitivity at these low doses was due to direct displacement then one would expect protons to produce far greater sensitisation than gamma rays. Figure 3. 15 shows this not to be the case.



-45-
The process of electron-trap creation at the expense of the recombina­tion centres is illustrated phenomenologically in Figure 3. 16, In this figure, N and N represent the initial concentration of electron traps and recombination centres respectively, where Nrθ^>, N . As the amount of radiation absorbed by the sample is increased the concentration of re­combination centres decreases, giving rise to an increase in concentration of electron traps. When the dose is less than D , N *> N and hence as N c av t tincreases the TL sensitivity increases also. At dose D , N = N and c t r hence the TL sensitivity reaches a limiting value. Finally, for doses greater than D^, N and the TL sensitivity begins to decrease. Thegeneral shape of the sensitivity curve shown in Figure 3. 16b has been observed experimentally in Figure 3.14 for large proton doses. Also, a decreased TL response is evident for the TL peak at 255 when gamma rays are used (cf. Figure 3.4). The curve of Figure 3.14 is seen to have more structure than the theoretical curve would suggest. This is taken to be due to the contributions from the different peaks; one peak reaching its 'sensitivity limit' before another one.Any oxygen interstitials created by direct collision.when large proton doses are used will tend to fill up the interstitial channels along which the alkali ions migrate, thereby restricting the movements of these ions and inhibiting the trapping of holes at the Al/alkali centres. This, therefore, removes the effectiveness of this defect as a recombination centre. This may be an additional factor in the de sensitisation when using proton irradiation, and may explain how the protons sensitised the samples less strongly than the equivalent gamma dose (cf. Figure 3. 15).
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≤46-
3.11 Conclusion,The present work has indicated that TL sensitisation by radiation dose in crystalline quartz occurs by radiation damage of the Al/alkali recombina­tion centre. The sensitivity changes can be induced by purely electro­magnetic, ionising radiation, such as gamma-rays. Indeed, the gamma­irradiated samples show a greater increase in sensitivity than the samples irradiated with the equivalent protons dose. This points to the occurrence of damage by means of the breaking of a strained Si-----  O bond, rather than by direct displacement of an oxygen atom. Such damage can be induced by simple ionisation processes and requires far less energy than direct dis­placement of an atom. The breaking of the strained Si----- O bond and the subsequent formation of the oxygen vacancy and interstitial result in the destruction of the Al/lakali recombination centre, whilst at the same time giving rise to the creation of further electron traps. If, initially, the concentration of the recombination centres is taken to be greater than the concentration of the electron traps, the damage will first result in an increase in TL∣ sensitivity. As the dose to the sample is increased further, however, a point will be reached at which the electron trap concentration becomes greater than the recombination centre concentration and, hence, a decrease in TL> sensitivity results.



-M-CHAPTER IVTHE EFFECT OF THE TEMPERATURE OF IRRADIATION UPON THE TL SENSITIVITY OF QUARTZ4. 1 IntroductionThermoluminescence has become a generally accepted method for dating archaeological and geological materials, both terrestial and extra­terrestial (e. g. Aitken, 1968; Durrani and Christodoulides, 1969; Christoldoulides et rd, 1970). A commonly occurring thermoluminescent phosphor found in nearly all types of pottery and geological- samples is quartz and this material plays an important role in the process of age determination by TL.In certain instances, however, the conditions reproduced in a laboratory during the TL dating procedure are far from those experienced by the sample in its natural environment. If, for example, the TL output depends upon the temperature at which the sample was irradiated (Khazal et al, 1975), this factor must be taken into account. Most energy absorption by a meteor­ite sample or a lunar sample collected from the shadowr of a lunar boulder (see Chapter VI) (say) occurs at low temperatures in space. Since the artificial TL required for calibration purposes- is usually imparted by irradiating the sample at room temperature, large errors may be. introduced. Similarly, specimens from a fire-site in the Australian desert ought to be treated cautiously if the calibration procedure is being performed in the relative cool of a laboratory.In th.s chapter the finding by the author, i. e. die variation of the TL sensitivity of natural crystalline quartz with the temperature of irradiation, is reported and discussed. The results are discussed in the light of the known solid-state defect structure of quartz (see Chapter III), and it is felt 



-48-that such work may lead to a better under standing of the phenomena of TL sensitisation, supralinearity and the damage effect of radiation in this material. The radiations used in the experiments are X- and gamma-rays. 4.2 The Effect of the Temperature of Irradiation upon the Sensitivity of Quartz using X-rays.The X-ray irradiation was carried out by using the X-ray set available in the Birmingham Radiation Centre which was a Pantak constant potential 300kV source (see Section 2.2.3). Figure 4.1 shows a schematic repres­entation of apparatus B which was designed specifically by Dr. S, W. S. McKeever for reading out the TL glow below room, temperature and also to enable the sample to be irradiated 'in situs with X-rays at whatever irradiation temperature was required (see Section 2.5). The sample is _5 heated, in a vacuum environment (10 torr) by a 75 watt Solon heating element which is fixed to the end of copper 'cold-finger, which extends out­side the vacuum chamber. The sample may be cooled to the required temperature by immersing the cold finger into a dewar containing a suitable freezing mixture (e. g. liquid nitrogen; solid CO^ in acetone; ice and salt). Heating rates of up to 6¾,sec can be employed. The samples were irradiated by X-rays through a 30μm aluminised mylar film, whilst viewing of the sample (for TL readout) was via a 1mm thick Lexan window. A photomultiplier tube (EMI9804QB) was used with this set to monitor the TL readout. This set has been described in detail in Groom (1977).A typical glow curve obtained on apparatus B (the low temperature set) after irradiating a small slice rJ 200μm thick and ∕√ 2mg in weight, of natural Brazilian clear quartz with 5krad of X-rays at 293°K is shown in Figure 4. 2 (curve A). The main glow appears in the readout region 570°K 
to 650oκ, Also shown (curve B) is the glow curve obtained by irradiating
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-49-a similar slice at 11 3°K with 5krad of X-rays (note: curve A has been reduced by a factor of 10 in the figure). Again the main glow is in the readout region 570°K to 650°K. In order to prevent changes in sample sensitivity induced by either thermal cycling (i. e. repeated heating and cooling; see Section 3.8), or repeated irradiations of the sample, a fresh sample was required for each TL readout. Because of the inhomogenous distribution of impurities within quartz each slice was found to have different initial TL sensitivity, making direct comparison of the glow curve intensities invalid. In order to overcome this problem each sample was given a test dose of 5krad of X-rays at 293°K and the TL1 response per unit sample mass to this dose was noted. The initial sensitivity of each sample was then defined as the TL response per unit sample mass to this test dose. The response of each sample to subsequent irradiations could then be normalised by dividing the TL output by the sample ,s sensitivity.Figure 4. 3 shows the variation in normalised TL response with temp­erature of irradiation (T.rr), plotted as ln(TL) versus , for an X-ray dose of 5krad. As can be seen, the normalised TL intensity varies by a factor of/-J 5 over the range from 293°K to 113°K. In order to obtain a reliable measure of the TL output, the area under the TL glow curve from 513°K to 693°K was taken in all cases.Figure 4.4 shows the ln(TL) versus T J plots for quartz samples 
irradiated with X-ray doses of 10krad, 60krad and 120krad at different temperatures. Unfortunately, only three values of T.^^ could be maintained for the necessarily long periods required for* the larger doses, the dose rate at the sample being estimated at lkrad∕minute. Nevertheless, it is evidentfrom Figure 4.4 that a far greater variation in TL intensity is observed when







-50-
the samples are irradiated with the larger X-ray doses.Following each of the primary irradiations represented in Figure 4.4, the sample was re-irradiated with the 5krad test dose at 293°K in order to ascertain whether any changes in sample sensitivity had occurred following the large X-ray doses, The results are shown in Figure 4.5 where it can be seen that no noticeable changes in sensitivity have occurred following the 10krad primary dose. The 6θkra,d dose induces sensitivity changes at T ∖ 218°K, whilst the 1 20krad dose induces sensitivity changes at all irr^values of T. except 11 3°K. The error bars shown in Figure 4.4 and ιrr4.5 represent the scatter of results obtained by repeating the experiment several times on different samples.4. 3 The Effect of the Temperature of Irradiation upon the Sensitivity and Saturation Level of Quartz, using Gamma-rays.The gamma-irradiations were performed using the 3500 Curies ^θCo 
source available in the Birmingham Radiation Centre, University of Birmingham (see Section 2. 2. 2), the dose rate in this experiment being 620krad hr ∖ The TL induced by gamma-irradiation was read out using 
the apparatus described in detail in Section 2. 1.The samples used in this work were different types of natural quartz (i. e. smoky, rose, rock and clear crystal) together with synthetic quartz made and supplied by Cathodeon Crystals Ltd., Linton, Cambridge, England. The samples were prepared following the procedure described in Section 3.2.4.3.1 The variation of die quartz TL response with the irradiation temperature.Irradiation with gamma-rays at different temperatures was achieved by placing the sample slice in a small, thin, sealed polythene container which itself was immersed into a suitable freezing mixture inside a vacuum flask to give the desired irradiation temperature. The five temperatures
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-.. -51-used in this work were 293°K, 273°K, 248 K, 195 K and 178 K. These 
are the temperatures of room temperature, ice + water, solid brine, solid CO and solid acetone respectively. The solid brine was prepared by2saturating boiling water with NaCl, leaving it to cool down to room tempera­ture, and then freezing by mixing it with solid CO^. Solid acetone was prepared by mixing the acetone gently with liquid nitrogen. The sample in its container was kept in the coolant for several hours prior to the irradiation in order to ensure that it had reached the desired temperature. Each sample (in the coolant) was then given a 600krad dose from the θCo source and left 
to warm to room temperature. Following transfer to apparatus A (see Section 2.1) the TL glow was recorded in the usual manner. A typical glow curve from the gamma-irradiated clear quartz is shown in Figure 4. 6. More glow peaks are apparent in the 513°K to 693°K region than in the glow curve obtained from an X-irradiated sample. Figure 4.7 shows the variation in normalised IL glow with irradiation temperature for the five different types of quartz. It is evident from Figure 4. 7 that in contrast to the lower doses of X-rays, the relatively high dose gamma-irradiation produces a far greater variation with temperature, the TL glow intensity falling by over three orders of magnitude over the temperature range 293°K to 178°K. It was also noted that when gamma-irradiation was used the observed TL glow in the readout interval from room temperature to 423°K. was unaffected by the changes in irradiation temperature. It may be noted from Figure 4. 7 that the synthetic quartz which is expected to have the lowest impurity content of the samples used, yields the lowest TL glow.4. 3. 2 The varia tion of the quartz sensitisation with the temperature of irradiation.
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-52-The variation of the sensitisation of natural quartz with the temperature of irradiation was studied using slices of 200μm thickness and about 2mg in weight. These slices were first given a beta test dose of 30krad from a 9θSr source and the initial sensitivity (Sθ) of each slice, for the purpose of 
normalisation, was determined. The slices were then given a gamma dose of 600krad under different temperatures of irradiation. Four temperatures of irradiation were used for the purpose of this investigation (i.e. 293°K, 273°K, 248°K and 195°K), two fresh slices being used for each temperature of irradiation. The gamma irradiation was followed by reading out the induced TL. The slices were again given the test beta dose of 30krad and their new sensitivity (S) determined for each temperature of irradiation. In all the TL measurements the glow area over the temperature interval 

s513 K to 693 K was measured. The In of the ratio ( ——) for each of the & o o103 temperatures of irradiation used was plotted versus —™, where T.. is⅛rr λrrthe temperature of irradiation in degrees Kelvin. The results of this experiment are shown in Figure 4.8. The results show the sensitization of natural quartz falling by three orders of magnitude over the temperature range 293°K down to 195°K.4. 3. 3 The variation of the saturation level with the temperature of irradiation.Figure 4.9 shows the variation in normalised TL> glow area from 489°K to 813°K with imparted gamma-dose for quartz irradiation at (A) room temp­erature (293°K) and (B) solid COtemperature (195°K) - curve A has been 3 reduced by a factor of 10 in the plot. The maximum glow of the room temperature curve (A) is seen to be nearly 10~, times that for curve B, which is reached with a larger dose of ∕>> 8Mrad. Furthermore, the saturation level of this latter curve appears to remain constant at higher doses whilst
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-53-the room, temperature curve shows a decrease beyond r*J 6Mrad. 4.4 Discussion.4.4.1 Low doses - no structural damage .The TL glow from quartz in the readout interval 470°K to 670°K is known to be directly associated with the presence of impurities within the quartz lattice (Batrak, 1958; Schlesinger, 1964; Ichikawa, 1968). The . blue emission in this region of the glow curve is due to the radiative re­combination of thermally released electrons at luminescence centres. These centres are thought to consist of a hole localised at a defect site resulting from the presence of substitutional Al and an interstitial alkali ion (see Section 3. 1). The trivalent Al substitutes for a host Si atom. The unpaired electron on the adjacent oxygen atom is charge-compensated by the presence of a monovalent interstitial alkali ion. When hole-electron pairs are created within the sample by irradiation with, say. X-rays, the hole becomes localised at the oxygen site, enabling the alkali ion to migrate away along the interstitial channels within the quartz lattice. This trapped hole centre can now act as a recombination centre for the electron which has become localised elsewhere within the crystal. Thermal stimulation in a TL experiment liberates the electron which radiatively recombines with the hole, thus allowing the alkali ion to migrate back to the Al site and reform the Al∕alkali centre.Obviously the effectiveness of the Ai/alkali centre in acting as a re­combination centre is reflected in the ability of tire centre to capture a hole. This, in turn, is dependent upon the mobility of the alkali ion (McKeever, 1976). Hence, the most abundant type of alkali ion found at such centres + + + is Li or Na ; the larger K ion is too big to migrate easily along the inter-



-54-stitial channels. Fur ill er mo re, if the Li or Na ions were preventedfrom moving, no hole trapping would take place and, hence, no TL would result. If, therefore, the sample is irradiated with X-rays at very low temperatures, little or no TL will be seen in this part of the glow curve since the alltali ion will not possess enough thermal energy to migrate away. Such a temperature dependence has been confirmed by Halperin and Ralph (i963) and Mackey (1 963) using optical absorption and electron spin reson­ance techniques.Consider a sample with N available electron traps, of energy depth E below tiιe conduction band, irradiated at a dose rate r whilst being held at a temperature T. . If p is the probability per unit dose of a trap being filled, then the total number of traps filled at time t is:
n = --------- ------ N--------  ------ [ 1 _ exp ( _rpt (1 + eχp(-~~)))] (1)1 . s / ~-t-, ∖ rp ∙κ∙ -i*∙1+ exp(_-----)c irrwhere s is the 'attempt- to-e sc ape, frequency factor for the electron trap.If the total dose in time t is D = rt and T. is low enough so that thermal ιr rdrainage of the traps can be ignored, then equation (1) reduces to: n = N (1 - exp ( - Dp ) ) ' (2)In the case of the Al/alkali centre, the probability of this centre capturing a hole is directly dependent upon the rate at which the alkali ion can move away. As the number of trapped electrons must equal the number of trapped holes (for charge neutrality) one can say that the probability of an electron being trapped is also directly dependent upon the mobility of the alkali ion, assuming there is just one type of hole-trapping centre. Approx­imating the motion of the interstitial alkali ion by an Arrhenius type equation (McMorris, 1971), the following equation is obtained:



(3)rp>cC
where 4∣ " is a characteristic frequency factor and H is the activation Uoenergy for movement of the interstitial ion.Using the first-order kinetics of Randall and Wilkins (1945) the TL∣intensity I(T) can be expressed by: 

I(T) = Cnsexp ( —) (4)
where C is a recombination constant. The number of filled traps, n, is usually independent of irradiation temperature - provided that T r iθ l°w enough to prevent thermal drainage. However, combining equations 2 and 3 gives rise to the following equation:

n = N [1 - exp ( exp ( —r~------ ) ) ] (5)
/ x K Λ *⅛fo irrwhere c is a proportionality constant. From equation 5 it can be seen that n is dependent upon T. , provided: ιrr i -H x , -E xexp ( ) > exP⅛------ )irr irri.e. E H; there is some evidence that this latter proviso is valid. Stevels and Volger (1962) use dielectric loss measurements to determine the activation energy for interstitial alkali ion movement within the interstitial÷ channels in quartz. They find an activation energy of 0. 089eV for Li and0. 055eV to 0. 14eV for Na^. Using E = 25 kT* ( T is the temperature of a particular glow peak) values foi' E from 1.01 to 1.35eV for the TL peaks in the region 470°K to 670°K have been calculated.Substituting equation 5 into equation 4 gives;
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I(T) = C Nsexp(^∣--) [1 - exp ( ~~γ exP (“^“~) ) ] (6)ko irr

when n = N, I = I o (saturation level).kT πHence: I(T) = I —Des t -H eχP (1∏7- irr (7)
The curve of ln(l(T)) against T is shown in Figure 4. 10. Thefamily of curves shown has been plotted with arbitrary values for I , ——~H ° r^°and —. H is the variable parameter. The purpose of plotting the curves& of Figure 4.10 is to show the general shape of the function expressed in equation 7.In the present work, for samples irradiated with 5krad of X-rays, the TL intensity has been shown to vary by a factor of *~-z5 over the irra,diation temperature range 293°K to 113°K and the curve shape (Figure 4. 3) can be seen to exhibit a general similarity with the theoretical curves of Figure 4.10. With low doses no observable sensitisation and, therefore, no significant structural changes have taken place, as is evident from the 10 krad curve of Figure 4.5. Therefore, under these conditions of no sens­itisation, it is concluded that the predominant effect of varying the tempera­ture of irradiation is to alter the probability of trap filling, in accordance with equation 7.4.4.2 Large doses - effect of structural damage.The derivation of equation 7 obviously requires that the total number of traps N is a constant, i. e. it is independent of both dose D and temperature T. . The introduction of a non-constant N would invalidate equation 7.When irradiated with large X-ray doses, i. e. 6θkrad and 120krad, sensitisa-
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k = 1 unit. H is the variable parameter.
Fig 4-10



-57-tion of the sample occurs (Figure 4. 5) and a larger variation in the TL intensity with T r results (Figure 4.4). The latter point is even more forcefully illustrated when large (600krad) gamma-doses are used (Figure 4,7). It is postulated here that the sensitisation changes occur as a result cf permanent structural changes which result from sample irradiation.These structural changes manifest themselves by a breaking of the strained Si-----  O bond at the Al∕alkali centre. The results of this breakage is to produce an oxygen vacancy and an oxygen interstitial. The damage, there­fore, destroys the hole-trapping Al/alkali centre and creates extra electron traps (Ichikawa, 1968). If one assumes that, originally the number of Al/alkali centres present in most forms of quartz is greater than the number of potential electron traps (Bambauer, 1961) then, as the damage proceeds, an increase in the TL sensitivity of the sample will initially result. This is because extra electron traps are created whilst there are still sufficient Al/alkali centres remaining to complement them. The migration of the alkali ion and the formation of the oxygen vacancy and interstitial will be temperature dependent. One would expect that at low temperatures the oxygen interstitial would be in close proximity to the oxygen vacancy, which would result in a shielding of the charge on the vacancy and thus little or no electron capture. This, in turn, would lead to a reduced TL intensity.As the temperature is increased the interstitial and vacancy can separate farther apart, giving rise to increased trapping and, therefore, a larger TL intensity. These features give rise to the curves of Figures 4.4 and 4. 5.The appearance of this temperature effect in different types of quartz supports these postulates. The. quartz samples used for Figure 4. 7 all 



-58-have Al/alkali centres as their main recombination centre for TL> emission over the readout interval 470°K to 670°K. The impurity content of 
synthetic quartz can be expected to be less than that of the other natural samples and so one might expect the TL output to be lower, as is seen to be the case in Figure 4. 7.4.4.3 Combined effect of irradiation temperature (T. ) upon trapfilling and trap creation.The curves of Figures 4. 7 and 4.4 are the result of the combined effect of T. upon the rate of trap filling and of trap creation. The effect upontrap creation alone can be seen in Figure 4.5. The effect that the variation of T.ιrr has upon the TL response, as increasing radiation doses are im­parted to the sample, is seen in Figure 4. 9, the shape of the curves in this figure being best explained by reference to Figure 4. 11. In Figure 4. Ila the result of changing when no trap creation is occurring is shown.T. merely affects the dose D at which the saturation level I is reached.ιrr 7 o oWhen T. affects trap creation only and does not affect the probability of trap filling, Figure 4. 11b will result. Here only the magnitude of I is affected. The result of combining the two effects is seen in Figure 4. 11c. Here both Iθ and Dθ are dependent upon T. . From Figure 4. 3 it can be seen that the TL∣ intensity per unit dose changes by a factor of^ 4 over the temperature range 293°K to 1 95°K when trap filling alone is affected by T. In Figure 4. 9 it can be seen that the dose required to reach saturation also changes by a factor of rd 4 when is changed from room temperature to195°K. Furthermore, from Figure 4. 7 it can be seen that the TL ,ntensity3 o ochanges by a factor of 10 over the temperature range 293 K to 178 K when trap creation is occurring. Also, the saturation level differs by afactor of ,√10 when T. is changed from room temperature to 195°K, as
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-59-can be seen from Figure 4.9.The room temperature curve in Figure 4.9 does not attain a fixed saturation level. This is the result of increased damage upon the recom­bination centre at high radiation doses. Because the damage takes the form of destruction of the Al/alkali recombination centres, there comes a point at which the concentration of recombination centres is less than the total concentration of electron traps. This results in a decrease in TL∣ intensity. The observation that this decrease in TL intensity does not occur when irradiated at 195°K is further confirmation of the hypothesis. 4. 5 Summary and Conclusion.This chapter reports upon the finding of a dependence of the TL output upon the temperature of irradiation in quartz. Both X-irradiation and gamma-irradiation were employed in this work and the evidence presented suggests that two distinct processes are responsible for this temperature dependence.When low dose X-rays are used, only a small variation in TL with T.ιrr is evident. This variation is postulated to arise from the dependence of the probability per unit dose of a hole being captured at an Al/alkali centre.The result of this is a variation by a factor of 5 in the TL glow intensity o over the T range from room temperature down to 113 K with an X-ray dose of 5krad.A much larger variation in TL with T. is noted with higher dose ιr rirradiations. The evidence presented suggests that this arises from the dependence of sensitisation (i. e. electron trap creation) upon T.^* This results in a variation in TL intensity bv a factor of rJ 10° over the T.ιrr range from room temperature down to 178 K with a gamma dose of 600k~ad.



-60-The finding reported in this chapter, namely the effect of the temperature of irradiation upon the TL sensitivity and the sensitisation of quartz, has serious implications for dating practice. The specimen calibration in dating procedure by adding alpha, beta or gamma doses before and after the readout of the natural TI, may no longer be valid. This conclusion arises from the fact that the traps already existing cannot be differentiated from those created by laboratory radiations. The results of this chapter also imply that although soft X-ray and U. V. irradiations are still subjected to the effect of irradiation temperature on sensitivity, small doses of such low energy radiations do not create traps to an appreciable degree, thus avoiding the complication of the strong temperature dependence of trap creation by high energy radiation in the calibration of quartz specimens. The tempera­ture effect also implies that careful consideration should be given to the temperature of burial of the specimen in any dating procedure. As an example, specimens, say, from the Aboriginal fire sites in the Australian desert, or sherd recovered from sub-zero environment, should be treated cautiously if the separated mineral is quartz and the calibration is going to be carried out at a temperature different from that of the burial. From the results given in this chapter, it is estimated that the TL∣ intensity of a quartz sample irradiated at, say, -5°C (average winter temperature) is about 40% of that irradiated at 20°C (average summer temperature) for a gamma dose of 60Gkrad. Although the dose used here was far higher than that in a normal dating calibration routine, the effect is found to be the same for lower 90 doses of gamma-rays, energetic beta particles ( Sr) and X-rays.From the above discussion it is concluded that the effect of the tempera­ture of irradiation could be corrected for either by carrying out the irradiation 



-61-of the quartz sample during the calibration procedure at a temperature identical to that of burial or by using a sensitivity versus temperature of irradiation graph similar to that of Figure 4,7 obtained for that particular type of quartz with a radiation dose not far from the natural dose received by the sample, since the temperature effect varies with the dose received by the sample.The work reported in this chapter shows not only that the TL sensitivity but also the saturation level of quartz varies with the temperature at which the irradiation is carried out. These results suggest that one can use the sensitivity or the saturation level versus the temperature of irradiation graph as a thermometer to determine the environmental temperature of a specimen if the separated mineral is quartz. This result would be of vital importance in the TL studies of extraterrestrial materials such as meteor­ites and lunar samples collected from, say, a shadow of boulder where the aim of TL studies for these materials is to gain information concerning their thermal and radiation history. This last conclusion is applicable if these materials show such a temperature effect.



CHAPTER VTHERMOLUMINESCENCE AND FISSION-TRACK STUDIES OF THE OKLO FOSSIL REACTOR MATERIALS5 ,1 Historical Background of Oklo Phenomenon.The starting point in the discovery of the phenomenon was the finding of an unusual isotopic abundance in a sample of natural uranium. This discovery was made in June 1972 by a team working under the direction of Dr. H. V. Bouzigues (Naudet, 1974) at the French Commissariat a 1,Energie Atomique (CEA) service laboratory at Pierrelatte in France.During the certification of a secondary standard of UF& by the gas diffusion method, a marked anomaly in the abundance of the uranium-235 isotope was noticed (0.7171 + 0.0006^« However, the difference was very small although the isotopic composition of uranium should be exactly the same everywhere on earth and even on the moon.It was thought initially that the marginal difference in uranium abund­ance could be a result of a measuring or handling error. Such a possibility was excluded by rechecking the analytical procedure which showed, to the contrary, that this was a large-scale isotopic degradation.The question of an artificial contamination was also excluded by a systematic analytical campaign which was started right from the productionof UF, at Pierrelatte, o through the Malvesi and Gueugnon factories, up tothe preconcentrates supplied by the Compagnie des Mines d,Uranium deFranceville (C. O. M. U, F.) which works the two neighbouring deposits ofMouana and Oklo in Gabon. It was concluded from this campaign that a natural ore with unusual content existed. It was also found that the source of the mineral responsible for the anomalies was the northern end of the 



-63-
θklo deposit.Large depletions of uranium~235 isotope were discovered (down to 0.621% , and eventually to 0.296%) in uranium samples which were traced back to the Oklo deposit. It was also established that all the uranium shipped (from Mouana concentration plant) between December 1970 and May- 1972 had an isotopic abundance lower than usual. This anomaly involved over 700 tonnes of uranium having entered the industrial circuits. This was therefore a phenomenon of considerable size.5 . 2 The Principal Characteristics of Oklo Deposit.The Oklo deposit is of the sedimentary type. The tip of the urani- ferous layer, which is 5 to 8 metres thick, is inclined of the order of 45°. The mining is carried out in the tip by cutting successive horizontal sections (Naudet, 1974).The anomalies are located in three zones in the northern part of the Oklo ore deposit (Figure 5.1). Zone 1 and zone 2 are separated by 30m 2 2and have respectively 150m and 130m of area. At 40m in the south, zone 3 has been discovered by drilling but has not yet been reached by the mine working. The area of the worked part of zone 1 and zone 2 is the same order of magnitude as that of the unworked part. It has been con­firmed that zone 1 is irregular, the distribution of the uranium content, being often haphazard. Zone 2, on the contrary, is more regular and more compact. The richest part in these zones is 50cm to a metre thick with an average uranium content greater than 1 5 to 20% which is at least 40 times more than the average mineral. It is believed that there may be other zones not yet brought to light which may exist in the deposit.Figure 5. 2 shows a map of the uranium content on the outcropping of
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Part of the deposit worked at the time of discovery of the phenomenon.Reaction zones found by borehole drillings.Extensions presumed in the previously mined sections.
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• -64-zone 2 which is far from the richest part. It is found that minerals with a concentration larger than 20% form a continuous horizontal section which is about 14m long and about lm wide. Inside this mass a large fraction of the mineral has a content greater than 40%. In the surrounding area the concentration decreases very rapidly; often dropping below 5% and then 1% at less than 10cm.Inside these zones uranium is strongly depleted and reaches its normal concentration further away. It was found that the depletion of U-235 in these zones becomes larger as the uranium content and the thickness of the rich zone increases.5. 3 The Hypothesis of Fossil Nuclear Reactor.The hypothesis of the occurrence of a chain reaction was confirmed by the finding of fission products in the ore recognisable because isotopic compositions at the end of a radioactive decay chain are generally very different from thoseof natural elements. For some isotopes, significant deviations were noticed; increase in Nd-144 offsetting an equal reduction of Nd-143. Likewise Sm-148 against Sm-147 or Sm-150 against Sm-149, the latter having almost completely vanished. These deviations could be explained by the neutron capture effect, thus confirming the existence of a 21 -2very high integrated neutron flux at some points exceeding 1.5x10 n cm A correlation between the uranium content and the isotopic degradation of the uranium, as well as with the quantities of fission products, was con­firmed. Also it was found that the number of fissions were a hundred thousand times greater ’.than the spontaneous fission of ura.nium-238 in two billion years. This means that the neutrons responsible for the fission had been strongly thermalised and that the reactions were spread overa very long period of time. Such high ∕⅛ss-Lθns αoιAct



-65- only have been achieved by chain reactions maintained for a long time.A detailed study of the Ohio deposit (Naudet, 1974) revealed the existence of three vital conditions for the starting of a fission chain reaction. These conditions are (i) high concentrations of uranium, (ii) the absence of strongly neutron-absorbing elements, and (iii) the presence of water as a moderator. Also, concentration of uranium-235 in natural uranium in the remote past was much higher than it is now (3. 65% two thousand million years ago as against 0. 72% now). This percentage is not far from the percentage used in the present water reactors.Finally, all these facts made the belief in the occurrence of such fossil nuclear reactor plausible.5.4 Thermoluminescence Studies of the First Set of Qklo Samples.5.4. 1 Samples and sample preparation.Two series of samples were used during the course of this work. The first one included samples 2P^ to 2P^ (Nos. 430 to 444 according to Dr. R. Naudet's code) from the outcrop of zone No. 2, picked every 10cm along a line going out from reaction zone 2 and traversing the width of the ore-rich lens. From 2P^ to 2P^ the samples are still in the ’reactor core’; those beyond are from the low-grade ore. The second group of samples included four samples from the site numbered 1304-1326 from the vertical drilling core SC20 which crosses reaction zone No. 1 at a depth of between 5. 30m and 6. 40m. The four samples used are No. 1310 (2.0Cm to 2.20m), No. 1312 (2. 40m to 2. 60m), No. 1318/1 (3. 60m to 3. 70m) and No. 1326 (4. 80m to 4. 90m).The matrix material from each sample was sieved and grains of diameter between 106 and 180μm were selected for TL studies.



. -66-5.4.2 Natural and induced thermoluminescence.The TL from samples ∕~, 2mg in weight was read out following the procedure in Section 2. 1. Figure 5.3 shows the natural glow curve fromsample 2P^, chosen here as an example. For comparison, also shown i 60the result of irradiating the same sample with 6Mrad of Co gamma rays before the readout. It is clear from the figure that little natural TL has survived below Λ~, 200°C whereas a prominent peak at ∕√ 220°C, as well as another one at 140°C, exists in glow curve from the artifically irradiated sample. More stable peaks appear at rJ 350°C and 475°C.
Figure 5.4a shows the variation in the glow areas normalised to a unit of weight (mg) (integrated over the temperature interval 180 to 340°C) under the TL curves resulting from heating natural samples 2P^ to 2P^. Also shown are the TL 'saturation values' (integrated over the same temperature . z 60interval) for these samples, achieved by imparting a 6Mrad Co γ-ray dose to the natural samples prior to readout. ∙ Figure 5.4b shows the glow areas integrated over the (more stable) high-temperature interval 340 to 500°C for the same samples.Two important features are evident in Figure 5.4. The first is that,in samples 2Pz to 2P. _ saturation seems to have been reached in nature in 6 15the high-temperature TL (340 to 500°C: Figure 5.4b), whereas fading (i. e. thermal drainage) has reduced the natural TL in the less stable region (180 to 340 C; Figure 5.4a). Since the surviving TL represents the dynamic equilibrium value reached as a result of competition between the radiation filling and the thermal draining of the TL traps in a geological sample, and this equilibrium level is not much affected by the massive dose-rate (up tord2Mrad∕hr) employed in the artifical irradiation, this implies that the
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-67 - dose rate in nature must have been quite high (as would be expected from the substantial uranium content of the samples).The second, and most significant, feature of Figure 5.4 is the striking difference in the natural TL output from samples 2P* to from inside the reaction zone in comparison with that from samples 2P$ to 2P from out­side the reaction zone. This feature indicates a qualitative difference in the TL properties of the core versus the outer samples.5.4.3 Determination of the TL sensitivity of the samples.Since the output of TL from a sample depends on the amount of TL phosphors (and activators) present in it, in addition to the dose received by the sample, it is necessary to determine the TL sensitivity of the various samples. This was done by giving each sample an artificial dose of 150 60 krad of Co y-rayo after first having drained it of its natural TL by heating to rD 500°C. In Figure 5.5 is plotted the TL sensitivity (in. terms of the 340 to 500°C glow area per mg per krad) against the sample number.Figure 5.5 shows the complete insensitivity of the core samples (2p1 to 2R) to artificial dose while the sensitivity of the samples from outside the core increased with distance (samples 2P^ to 2P?) and then dropped (samples 2Pjjto 2?!$) to a value not far from that of sample 2P^. Assuming that the soil is homogeneous (in mineral composition) and that the source of radiation is of constant strength, one would expect to get an increase in TL sensitivity with distance from the core until it reaches either a constant value or the initial sensitivity of the soil before the irradiation.The gradual decrease in sensitivity of samples 2P? to 2P^r could be explained by the possible existence of another pocket of activity near to sample 2P 15
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-68-5.4.4 Normalisation of the natural TL.By dividing the natural TL of each sample by its TL sensitivity, one obtains the 'normalised' TL from different samples. This provides a more chjnemλc meaningful comparison (and, if the/equilibrium plateau had not been reached in the TL glow, the normalised values would have yielded the 'effective' radiation doses received by the samples). The normalised natural TL output of the various samples is shown in Figure 5. 6.Two features of Figure 5.6 are of particular interest. The first is the approximately equal natural TL (after normalisation) in a majority of the samples 2Pz to 2P1 c, indicated by a notional straight line fitted to the o 15 experimental points; the scatter probably represents the inhomogeneities in the distribution of TL phosphors in the aliquots used for the measurement of natural and induced glows (at 150krad). The error shown in the figure is the mean error of all points, based on two TL readouts for each sample. It is interesting to note that the three outer samples (2P^^> 2?.^ and 2P^r) showing markedly low natural TL as well as TL sensitivity, are all remarkably deficient in K^O (see Table 5. l),which may indicate a deficiency in their feldspar content usually the chief source of TL in geological samples.The second and much more important feature of Figure 5. 6 is the total absence of TL glow in the core samples 2P^ to 2P^ (and the very small . anount for sample 2P^). The same absence of natural glow in samples 2Pj to 2p^ has already been noted in discussing Figure 5.4. The absence of induced glow in these samples is also evident in Figure 5. 5. There are two possible explanations for this extraordinary result, namely, the failure to induce any TL in the core material (samples 2P^ to 2P^) by artificial irradiation. Either the core samples do not now contain, and never have
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• -69-containeds TL-producing phosphors (feldspars, quartz, etc,, with appropriate activator impurities); or, if they originally did contain them, they have become highly radiation-damaged, presumably as a result of the chain reaction.5, 5 Structural and Compositional Studies of Samples.To examine the causes of the striking differences between the TL from the core samples and that from the outer samples, the material from two samples from within the core and. another two from outside the core were analysed uxing X-ray diffraction and fluorescence techniques. The structural study of the samples was done by using two different methods - the X-ray powder camera (Debye-Scherrer) and an X-ray powder diffracto­meter. These experiments were carried out in the Geology Department of the University of Birmingham. The samples used in this analysis were 2P , 2P (samples from the core), and 2P , 2P (samples from outside the
X ⅛ 0’7core).Figures 5o7a and 5.7b show the X-ray diffraction patterns for samples

2pι and 2P^ chosen as examples. These patterns were analysed using theBragg law: nλ = 2d sin θwhere d is the spacing of the reflection planes and θ is the angle of reflection and λ the wavelength of reflected X-ray radiation. From the above formula the d value was calculated using the known value for λ ()^, = 1.54¾A) andthe value, of θ which was calculated from the position of each line. The calculated values of d were compared with the known d values of the compounds expected to be present which are listed in tables (powder diffraction file published by the Joint Committee on powder diffraction
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-. 7 0 -Standards, 1601 Park Lane, Pennsylvania 19081, U.S.A.) and from this comparison it was possible to identify most of the interesting compounds existing within the samples.In the case of the experiments using the X-ray powder camera the value of d was calculated fcr each of the curved lines on the film by measuring the distance D between each two corresponding lines as they appeared on the film. The distance D for each line pair for the type of camera used in these experiments was related to θ by:D(mm) = 4θ (degree) λ D or θ = 7
Then the d spacing for each line on the film was found, using the Bragg equation, as with the X-ray diffractometer experiments. The values of d were used to identify compounds of interest, for example, quartz, feldspar.using the tables mentioned above.The results of the analysis of the four samples have shown that in samples 2P$ and 2P^ quartz and feldspar crystals (probably orthoclase) were identified. Samples 2P^ and 2P^ (core samples), however, failed to yield lines corresponding to these crystals.There are two possible explanations for these results. First, the core material contained, from the beginning, no crystalline material what­soever. This would result either from the assumption that regions of high uranium content had, at the outset, a very fine phyllitic matrix from which quartz was excluded, or that the secondary silica, produced during diagenesis prior to the nuclear reaction, occurred around but not in the heavily mineralised pockets.The second explanation is that a high degree of radiation damage has



-71-metamictized the in-core material and reduced it to an amorphous state (as happens on the. moon under high solar-flare irradiation conditions, according to the work of Dran et al, 1972). The very fine pħyllitic matrix within the core would then be a result of the radiation damage and would not pre-date it.The elemental composition studies of all Oklo samples were carried out using the X-ray fluorescence technique. These experiments were carried out in the Geology Department by Dr. G.L. Hendry. The results of this analysis are listed in Table 5. 1. Both silicon dioxide and potassium oxide were found in all the samples. By correlating the X-ray diffraction results with those of X-ray fluorescence one can say that the silicon and potassium compounds found in the core samples were in amorphous states and that this was produced by the heavy radiation damage, since quartz, receiving a massive radiation dose, would yield non-crystal-line SiO_ which is found in all the core samples. Also potassium oxide,which was found in the core samples, could have been part of potassiumfeldspars originally present in the core samples as well as the outer samples (e. g. the orthoclase found in 2P and 2P^). Naudet (1974) reportedthat zircons were absent in the reaction zone even though they are very common in the surrounding ore (zircons are particularly sensitive to irradiation). He also reported that it seems certain that radiation doses were such that primitive crystalline structures were strongly 'bludgeoned'. This observation by Naudet as well as the results of the X-ray analysis for the samples support strongly the hypothesis that heavy radiation damage occurred in the core, region.
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TABLE 5.1X-ray fluorescence analysis of Ok 1 o samp 1 es ',

major components are expressed as percentages.

Sample u°2 % ThO2 Z PbO% 6∕ κ20∕ 6-S 
O

 
<3 ai2o3% SiO2%

2P1 41.8 0.13 4.4 1.2 0.6 7 132p2 52.8 0.30 6.4 1.0 - 7 132p3 29.0 0.23 5.2 1.5 - 15 222P4 10.6 0.13 2.4 2.0 0.2 21 302p5 50.8 0.41 8.5 1.5 - 7 142p6 1.3 0.01 0.8 1.9 C.l 21 422p7 0.8 nd 0.8 3.1 nd 17 682p8 3.9 0.03 4.0 3.9 0.1 22 482P9 0.2 nd 0.2 7.9 - 25 532P 10 0.1 0.02 0.7 3.3 nd 13 782P 11 0.3 0.03 3.8 1.9 nd 10 792P1 n 1.3 0.01 0.8 1.5 nd 28 40122P 13 0.2 nd 0.03 0.01 22 322P 14 0.05 nd nd 0.02 nd 21 322P 15 0.11 0.01 0.2 0.2 - 24 30
1310 6.5 nd 0.03 3.8 nd 20 591312 0.1 nd 0.2 8.6 nd 32 461318/1 4.9 0.01 1.0 0.9 0.1 25 301326 14.6 0.02 1.0 2.0 0.1 24 31nd indicates values be low the sensitivity of the method -- indicates* The values ’not attempted’.of oxides of radioactive elements and some other



-73-
5. 6 Radiation Damage Experiments.If the lack of natural TL in the core samples (2P to 2P ) is to be 1 5attributed to radiation damage, it is necessary to test the effects of high doses of radiation on crystals which are normally good TL phosphors.Simulation experiments have, therefore, been carried out on a sample ofnatural geological quartz (from Brazil) as well as on a quartz crystal fromposition 2P^^ at Oklo.. Thin slices 250μm) of these two types of quartzwere prepared for these experiments.The TL sensitivity of these quartz slices to a test dose of 10krad of β-particles (from Sr-90 source) was measured at three successive stages: (a) in their natural state (after having first been annealed to drain their natural TL); (b) after giving them a fairly large γ-ray dose (some megarads); and (c) after having imparted a massive dose of protons, which is expected to produce large radiation damage in the crystals. A dose of 10^ rad of 
10MeV protons from the Nuffield cyclotron, Department of Physics,University of Birmingham, was used in this damage experiment.The results are shown in Table 5. 2. It is clear from the results on the Brazilian quartz that a large pre-dose of γ-rays (from θθCo) sensitizes 
the crystal by a factor of∕^ 600 in its response to the beta-particles test dose (Khazal et al, 1975; see Chapter III). A subsequent massive dose (/^10^ rad) of energetic protons, however, destroys this sensitization and 
brings back the β-sensitivity to roughly its original value (within a factor of 2). It is interesting to note that, in contrast, the addition of a large γ-ray pre-dose (up to ∕√ 30Mrad) to the Oklo quartz fails significantly to enhance its beta-sensitivity- A further addition of a massive proton dose 
(r-J 1 0 rad) dose, however, results in a marked reduction (by a factor of



-lh-TABLE 5.2Effect of large pre-dose On the TL sensitivity of quartz samplesfrom Brazil and from the 0klo site (position ¾ι>aSample Step Dose TL glowb TL sensitivity(and radiation) (18O-5OO°C (180-500oCarea/mg) area/mg ∙ krad)
A. Brazilian ιc 10 krad (β) 148 14.8quartz 2 2.5 Mrad (γ) 1.95 x 105 —3 10 krad (β) 48.7 x 10 87 004d zul011 rad (P) 38.6 x 10j —5 10 krad (β) 350 35
B. 0klo ιc 10 krad (β) 100 10quartz 2 370 krad (γ) 32.7 x 10° —<2Pu) 3 10 krad (β) 180 184 1.48 Mrad(γ) 33.8 x 10 -5 10 krad (β) 160 166 30 Mrad (γ) 34.0 x 10j -7 10 krad (β) 220 228d rJ 1011 rad (P) 33.2 x 10° -9 10 krad (β) 20 2
a. The sensitivity values refer to a test dose of 10 krad β-particles at each stage.b. The glow area units are the same as those used in Figures 5.3 and 5.4.c. The first test dose of 10 krad (β) is given after draining the natural TL of the sample. All artificial doses are'given sequentially to the same quartz slice.d. Dose of 10MeV protons.



-75-10) in the beta-sensitivity of the sample.The interpretation of the above observations is that (i) a massive radiation damage greatly reduces the TL sensitivity of quartz crystals (see Chapter III) and (ii) the reason that a large γ-ray pre-dose does not significantly sensitize the Oklo quartz is, probably, that it had already received a massive dose of radioactivity because of its uranium content. It was calculated that a uranium content of 0. 50% (a reasonable value in the region of low-grade ore), situated adjacent to a quartz crystal and dis-12 . 9tributed uniformly, will impart to it a dose of/*-’ 10 rad in 2 x 10 yr.from the alpha-decay of the Uranium-238 nuclei alone. There is experi-11 12mental evidence, therefore, that massive radiation dose (rj 10 - 10 rad)can destroy the TL properties of quartz crystals. It is thus possible that the lack of natural and induced TL output from the core samples (2P^ to 2P^) is a result of the huge radiation damage received by these samples both from their uranium content (up torJ 50%, which would yield an c-dose14 of ∕χ√10 rad) and from the chain reaction with its neutron and γ-ray doses. 5. 7 TL Studies of the Second Set of Oklo Samples.5.7.1 Purpose of the study.The main purpose of the study of these samples, which are mineral­ogically equivalent to the core samples material but are located far away from the reaction zone, is to compare the TL characteristics (sensitivity, natural TL, induced TL, etc.) with those of the core sample which would be a crucial test of the damage hypothesis. If they display both natural and induced TL glow, in contrast to the core material, this would be strong evidence that the absence of TL in the core samples is indeed a consequence of the extreme radiation damage suffered, by them.



-76-
5.7.2 Samples and sample preparation.Four samples were used in this study, the sample numbers being 762, 1943, 2321 (KN259) and 2266 (KN228). The sample numbers are as defined by Dr. R. Naudet (Naudet, 1975). The first two samples had a clay matrix very similar to the ore of the core; that is to say similar to the samples 2P^ to 2P^. These samples were located one to three metres from the core. They have been picked out from the surface after geological examination.The last two samples are made of rich ore but with a very low reaction rate. The samples were prepared for TL> studies by sieving the matrix of each sample, and grains of diameter between 106 and 180 μm were selected.5.7. 3 Natural and induced TL∣.The natural TL glow curve from sample 1943, chosen as an example, is shown in Figure 5. 8. Also shown in the figure is the artificial glow . 60r,curve induced by irradiating the sample with 6Mrad of Co gamma irradiation before the readout (curve B). Two stable peaks appear, at 324°C and 423°C, which are enhanced by artificial irradiation - Figure 5. 8. The remains of a peak around∕>√ 220°C can also be seen, whereas little natural TL has survived below r-f 200°C. Artificial irradiation was able to induce the low temperature peaks at 100°C and 220°C (curve B).All samples showed natural TL in the temperature interval 180 to 500°C. The absence of natural TL below 180°C could be explained in terms of fading, in particular thermal. In all samples it was possible to induce TL artificially by gamma irradiation.The results listed in Table 5.3 indicate clearly that samples 2266,
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-77-
TABLE 5.3Thermoluminescence characteristics of the second set of Oklo samples

Area II (180-340oC) Area III (34O-5OO°C)
Sample No. Natural TL Natural +6Mrad(γ) Natural TL Sensitivity Normalised n -2 ' Natural TLx 10 Natural +6Mrad(γ)

762 15.6 28.8 26.2 12.2 214.8 32.71943 14.9 61.8 23.2 20.0 116 44.52266 4 18.5 4.5 2.4 187.5 11.852321 6.6 33.4 10.6 . 7.4 143.3 20



-78-2321 from the rich ore have considerably little natural TL as well as a low sensitivity compared with the other samples (762, 1943) which were selected from an area undepleted in Uranium-235. This difference could be explained by the fact that the depletion of Uranium-235, which occurred as a result of the occurrence of a chain reaction, gave rise to a very high radiation dose as well as dose rate (of neutrons, fission product, etc. ), which in turn damaged the TL-sensitive phosphors and this gave rise to the reduction of TL sensitivity. Furthermore, the results listed in Table 5.3 show that there is a distinct difference between the natural TL and sensitivity of samples 762 and 1943 and of 2P^ to 2P^ despite the similarity in their mineral composition. This difference implies that the failure of the core samples to retain their natural TL as well as the failure of TL to be induced artificially was not a result of a lack of TL phosphors but a result of radiation damage which destroyed the crystalline structure of the phosphors and changed it to an amorphous state.5. 8 Fission Track Studies of Oklo Samples.5. 8. 1 Fission track phenomenon.The passage of a heavy ion in an electrical insulator creates a narrow trail of radiation damage in the material known as a latent track or, simply, a track. These latent tracks were first observed by Silk and Barnes in 1959 when they were able to observe these tracks in thin sections of mica, irradiated by fission fragments, using a high voltage electron microscope. In 1962 it was found by Price and Walker that these tracks could be enlarged and made permanent by immersing the irradiated solid in a suitable chemical reagent, usually called an etchant. This important breakthrough added a new dimension to the potential of these track registering solids or, as they 



-79-are usually called, Solid State Nuclear Track Detectors (SSNTDs). There are other dielectric solids capable of storing tracks which can be chemically etched - examples are plastics, glasses and the most important of all from the radiation history studies point of view are the mineral crystals (e.g. quartz from Oklo deposit).The etchant and the experimental conditions under which the etching is performed are already established for some track-registering solids (e.g. glasses, plastics, crystals) (‰al et al, 1968; Krishnaswami et al, 1971). For others the etching procedure is still a matter of trial and error. Glasses are best etched with hydrofluoric acid solutions in concentrations of 10-48% at room temperature. Plastics are most commonly etched in solutions containing 25 grams of NaOH to 75 grams of water at a tempera­ture of 50-60°C. Grys tai s^mainly etched in boiling concentrated NaOH solutions containing typically 60% NaOH by weight. A successful etchant should be able, under suitable experimental conditions, to etch the general surface with a uniform velocity over the whole area and should produce the minimum number of background etch pits possible. Also, the etchantmust be able to etch the tracks with a. preferential velocity V (the velocityTof the etchant in the damage region) which is greater than the general velocity V (the velocity of the etchant in the bulk material). One of the important parameters governing the. shape of the track is θ , the critical angle of etching (the angle below which particles falling on the detector surface will not be revealed by etching) of the material for a particular particle of specified energy determined under specified experimental con­ditions. The critical angle θ of a detector is related to the velocities c VVγ and vθ1 defined above, by sin = ■ - θ (Somogyi ct al, 1970). From vτ



-80-Figure 5.9 the relation between V , V and θ can be derived. The letter t in the figure represents the etching time.The SSNTDs have certain features (Malik, 1973) such as insensitivity to light (cf. nuclear emulsion), geometric flexibility and simplicity of con­struction and use (i.e. crystals, mica, glass and plastic sheet). These features have made the SSNTDs highly competitive with other kinds of detectors in the field of particle identification, such as the detection ofX 2 3 3 4light-charged nuclei (i.e. H, H, H, He and He) (Somogyi et al, 1966; Somogyi, 1968), and have led to rapid advances in their applications.The ability of track registering solids in general and geological crystals in particular in storing the tracks for long periods of time under various environmental conditions of temperature, humidity, mechanical vibrations and pressure opened a new field of application to the SSNTDs. This important property of the SSNTDs has made possible the study of the radiation history as well as the determination of the age of these materials such as lunar glasses and quartz crystals from Oklo deposit and for other geological crystals.5. 8. 2 The theory of the method of age determination.The spontaneous fission of the Uranium-238 nuclei leaves latent trails of damage in a crystal which may be enlarged by a suitable etchant so that they can be examined under an optical microscope (OM)or a scanning electron microscope (SEM). The amount of uranium in the sample can be determined by irradiating the sample (after annealing out the natural tracks by heat treatment) in a reactor and producing induced fission in the Uranium-235 component. The induced fission fragments can be observed either in the primary material, i.e. the crystal itself, or in an auxiliary
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-81-detector, e. g. a plastic foil placed in’close contact with the crystal during reactor irradiation. Then, since the fission decay constant of uranium is well known, the age of the formation of the crystals can be calculated from the observed density of sponteneoαs-fission tracks in the crystal, using the following equation (see Fleischer et al, 1975; Khan et al, 1972, and Durrani et al, 1970). :
C5q Pq ^Γf _gA (years) = -≥ η~ ( ⅛ ) F , (-≥ -j- =5.0x10 ) (1)N8 λf Λ N8 λf

where:A is the age of formation (or last severe heating) of the Oklo crystals;N_, No are the number of Uranium-235 and Uranium-238 atoms 58 N 5 -3respectively per unit volume, ( ~~ = 7.20x10 );
and are the spontaneous-fission decay constant of Uranium-2 38. -17and the thermal-fission cross section of Uranium-235, (λ^ = 8.42x10-1 ,^-24 2.yr ; Gf = 586 χ lθ cm );y9 and are the spontaneous- and induced-fission track densities respectively; ...and F is the thermal neutron fluence responsible for √^∙∙Equation 1 needs to be modified for the alpha-decay of the Uranium-2389 9content (half-life 4. 5 x 10 yr.) over the 1.8 x 10 yr. This factor is found to be equal to 0.875 (Durrani et al, 1975), so that the corrected age isA* (corrected) = 0. 875A = 4. 375 x 10 8 ( ~" ) F yr. (2)/ iSince no crystals or glasses were found in the core samples, ro worthwhile track studies could be made within the reaction zone. An X-ray diffraction experiment (see Section 5.5), however, established that a



-82-significant proportion of quartz crystals was present in samples 2P and
2pπ (roughly 20 and 60cm respectively away from the boundary of the reaction zone). It was decided to try to date the formation (or the last severe heating) of these quartz crystals by the fission-track analysis method.The age A* (corrected) of formation (or last severe heating) of the Oklo crystals is worked out using equation 2. The corrected age of the six quartz crystals from samples 2P? and 2P^^, listed in Table 5.4, yield remarkably consistent values. The simple mean age of the9 formation of Oklo quartz is found to be (1. 73 + 0. 14) x 10 yr, where the error shown is the 'internally consistent' statistical standard deviation.This error takes into account all the random measurement errors indicated in the table.The mean age of the Oklo quartz obtained by the fission-track method, 9 namely (1.73⅛ 0. 14) x 10 yr, agrees well with the geological age of rocks in the Franceville formation found by other methods (Lancelot et al, 1975), and justifies the application of fading corrections (Storzer et al, 1969;Mehta et al, 1969) based on tektite data (see Figure 5.10; Durrani et al, 1970) to fossil-track densities in Oklo quartz, and ignoring any induced- fission contribution, made by the chain reaction, to the fossil-track density in quartz crystals studied (which were located at ∕>J 20cm and 60cm respec­tively from the edge of the reaction zone). This implies that the fall-off of the thermal neutron ∩ux outside the reaction zone is very fast. The presence of neutron-absorbing elements (e.g. boron) in the surrounding soil in sufficient quantities could, for example, account for such a decline in the thermal flux. The fact remains, however, that ignoring the induced fission of Uranium-235 at distances of 20cm from the reaction zone gives
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-84-acceptable values for the age of the Oklo quartz.5,9 Conclusion.There is a striking difference in the natural and induced thermo­luminescence between the samples inside the reaction zone and those outside. This was attributed to a high degree of radiation dose suffered by the core material. This conclusion was confirmed by the TL studies made upon samples similar to the core material but situated far away from the reaction zone. These samples were able to retain their natural TL and to produce it by artificial irradiation in contrast to the core samples.The age of formation of the Oklo quartz is found by the fission-track9 method to be λ∕' 1.73 x 10 yr, which agrees well with the geological age of rocks in the Franceville formation found by Naudet (1974) and Lancelot et al (1975).



-85-CHAPTER VI DETERMINATION OF THE TEMPERATURE AND DURATION OF SOME APOLLO 17 BOULDER SHADOWS
6. 1 Introduction,The main purpose of the thermoluminescence studies of the lunar samples is to gain information about the thermal and radiation histories of these samples and of the moon’s surface. It has been reported (Hoyt et al, 1970, 1971; Dalrymple and Doell, 1970; Durrani et alf 1972a) that the natural TL in a lunar sample depends significantly upon 'die depth from which the sample has been collected. These results were explained (Durrani et al, 1974; Hoyt et al, 1971) by the decrease in the thermal drainage of die trapped charge in the sample owing to the attenuation of the diurnal heat wave with depth on the one hand, and shielding against the radiation flux in space provided by the lunar soil on the other, Durrani et al (1972b, 1973) were able to estimate the effective storage temperature on the surface of the moon and consequently countercheck the depth from which the specimens had been collected. TL studies of some lunar samples (Durrani et al, 1974) collected from various known depths and brought back by the Apollo 17 mission, offered an excellent opportunity to check the previous TL findings and to estimate the actual magnitude of the thermal wavelength of the diurnal heat wave.In this chapter the results of some interesting TL studies of some lunar samples, brought back by the Apollo 17 mission, are described. The TL from soil samples collected from inside the shadows of certain boulders on the lunar surface is compared with the TL of soil samples taken from an adjacent sunlit area. The samples studied here are 76240 ’shaded sample’,



-86- 76260 ’sunlit sample’ and 72320 'partially shaded’ sample. The natural a∏f¾ artifically induced TL in these samples is described. Also, the methods adopted to calculate the surface temperature in the lunar shade, as well as the duration of that shade are described.6. 2 Samples and Sample Preparation.The samples used in this study had been collected from two locations at the Arjollo 17 site. These locations are shown in plate 6.1 (a,b). From station 6 (see plate 6. la) came the permanently shadowed soil sample 76240 which was collected from a position 0. 5 to 1 metre under the north overhang of a 5 x 4 x 3m boulder (Astrogeology (73, 72), ALGIT, 1975). The boulder in question (boulder No. 4) is believed to have originated from the North Massif and appears to have been moving downhill on an 11° slope to the south. For comparison a 2cm deep skin soil sample (76260) was collected from just outside the shadow. From the second location, namely station 2, only one sample (72320) was collected; this was a surface soil from about 20cm under an east-west overhang of a 2m boulder No. 2 lying in a strewn boulder field on the lower slopes of the South Massif (plate 6.1b). This sample is occasionally referred to as the partially shaded sample. No sunlit sample from an adjacent area was available for comparison in this case.The two shadowed samples were each subdivided into two parts. One part of these samples was very kindly kept in deep freeze (at p√ -20°C) by the staff of the Lunar Receiving Laboratory at the request of Dr. S.A. Durrani to limit thermal fading (Durrani, 1972). This refrigeration lasted from 11 tlι January, 1973 (i. e. about three weeks after the Apollo 17 splash­down) to 22nd March, 1974, when these samples were brought to England in dry ice (CO_ snow) packing. Since that date these samples have been kept



Plate 6.1aPre-sampling view on the north side of Boulder 4, showing the east­west split between Boulders 3 and 4 on the south slope of the North Massif (Station 6). Boulder 4 was 5 x 4 x 3m in size, and the ’’permanently shadowed” soil sample 76240 (the sample (A) was collected from about 0. 5 to lm "in under the north overhang” of this boulder. The sample B (76260), a ''2cm deep skim soil", was collected from just outside the shadow, as marked in the photograph.NASA Cat. No. 141-21605.



Plate 6. lbPost-sampling view, looking north, showing the location of the shadowed soil sample 72320 collected from "about 20cm under an overhang of 2m boulder" (no. 2 at Station 2), on lower slopes of South Massif. This sample is referred to in the text as the "partially shaded sample”. NASA Cat. No. 137-20925.



-87-in the laboratory at the temperature of either dry ice (-78.5°C) or liquid nitrogen (-196°C) in an effort to preserve as much of the natural TL of the shaded lunar soil as possible.The refrigerated portions are referred to here as the ’freezer samples’ (76240,22 and 72320, 4), The non-refrigerated portions kept at room temperature are terms the ’freezer counterparts' (76241,23 end 72321, 3 respectively). The 'sunlit sample’ from the first location (76261, 25) has also been stored at room temperature (with no freezer counterpart). 6. 3 General Experimental Procedure.The samples used in this work, and mentioned in the previous section, were unsorted fines. These fines were sieved using a set of sieves available only for lunar sample uses. This was in order to prevent con­tamination-of the samples with other materials. The sample grain sizes used during this study were always between 45 and 106μm. The apparatus used was described in Section 2. 1. Samples of ∕U l-2mg were heated on a tantalum strip in an oxygen-free nitrogen atmosphere at a heating rate of 3. 6°C∕sec. The TL output, normally transmitted through an Ilford 'Broad Spectrum Blue' filter No. 622 (375-530nm transmission band) by a specially selected quartz-window photomultiplier (EMl625δSQ) in a thermo- electrically cooled housing. The EM. tube output, measured by a sensitive electrometer, was registered on the y-axis of a y-t chart recorder.The artificial TL was induced by a 3500 Ci ^θCo gamma-ray source, the dose rate (of up tozγtι 800 krad.hr ^) having an uncertainty of ,^-2 + 3%. 
The irradiated samples were usually read out within 15 minutes after the end of irradiation in an attempt to avoid any fading of TL. Other experimental details are given at appropriate points in the following sections.

krad.hr


-88-6- 4 Natural and Induced Glows.The natural TL glow-curve from the shaded samples was found to be very much different in both intensity and structure from that of the sunlit samples. The natural TL∣ from the two (shaded) ’freezer samples’ 76240,22 and 72320,4, as well as that from the sunlit sample 76261, 25, is shown in Figure 6. 1. It is clear that the shaded samples from 1 m inside the shadow 76240 exhibits the most natural glow, followed by the one from 20cm inside the shaded 72320, with the least preserved glow being in the sunlit sample 76261. Moreover, the glow starts at successively and appreciably higher temperatures of readout as one goes from the 'permanently shadowed' samples 76240 (∕J55°C) to the 'partially shadowed’, sample 72320 (∕J110°C) and finally to the sunlit sample 76261 (r^l80°C). It was concluded that sample 72320, which wash'd 20cm inside the shadow when collected, had not been adequately shaded on the moon and had thus remained at a higher effective temperature than the permanently shadowed sample 76240.In order to see the shape of the original undrained TL glow-curve, artificial TL was induced in the samples (using the room temperature ’counterparts’ in the case of the shaded samples). Figure 6.2 shows a typical induced-TL glow-curve, produced by subjecting the natural sample to a gamma-ray dose of 90krad, in which the naturally drained low-tempera­ture peaks in the sunlit sample 76261 have been restored. The structure of the induced TL curves for the nearby shaded sample is similar to that for the sunlit sample, which suggests a similarity of mineralogical composition. This similarity is further supported b; the closeness of the trap depth (E) and frequency factor (s) , for these samples, as will be discussed in the following sections.
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-89 -6. 5 Dose Response and Infer red Natural Dose,Powder samples of grain sizes between 45 and 106μm and l-2mg in weight were used in this study. Fresh samples were used for successive runs in order to avoid temperature and dose sensitization effects (Durrani et al, 1972a^» The samples were subjected to artificial gamma-ray doses up to 3Mrad at a dose rate of S00krad hr ∖ Figures 6.3a and 6. 3b show 
the dose-response curves for the shaded sample counterpart 76241, 23 (hereinafter called ’sample A,) and the sunlit sample 76261, 25 (⅛ample B') respectively. In each curve the TL output has been integrated over three consecutive temperature intervals (corresponding to different peaks or trapping levels as discussed below), namely: 216 - 306°C (area I), 306 - • X.378°C (area II) and 378 - 486°C (area III). These integrated TL glow areas were normalised to a unit of sample weight (mg) and the normalised values were plotted against the gamma-ray dose. By extrapolating these curves backward it is possible to infer, to a first approximation, the natural dose retained by the two samples in each temperature interval.By examining the growth curves, shown in Figures 6. 3a. and 6. 3b one can also graphically determine the ,half-dose ’ Ri, so termed from analogy awith half-life in a growth-to-saturation curve in radioactivity (Durrani et al, 1972b). This is the dose required to fill half the remaining traps at any stage of irradiation (in the absence of thermal decay), assuming the growth law: at ,1 -0. 693R∕RL ,1.n ∙= N (1 - e 2) (1)where n is the number of filled traps for a total dose R (including the natural dose) and N is the total number of available traps of a given energy depth. The values of R^ for the various trapping depths (corresponding to various
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-90-readout temperature-intervals) are shown in Table 6.1 along with other Vrelevant data.6. 6 TL Emission Spectra.The TL emission spectra from the sunlit sample 76261, 25 (sample B) and the shaded sample ’freezer counterpart’ 76241, 23 (sample A) were determined using a set of interference filters (Filtraflex B40 and R-UV, made by Balzers, typical transmission band width at half-height 1 0nm) after irradiation with IMrad of ^θCo y-rays. The samples which were used 
for the determination of the emission spectra were previously drained of their natural TL by heating to 500°C using the TL apparatus described in Chapter II. The heating rate used in this study was 3. 6°C∕sec. Also, the TL output was normalised to a unit of weight (mg) and corrections were made for the quantum efficiency of the quartz-window photomultiplier tube (6256SQ ) and the transmission characteristics of the filters. The filter with transmission peak 365nm was arbitrarily chosen as the reference and all the results obtained with other filters were normalised with respect to it.In Figures 6.4(a,b) and 6.5(a,b) the TL emission spectra of both samples at temperatures corresponding to the.temperatures of the glow peaks which are present in the glow curves (see Section 6.8), are shown. The main conclusion drawn from these curves is that the TL emission spectra from the two samples, the shaded and the sunlit, are similar. These results, together with the similarity of the artificial TL glow curves and the trap depths of both samples, indicates that the mineral composition of both samples is similar. Also, the TL emission spectra for both samples show clearly a dominant blue peak (with a maximum at 410nm), decreasing in intensity as the temperature of emission rises. The figures also show that
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Sample 76241,23

(freezer counterpart)

Fig 6∙4(a)



Sample 70241,23 (freezer counterpart)

Wavelength, [∩m]

Fig 6 ∙ 4(b)



Sample 76261,25 (sunlit)

Wavelength, [nm]

Fig 6 5(a)



Sample 76261,25 (sunlit)

Wavelength, [nm]

Fig 6∙5(b)



-92-the contribution from wavelengths beyond r√ 500nm is almost nil in particular at high emission temperatures ( ∕V 280°C and greater).6. 7 Fading and Isothermal Annealing Studies,To investigate the effect of room-temperature storage of the ’freezer counterpart' samples over the last Λ<∕ 3 years, natural fading and isothermal annealing studies were carried out on the various samples. In Figure 6. 6a are show the natural TL outputs at the beginning of 1976 from the freezer sample (76240) and its room-temperature counterpart (76241). Similarly, natural TL curves for the freezer sample (72320) and its room­temperature counterpart (72321) are shown in Figure 6. 6b. In Figure 6. 6a a total fading (corrected for sample weights) of ^49% over the whole temperature range is observed in the counterpart sample as a result of room-temperature storage for 3 years. The degree of fading ( ∕J 40%) in the high temperature region (360 - 486°C) is surprisingly high and suggests anomalous fading (Garlick and Robinson, 1972). Recorded in Table 6.2 is the degree of fading observed in the two counterpart samples 76241 and 72321, after three years of storage at room temperature, which is determined by comparing the natural TL surviving in three consecutive temperature intervals of interest to the determination of the temperature and duration of the boulder shadowsζnamely 216 - 30o°C, 30o - 37 8°C and 378 - 486°C) with the corresponding amounts in the freezer* samples 76240 and 72320. The fading that may have taken place in the freezer samples themselves during their first pj 3 weeks of storage in the Lunar Receiving Laboratory has been ignored.In order to examine the effect of lunar day-time temperature on the natural TL of samples (whether during the sample collecting or during the
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-93-TABLE 6.2
Fading of TL in the room-temperature "counterparts" over a period of 3 years by comparison with the "freezer samples".

Sample Area I Area II Area III(216 - 306θC) (306 - 3780C) (378 - 486oC
TL∕mg⅞ Fading TL/mg* Fading TL/mg* Fading76240,22 ("freezer sample") 37.5 15.0 22.5

76241,23 ("counter­part") 20 47% 7.8 48% 12.8 43%
72320,4 ("freezer sample") 7.2 11.7 18.9
72321,3 ("counter­part") 4.45 38% 8.3 29% 14.5 24%...................76261,25 (sunlit sample)+ 0.68 1.82 7.27................... .........................
* TL (integrated over the temperature interval in each case) is expressed in arbitrary units, but has been normalised for sample weight.+ The values for the sunlit sample are recorded for completeness.



-94-exposure of the 'partially shaded' sample 72320 to the sun), isothermal annealing experiments were performed on the counterpart sample 76241. Figure 6o 7 shows the results of annealing the natural sample at 120°C (roughly comparable with the lunar maximum surface temperature) for varying lengths of time up to 196 hours. Isothermal annealing was also studied at dry-ice (-78. 5°C) and 20°C temperatures (Durrani and Khazal, 1976). These studies were performed by irradiating a fresh amount of the sample 76241 with a gamma dose of 1120krad. The irradiated powder was divided into two parts; one part was kept at room temperature (20°C) for fourteen days and the other half kept at dry-ice temperature (-78.5°C) for three weeks. Fading of rJ 10-20% in the sample kept at 20°C was observed over the period of 14 days in the readout intervals 306 - 378°C and 378 - 486°C, and of 25% in the interval 216 - 306°C. Dry ice storage (-78. 5°C) over the three weeks showed no fading in areas II (306 - 378°C) and III (378 - 486°G), and a fading of 5% in area I (216 - 306°C). The effects of fading on the calculation of temperature and duration of boulder shadows are discussed in Section 6. 10.It is clear from the fading studies that the refrigeration of the shaded samples by NASA and by the TL group at the Department of Physics, University of Birmingham, over the last three years has been a worthwhile exercise and is justified (Durrani, 1972).6. 8 Determination of TL Parameters.For the determination of the effective storage temperature of various samples in their lunar environment on; needs to know the trapping para­meters E (trap depth, usually in eV) and s (frequency factor, in sec ^) of 
the trapping levels responsible for the observed TL. These parameters
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-95-were determined by using the ’initial-rise method’ of Garlick and Gibson (1948), which is independent of the recombination kinetics of the thermally released electrons and also of the rate of heating, β, employed. This method is based on the fact (see Section 1.3. 3) that, at temperature T sufficiently below the 'peak temperature’ Tv for p. given trap, the TL -E/kTintensity I(T) rises with temperature as e . On plotting lnl against T the initial part of the glow curve, thus yields a straight line with slope ~- . This method is described in detail in Chapter I.kT ‘The experimental procedure for the determination of the trap depth (E) and consequently the frequency factor (s) for the various peaks in the samples 76241 (’freezer counterpart, sample A) and 76261 (sunlit, sample B) can be summarised as follows. Samples r-J 3mg in weight were given an 60 artificial dose of 2.4Mrad Co gamma rays, in addition to their natural dose, to induce as much TL from the samples as possible which is an important factor for the success of this method - see Section 1.3.3. The samples were then heated at a heating rate (β) of 3. 6°C∕sec to successively increasing terminal (or interruption) temperatures followed by cooling to room temperature. Figures 6.8a and 6.8b show the resulting E values, obtained by plotting lnl against T ∖ plotted against the temperature of 
interruption for the shaded sample counterpart (76241, sample A) and the sunlit sample (76261, sample B) respectively. The horizontal clusters correspond to the trap depths for the various glow peaks, which have been obtained by a separate experiment involving the 'thermal cleaning' of peaks. The values of T', have an uncertainty, generally, of ,^√ + 10 C. Other peaks at lower temperatures T',' in each sample aχ∙e not shown in the figure. These peaks were, for sample A:∕yj 234°C, 191 C, 153 C
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-96-and 115°C; and for sample B: z^√189°C, 153~^C and 117°C. The s factor is then calculated from the first-order kinetics relation:2s = (β E/kT* ) . exp (E∕kT*) (2)where k is Boltzmann's constant and Tv is in K.6. 9 Determination of the Temperature and Duration of the Boulder Shadow.6. 9. 1 General remarks,The data obtained in the previous sections, namely the trapping para­meters, the inferred natural dose, the half-dose. R^. and the saturation level a achieved by various samples upon artificial irradiation, were used to calculate both the temperature inside the boulder shadows and the duration of the shade. In these calculations it was assumed that the trap-filling process obeyed the first-order kinetics of Randall and Wilkins (1945). The thermal and radiation characteristics of the samples studied played an important role in laying down the theoretical framework as well as in con­ducting a meaningful discussion of the results obtained from the experiments on the shaded and sunlit samples.6.9.2 Theoretical framework.Consider a sample with a total of N traps, each of depth E and frequency factor s, irradiated with a dose-rate r while being held at an absolute temperature T. The following equation holds for the radiative filling and the thermal drainage of traps with time:dn/dt = - λn + (N - n)r p (3)where n is the number of filled traps at time t, λ is the decay constc-nt at temperature T, and p is the probability per unit dose of filling one of the above traps. The following relations exist for parameters λ and p:λ s exp (-E∕kT) (4)
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ol' λ = = 0. 693/^1 (5)

2where (T) is the mean life of the trapped electrons at temperature T,and **Γ* ι is the corresponding half-life. Similarly if a rhalf-dose' R^ 
2 2required to fill half the available traps N (cf. equation 1 above) in the absence of thermal drainage was defined, then:P = 0. 693∕Rι (6)

2The general solution of the differential equation 3 is given by:n = ⅛2, . (1_e-(X+rp)t e-(λ + rp)t jλ + rp , owhere nθ is the number of filled traps at time t = 0.Now consider two specific cases. First, suppose all traps are initially empty (e»g. when trap-filling first commences in the sunlight), so that n = 0. Then, equation 7 is reduced to: o n = .e-(λ+rp)tλ + rpSecondly, consider that the radio-thermal environment changes at time t (e. g. the time at which the boulder arrives) such that the number of filled traps at time t = t is n . In this case equation 7 continues to hold, t t except that the values of the relevant parameters are changed to r , p and tλ, and t may be replaced by t^ such that tj = t » tθ. The value of nθ to be used in the modified form equation 7 is obtained by substituting t for t in equation 8: n = ∙ (1 - e' <λ + rP>to) (9)o λ + rp ' ' ,If the case where the time prior to the arrival of the boulder is very large, so that t------- > ∞ (i. e. t 'V∖. z7^ (sunlit) or in other words, λt 1), o---------------- o'-"^ U∕ othen equation 9 is reduced to:
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(10)n = N ∙ rp∕(λ + rp) = --------- -----o 1 v e, 1 + λ∕rpThe modified form of equation 7, after the arrival of the boulder, thus becomes:

n =4⅛ ∙ (1 - e'(λ'+r'p'i‰ (11)λ + r p ' ' λ + rpIt will be shown later that, in the case of the shadowed sample, the decay constant λ (sunlit) prior to the arrival of the boulder is so large for traps of interest in comparison with the corresponding values of λ' (i.e.z(^ (sunlit) ---- —> 0 ), that nθ------- > 0 in equation 10, so that equation 11 is reduced to: 
n ≈-⅛-l⅛ . (1 _ e-(λ +rp )t1j (12)λ + rp ' 'which is essentially equivalent to equation 8. Equation 8 thus effectively holds both for the sunlit sample and for the shaded sample as long as the appropriate values of the dynamic parameters are used.Equation 8 may be re-expressed in the two equivalent forms:
n T+ Jx/rp) * (1 - exp[-rtp(l + λ∕rp)] ) (13) 

or N ,, -0. 693rt∕Rl -0. 693t∕^⅛,
= τV(R√7gr' <1 -e 

a u
(14)

Equations 13 and 14 are modified forms of the Randall-Wilkins relation (with all traps initially empty) and give the ratio n/N (i.e. the TL output as a result of a dose rt, expressed as a fraction of the saturation TL) in terms of the observables Ri and There are a number of limiting cases of
2 2equations 13 and 14 which are of special interest here. Thus: (i) for either rt i>2> Ha or t J>XΓl ι:

2 z^
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s, N___________ = Nneq l÷(R√rri) “ 1 + (λ∕rp)

2 2and if, in addition, r zK ι s>S : 
v 2 2n ------ —>∙ jqeq

(15)
(16)

where, in equations 1 5 and 16, n represents the dynamic-equilibrium, oι* steady-state, value of n reached either as a result of giving a massive dose (rt = R ∖∕ Ru) to a sample, or by filling the traps for a very long time, t, compared with 'T' ±∙ If rt^>R^, equation 15 is true whatever the value 
t-z 2 2of t∕ 'T'ι, i. e. whether the filling time is much larger or much smaller 

uz 2than, or comparable with, the half-life of the traps at the temperature con­cerned; similarly, if equation 15 is again true for all values of

,1 -0. 693rt∕Rι(1 - e 2
= _______ N----- . (1 _ e"rt * P - 1 + (λ∕rp) μ (17)

which represents the case when the half-life at temperature T is much larger than the filling time t (i. e. effectively no decay (or drainage) occurs during trap-filling, either because the sample is held at a very low temperature or the dose rate is very high.(iii) for Rι×⅛> rt:
2

n ________ N_________ _ -0. 693√∑⅛ = _____ N________ -λt1 +(R1∕rT,) μ e ; - 1 + (λ∕rp) l t ,2 2 (18)(iv) for λ×⅛> rp, i. e. R> v∖∖ r∙7,½r
2 v 2n ~∙ > 0 (19) 



-100-so that effectively no trap-filling takes place and no useful information can be gained from the sample; and finally,(v) for λ∙≤<rp, i. e. rtι∖∖Rβ 2 2-  jsfc .τ ,1 ^rt'P∖ KT∕1 ■-0.693rt∕Ri._______________________,on' n _____ -> N (1 - e xJ = N(l - e ∑) (20)Equation 20 is a very useful relation and can be used to calculate the natural dose R = rt received by a sample over a time t, so long as saturation (n -------N) has not been reached in nature and provided that the condition governing the equation is fulfilled. This is achieved by measuring the natural TL expressed as a function of the saturation TL (i. e. the ratio n/N). The values of N and Ri in equation 20 are usually obtained by employing such 2 a massive dose rate r in the laboratory that there is effectively no thermal drainage during the irradiation. Ideally, these values should be obtained by inducing TL in the sample at the same temperature as the one operating on it in nature.6. 9. 3 Calculations and results.The effective temperature of storage of the 'permanently shadowed' sample (76240 or 76241, termed sample A) as well as the length of its storage in the boulder shadow can be determined by comparing the thermo­luminescence characteristics of that sample with those of the sunlit sample (76261, sample B) and making use of the foregoing theoretical framework.From equation 15, which applies to the case when dynamic equilibrium has been reached in nature as a result of competition between radiative filling for a very long time (so that rtj>>> RjJ and thermal drainage of traps 2 held at temperature T, one can obtain the value of the storage temperature as:
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In

where N/n is the eqexperiment) to that

E/k s R1 (21)0. 693r( n eqratio of the saturation TL (obtained froxn a separatefound in the natural sample. If the natural dose rate r

τ __N

is known, T can be calculated by determining the values of E, s and R_i for athe relevant trapping level. For the purpose of the calculations, a valueof r = 10rad yr (Haffner, 1967) for unshaded lunar samples was assumed.The value of T is only weakly dependent on the values of r and N∕nθ^ used since they occur in the logarithmic term. Thus, changing the product r ∙ ( (N/n )-1) by a factor of 2 makes a change of only ∕√ 1%. (Durrani et al, 1972a) in the value of T calculated from equation 21 in cases of interest.This means that even if the dose rate goes down by a factor of 2 after the arrival of the boulder (because of the partial shielding from, say, the solar­flare particles), the effect on the calculated storage temperature will be only slight: it will fall by a few degrees Kelvin. The same remarks apply to the effects of fading corrections on N/n (see Section 6. 10).In Table 6.1 the experimental values of all the parameters that are needed in the calculation are recorded. The procedure which was adopted in making the calculations involved the following steps:1) It was assumed in the case of the sunlit sample B that dynamic equilib­rium Lad been reached in filling the traps corresponding to the TL readout area III (378 - 486°C, with E = 1.72eV) i. e. in sunlight. When,as a first approximation, the fading correction obtained for area III in the shaded sample A during the ∕‰- 3 yr. storage at room temperature (namely 43%, see Table 6.2) was applied to area III in the sunlit sample B, a



-102-corrected value of = 2. 2 for the latter sample (cf. the observed valueeq3.85, Table 6.1) was obtained. On using this corrected value of N∕n^ ,together with the other parametric values given in Table 6.1, the lunarstorage temperature T = 371°K for the sunlit sample was obtained using
equation 21.2) The storage temperature T^ in the shade was calculated by assumingthat equilibrium has been reached in TL area I of the shaded sample (216 -306°C,∙ E = 1. 046eV). In other words, it was assumed that the trap­filling time in the shadecalculation a 47% fading t∣^∖ ι of the trap at temperature T^. In this correction to nθ^ (cf. Table 6.2.) was applied, whichconverted the observed valueof Tj = 256°K in the shade.
ranges from yr, whereas t^z-√ 4x10 yr

of N/n from 7.41 to 3.93, and yields a value- eqThe value of (256°K) for area I traps is v 2calculated below from TL areas II and III4 -1to 6.5 x 10 yr. (with r = 10ra∙d yr ; or afactor of 10 higher if r = lrad yr ^);
the traps corresponding to area I is a hence the assumption that forreasonable one.Using the storage temperature T^ in the shade found from step (2) above.

4

the value of (T ) for the traps corresponding to TL area II (306 - 378°C_:E = 1.134eλr) as well as area III (378 -486°C; ' E = 1. 439eV) of the shaded sample can be calculated. It is then clear that the condition governingequation 20 is fulfilled (namely r cf. Table 6.1.) so that theequation can be solved to obtain the length of storage t^ in shade from either of these TL areas, using the known values of n/N. This implies that the natural TL in areas II and III is well below the corresponding saturation values.Assuming the values for the amount of fading observed for TL areas II 
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and III in sample A (viz. 48% and 43% respectively; cf. Table 6.2), and using the above value for the storage temperature in the shade (T^ = 256°K), 5 the following values for rtj from equation 2 0 were obtained: rtj = 3. 98 x 10 5rad (area II); and rt^ = 5. 65 x 10 rad (area III). If a value of r = 1 0 rad yr for the dose rate in the shade was assumed, the following values for the length of storage, t^ , in the shade were obtained: from area II (sample 4 4A): 3. 98 x 10 yr; from area HI; 5. 65 x 10 yr.. The calculations of the storage temperature in the shade (T^ = 256°K) and the length of the storage t^ , involved in steps 2 and 3 above are based on equations 2 0 and 21 which assume that the value of filled traps prior to the arrival of the boulder is negligible compared with, the value subsequently attained, i. e . nθ -------0 or n <4i≤N (o⅛∙ )) for the ar eas I, II and III of theshaded sample 7624T (sample A); no such assumption has been made in the above derivation regarding the sunlit sample 76261 (sample B). That the above assumptions for sample A are indeed true and can be seen by sub­stituting the relevant values of the parameters corresponding to the lunar day­time temperature (T = 371°K) for sample A in equation 10 which gives the n ncorrected value of the ratio — . The following values for — are found 1 7 £) 2(for r = 1 0 rad yr ): ∕~, 1.4x10 , 5.6x10 and 1.5 x 1 0 . for the TLareas I, II and II respectively, for the shaded sample, which are all clearly negligible .

⅛3The only use in steps 1-3 in the above calculations that it has been made of the TL found in the sunlit sample (76261, sample B) is to derive the temp­erature in the sunlight employing area III (378-486°C) in it. In that part of the calculation there is no assumption regarding the number n of the filled traps prior to the arrival of the boulder. No use has been made of areas I 



-104-
or II in the sunlit sample.It may be worth pointing out that in Figure 6. 1. curve B refers to the sunlit sample, whereas curve A is for the shaded sample. The fact that area III in the sunlit sample (curve B) is a not negligible fraction of area III in the shaded sample (curve A) may at first sight be misleading, in that it might suggest that prior to the arrivalof the boulder area III in the shaded sample also ought to be substantially populated (and n thus ought not to be λ√0). It must, however be noted that, for some reason (see discussion below), the E values for areas III in samples A and B are substantially different, being 1.439 and 1.72eV respectively (Table 6.1). Thus whereas the equilibrium value of area III in sunlight (371°K) is quite sizable in sample B, that of area III in sample A at that temperature (prior to the arrival no -2of the boulder) is quite negligible (the ratio ~ beings 1.5 x 10 , as statedabove).One may enquire why the TL parameters for the two samples are different. The answer is not clear-cut. The difference in trap-depth values might be explained by assuming that either:i) The arrival of the boulder, regardless of the mechanism that put it in motion (see Section 6. 11), removed or disturbed the original top surface soil and also mixed it with the soil beneath it because of the movement of the boulder. If the soil underneath differed in its mineral composition from that of the surface soil, this would have led to a mixed soil of different E values from those of the undisturbed sunlit sample. Or: ii) The top centimetre or so of the shaded soil could be of external origin, say as a result of migration of electrically charged micron-sized grains from the surrounding sunlit areas towards the shaded area
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(Criswell, 1972: Section 6. 11), or it could be derived from the boulder material itself, which might have fallen on top of the shaded material as a result, say, of mechanical shaking of the boulder during or after its arrival as a result of meteoritic impace, or as a result of 4the boulder erosion (though the time scale involved [6. 5x10 yr] is not in favour of the erosion hypothesis). Any of these factors could give rise to a mixed soil for the shaded sample which is slightly different from that of the sunlit sample hence leading to differences in E values.It is important to stress that the calculation of the value of the storage temperature = 256°K and the time of the storage t^ are based entirely on the shaded sample only, using E and s values obtained from direct measure­ments of the shaded sample material. The sunlit sample was merely used for the comparison of the natural glow curves of the shaded, partially shaded, and sunlit sample. The E and s values for area III of the sunlit sample were, again, measured independently of the shaded sample, and used for deriving the sunlit temperature. The value of the daylight temperature T = 371 °K which was calculated from the sunlit sample data (see step 1), and used only to demonstrate that such a temperature would result in the complete drainage of traps in areas I, II and III in sample A prior to the arrival of the boulder - shadow, could be taken from previous determinations by Durrani et al (1972b, 1973), e. g. 363 + 10°K for certain Apollo 15 and 372 + 5°K for Apollo 14 samples, which agree well with the value obtained from the sunlit sample 76261 in the present investigation. If one uses a mean value of n367. . 5°K from the above determinations, the ratio — for area III in the sunlit sample is found to be rJ 0. 53 which is in close agreement with out value of no 1—- = ~—~ = 0.44 (see Table 6. 3) after correction for anomalous fading.
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It is also important to stress here that the duration of the boulder t can be calculated independently from either area II or area III of the shaded sample, as is clear in step 3. Hence, even if one had reservationsabout the population of area III of the shaded sample prior to the arrival of the boulder one could still get a value of t (viz .f'-J 4x10 'yr) from1area II alone in that sample.

6. 10 Correction-Factorfor 'Anomalous1 Fading.As will be shown below in the discussion of errors, the calculations based on the foregoing framework are found to be remarkably sensitive to the values of the parameters for the various samples and TL areas that are substituted into the equations. This has encouraged the author to try to reconcile the two values of the duration of the boulder shadow obtained 4 4above (viz. 3. 98 x 10 and 5. 65 x 10 yr. ) by considering the only observable in Table 6. 1 which is subject to a fair amount of doubt, namely the value of n ∕N (or n/N) uncorrected for the fading factor.It is clear from Table 6.2 that the fading of TL in the shaded counter­part sample (76241) during its room-temperature storage for ι∙J 3 years is quite large when it is compared with the TL values from the 'freezer sample1 (76240). To this one must add the fading undergone by both samples during the firsts 3 weeks after their collection from the shade. An approximate value for this was obtained by performing a separate experiment in which the amount of room-temperature fading in the freshly-induced TL was observed in the counterpart sample over a period of 2 weeks (see Section 6. 7). On making this further correction^ the total amount of fading, from the time of sample collection until that of the author's investigation, would appear to 
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vary from ,→ 65% to r∙i 50% for the TL areas I to III respectively. There is a clear relationship between the magnitude∙s of the fading and the readout temperature interval in the case of the partially shaded pair of samples, 72321 and 72320 (cf. Table 6.2). It is to be noted that all these fading values are in violation of the Randall-Wilkins equationsj, which give large o 8mean lives ,7^ for the relevant traps held at 20 C (namely.^ 1.5 x 10 yr, 35∙9x 10 yr. , and 62 yr. respectively for TL areas III, II and I in sampleA, using equations 4 and 5 above). The fading.is thus anomalous (Garlick and Robinson 1972).An empirical relation was applied to obtain 'theoretical' values for the fading factor using the value of fading (43%) adopted in step (1) above as the base-line and then reiterating the equations. The relation assumed that 'anomalous' fading at any given time t and at a given storage temperature T is inversely proportional to the trap depth E in a given phosphor. In other words: 1 .∙-≡- = fdJL∑) (22)n Eowhere n is the initial number of filled traps and n is the number surviving oafter 'anomalous' fading.The value of α (for ri 3 yr. storage at 20°C), which gives identicalvalues for the storage time t in the boulder shadow for areas II and III in * ¾sample A by using equation 20 (as in step 3 above), is c = 0. 7065(eV). The number of digits after the decimal point in α is a measure of the great sensitivity of the reiterative solution to the a value. This leads to the values for the inferred fading in the various TL areas in samples A and B shown in Table 6. 3 (ranging from 41% to 68%) which appear to be reasonable
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in the light of the foregoing discussion.The duration of the boulder shadow at station 6, calculated from eitherTL area in sample A (area II or III) after applying the fading correctionsbased on equation 22, 4 _}is found to be t = 6. 50 x 10 yr. (for r = 10 rad yr ).6. 11 Uncertainties and Implications of Results.The four sets of parameter values recorded in Table 6. 1 (namely thosefor TL areas I, II and III in the shaded sample A, and for area III in the sunlit sample B) give highly consistent answers for storage temperature T 1’natural dose R = rt, fading 1 - n/n and the trap depth E, involved in the calculations. For example, it is very difficult to get a value for the storage temperature in the shade differing by more than a few degrees from the one obtained (i.e. 256°K) without upsetting the values of all the other parameters.However, an attempt was made here to estimate the propagation of error in the calculations resulting from experimental uncertainties. These estim­ates are described below.The maximum uncertainty in the sunlit storage temperature (371°K) calculated from equation 21, resulting from + 3. 5% error in E and a factor of 4 uncertainty in the argument of the In (Durrani etal,. 1972; see Section 6. 9. 3) (based on a factor of 2 uncertainty in each of r and ( _ 1) values),neqis + 16 K. This is in good accord with previous determinations by Durrani et al (1972b, 1973) for lunar samples (e. g. 363 + 10 K for certain Apollo 15 and 372 + 5°K for Apollo 14 samples), although it is believed that the value - which represents the effective storage temperature adjusted for the Boltzmann factor (Durrani et∙al, 1972a) - is unlikely to be as high as 387 K. A similar uncertainty ( + 1 5°K) applies to the storage temperature calculated for the shaded sample (namely 256°K). This uncertainty does not invalidate



the condition governing equation 20; in other words, still holds for both TL areas II and III in sample. A.The value of the natural dose R = rt^ in the shaded sample A, calculated from equation 20, is independent of the value of the temperature in the shade so long as the condition rX±S>Rι is fulfilled. The value of the length
2 2of storage t^ in the shade, however, obviously depends upon the dose rater assumed to operate inside the shadow (as t is deduced from the calculatedvalue of rt^). If one assumes the dose rate within the shadow to fall by afactor of 2 (or of 1 0? which is unlikely), because of the shielding from the solar-wind and solar-flare particles, the estimated length of storage will rise by the same factor.Other uncertainties in the calculated value of rt^ arise from errors anduncertainties in Rjl and the pre-fading value of n/N (cf. equation 20). A 

210% error in the measurement of R√would produce the same fractional error Σin rtj. An error of + 10% in the corrected value ofn/N would lead to errors of + 13% and 15% respectively in the values of rt^ calculated from theTL areas II and III in sample A.The fact that it was possible to calculate (to within a factor of/^2) the value of the duration of the shadow cast over the sample A (76240) and hence the time of the arrival of the boulder at its present location, has important implications for soil mechanics o∙f the surface of the moon. Mitchell et al (1973) refer to over 300 tracks ’made by boulders rolling, bouncing and skidding down lunar slopes'. The Apollo 17 mission provided the first opportunity for a close study of these interesting features which were especially evident on the Taurus - Littrow hills. It has already referred to the apparently fresh tracks observed by the Apollo 17 astronauts on the
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slopes of the North and South Massifs. For example, in connection with sample 76240 (the shaded sample A which came from station 6 in the region of the North Massif), Astrogeology 72 makes the following statement: "It probably has not been shadowed for a great length of time, because the freshness of the boulder track indicates that the boulder has not been in its present position very long". The calculations presented in this chapter4indicate that the time scale involved is of the order of 6 x 10 yr. The mechanisms that set the boulders in motion are generally not well understood. Material build-up or erosion uphill or downhill respectively, cyclic thermal expansion and contraction, impact cratering and seismic events are amongst the possibilities considered by Mitchell et al (1973).In considering the duration of boulder shadow as calculated from the preserved natural TL in the shaded soil, it maybe instructive to consider the role of dust movement on the lunar surface. Griswell (1972) has post­ulated the migration of electrically charged micron-sized grains from the sunlit areas towards dark or partially illuminated areas. From 'horizon glow' observations made at the time of lunar sunset, Criswell calculates a -3 2value of mass-flow rate of zu 10 gm/cm yr. for the surface dust, corresponding to a layer turnover rate of 6μm∕yr. Such a rate of inflow would deposit a layer rd 30cm thick in 50, 000 years under the boulder.That this is not the case is clear^when one considers the top rj 5cm of the shadowed soil (this being the maximum depth of the scooped sample A). A thickness of 5cm would, at the above rate, be deposited in rJ 8, 000 years, yielding an average age of only 4, 000 years inside the shadow, whereas the calculated length of storage in the shade for sample A is cJ 40, 000 years to 65, 000 years. If one assumes the top 1cm in the shade to be of external 
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origin, the Criswell rate of inflow must be reduced by a factor of rJ 40. This results in the duration of the boulder shadow being revised upwards ∕4z4from 6. 0 x 10 yr. to 6. 67 x 10 yr. to yield the observed amount of glow, assuming a homogeneous mixing of the top 5cm of soil during and since its retrieval.The value of th,e storage temperature in the boulder obtained here (256 K) appears to be rather high when one considers the conductive pro­casses on the moon. On using the latest values of the heat flovz experiment on the moon (Langseth et al, 1976, who report a value of.^j2.0μw cm for heat flow), one obtains a value of only ∕^25°K from this source. If one considers the heat dynamics of the boulder shadow in the context of the surrounding lunar mass (assumed to be at a mean equilibrium temperature of r^ 24 0°K) then, using the conductivity values obtained from the heat flow experiment as well as that calculated, by Durrani and Hwang (1974), one obtains a value of 1 00°K inside the shade; but such calculations are strongly model-dependent. The calculated value of the temperature in the shade (256°K) is quite close to the mean equilibrium temperature on the lunar surface (∕~,240°K). Causes such as imperfect shadowing of the sample (which came from only 0. 5 to 1 metre inside the boundary of the shadow) and soil mixing may explain the rather high value of the effective storage temperature in the shadoxy of the boulder estimated in this chapter. The calculation depends critically on the value n ∕N (the fraction of total traps filled at equilibrium) in the TL glow area I of sample A. If, as a result of possible exposure to sunlight during the retrieval procedure and/or the high-temperature (∕~x100°C) handling of the sample during EVA on the lunar surface, or because of a high degree of anomalous fading than has
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been allowed for, the initial value n ∕N will be higher than that used in this calculation and the temperature in the shade would have to be revised down­ward. Similarly, if dynamic equilibrium had not as yet been reached in trap-filling for area I of sample A (owing, say, to a relati∖zely short storage time in the shade), then equation 21 would not hold and the value of storage temperature obtained here would be an over-estimate.6.12 The Effect of the Temperature of Irradiation upon the TL Sensitivity Lunar Samples.Following the finding of the effect of irradiation temperature upon the TL sensitivity of quartz (Khazal, 1975; Durrani et al, 1977; see also Chapter IV), the phenomenon has been further investigated in some lunar samples. The sample principally used in this study was the shaded sample 7.6241,23 (freezer counterpart sample). According to the results presented in this chapter, the sample was irradiated in its natural environment, in the shade of the boulder, at a temperature as low as 256°K for a period of 46.0 x 10 yr. This feature made this sample ideal for the study of the effect of the irradiation temperature. Irradiations were carried out at three temperatures, namely, 195°K, 293°K and 393°K (the last temperature chosen to simulate the sunlit conditions). Three γ-ray doses (Co-60) were used at each temperature, namely, 200krad, 600krad and 2000krad. The TL output was integrated over the glow-curve temperature interval 378-486°C (area III) chosen to minimise any thermal fading which might occur at room temperature and particularly during irradiation at 393°K temperature. The results of this study are shown in Figure 6. 9∙It can be seen from Figure 6. 9 that in all cases the TL output increased steadily with the increasing temperature of .irradiation; but the greatest increase was for the largest γ-ray dose used (2000krad). The percentage



Sample 76241,23 (shaded)

Fig 6∙9
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increase in the integrated TL output as the temperature of irradiation was raised from 195°K to 393°K was found to be as follows: 22% (for 200kr.ad), 
60% (600krad) and 220% (2000krad). Thus the increase in TL output is proportional to dose, at these doses, between the two extremes of tempera­ture employed. If the temperature of the boulder shadow reported previously^ namely 256 K, is used as a reference, then the percentage increase in the integrated T‰ output as the temperature of irradiation is raised from 256°K to 393°K (sunlit) is found to be as follows: 15.8% (for 
200krad), 38% (600krad) and 158% (2000krad). These results might explain the higher sensitivity and saturation level of the sunlit sample 76261 for the three glow areas compared with the corresponding areas of the shaded sample 76241 (see Figures 6. 3a and 6. 3b) in spite of the similarity of these samples which is supported by their identical glow-curves and TL emission spectra (Figures 6.4 and 6. 5). Thus the main difference between the two samples is in their thermal environments, namely, the sample 76241 was collected from the shadow of the boulder, and the other, 76261, collected from the sunlit area just outside the shadow. Considering the glow area III (378-486°C) it was found that the percentage increase in the laboratory determined TL sensitivity from the sunlit sample over that from the shaded is 32.2%. This result was obtained by performing the irradiation for both samples at room temperature. The implication here is that a different method is required of finding the natural dose that is independent of temperature. If the true natural dose is determinable, then the irradiation temperature may be accurately found from the results presented in this section.Regarding the values of the temperature of the boulder shadow (T^ = 256°K) and the duration of the boulder (t^ = 6.50 x 10 yr. ) calculated from 
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equatιons 21 and 20 respectively, these values need to be reconsidered in ,view of the temperature effect. In both equations 20 and 21 the ratio ( ) i∙ ≡∙ tbe ratio of the saturation TL (obtained at room temperature -neqsee Figures 6. 3a and 6. 3b) to the natural TL (accumulated at the shadow temperature) must be corrected to allow for the temperature effect; but the occurrence of this ratio in the logarithmic term in both equations makes the temperature T^ and the duration t^ weakly dependent on it as was discussed in Se ction 6.11.6. 13 Future Work.The work described in this thesis is by no means complete. Future work is needed to study in detail the effect of temperature of irradiation upon the TL sensitivity in quartz, which is reported in this thesis, and especially in other materials of terrestrial and extraterrestrial origin.Regarding the quartz mine ral, a detailed study of the temperature effect for each of the TL peaks is required. In the work reported in this thesis the whole area between 513°K and 753°K was studied for both X-ray and gamma-ray radiations. Single peak analysis, using X-ray radiation with the low temperature TL apparatus described in Chapter IV, was not possible. Further improvements are required to make the apparatus capable of performing thermal cleaning procedures similar to that followed in Chapter III, to decompose the TL glow curve into single peaks. For gamma-irradiation, the single peak analysis is possible using the normal (high temperature) TL apparatus described in Section 2 . 1 and following the procedure described in Chapter III.A complete investigation is suggested for minerals related to TL dating, similar to that made in the study of anomalous fading (Wintie, 1974), to
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establish the degree to which the effect of the temperature of irradiation exists in those various minerals. A single-peak analysis of the glow curve of each of the minerals together with the use of different types of ionizing agents such as U.V., X-rays, gamma-rays, beta-rays, neutrons and protons is required, along with different ranges of absorbed dose of ionizing radiation.With regard to materials of extraterrestrial origin (meteorites in particular), which are irradiated for a long period of time at very low temperatures in space a detailed study of the effect of the temperature of irradiation upon the TL sensitivity of the material of these outer space bodies is suggested. A finding of such an effect in one or more of the high temperature peaks of the glow curve of these materials might enable the determination to be made of their environmental temperature and a re­assessment of their ages.For the understanding of the relation between the impurities existing in natural quartz (e.g. Na, Al, etc.) and the effect of the temperature of irradiation upon its TL sensitivity and sensitization, a detailed study of the role of impurities on the T‰ characteristics of quartz and their relation to the temperature effect is required. This role can be studied by doping an artifically produced crystalline quartz with different amounts of an impurity and comparing the TL∣ characteristics of the doped sample with those of pure and natural materials. Regarding the analysis and the results presented in Chapters ∏I and IV, the effect of impurities such as Al and Na either added together or separately should be given priority.Finally, in the light of the results presented in this work, an investigation into the behaviour of the sensitivity of the commonly used 



dosimeters such as LiF and CaF :Mn with the temperature of irradiation and with dose rate and total dose is needed, particularly if these dosimeters are to be used at high exposures.
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