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Abstract. Dopingwithalkalineearth impuritiesconvertsthe alkali halidesinto veryefficient
phosphors. LiF doped with Mg is extensivelyused in radiation dosimetry. However,the
phenomenon of thermoluminescencein these materials is far from dear. LiF-TLD100 is
artificiallyseparated from the rest of the alkali halide phosphors. The availableexperimental
data are not fullyutilisedin buildinga modelfor thermoluminescenceprocesses.In this review,
thermoluminescence properties of LiF-TLD 100 and other alkali halide phosphors are
discussed. The comparativestudy whichpoints out severalcommonpoints could be usefulin
understanding the TLprocessesin these phosphors.
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1.

Introduction

Alkaline earth impurities are known to increase the initial stage colouration of alkali
halides (Crawford 1968). As a result of this enhanced sensitivity the alkaline earth
doped alkali halide phosphors have received the attention of a number of workers. The
chief interest in studying these materials arose from their possible use in dosimetry of
the ionizing radiations (Daniel et al 1953). The thermoluminescence (rL) of LiF doped
with Mg and Ti(LiF-TLO 100) is now extensively used in radiation dosimetry and
personnel monitoring (Vora 1979). The basic mechanism of TL however, still remains
obscure despite numerous studies (Stoebe and Watanabe 1975; Zimmerman 1977;
Nambi 1977, 1979; Jain and Ganguly 1977; Kathuria et al 1979; Lakshmanan et al 1979,
1982a, b; Horowitz 1981; Pradhan 1981; Jain 1982). LiF-TLD 100, being an applied
material, has been artificially separated from the rest of the phosphors. Earlier studies
on LiF did not consider the TL of alkaline earth impurities. On the other hand,
researchers working on basic materials may not be familiar with (i) results on LiF so as
to establish a general model for TL processes or (ii) with the methods and
instrumentation used to serve as guidelines for obtaining reproducible glow curves. The
present review highlights studies on thermoluminescence of alkali halides doped with
alkaline earth impurities.
We begin with the salient experimental results necessary for building a model for TL
processes and then discuss the details. Results on LiF-TLD 100 do not include applied
aspects as these have been discussed in detail by others (Cameron et a11968; Horowitz
1981; Pradhan 1981; Lakshmanan et al 1981; Jain 1982) and the discussion is limited to
the processes at and above room temperature.
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2. Lattice defects and optical absorption
The correlation between TL and optical absorption measurements is helpful in
identifying the trapping and luminescent centres. Hence typical results on absorption of
alkaline earth doped crystals are discussed in this section.
In the un-irradiated crystals, the main defects are dipoles, their aggregates and
vacancies, or a combination of these defects. How are these defects modified after
irradiation? They can capture holes or electrons, or associate themselves with various
colour centres; the latter species are detected in optical absorption and their
configurations are fairly well established. The former species produce complicated
absorption spectra which are not clearly understood (Crittenden et al 1974a, b;
Tournon and Dabois 1968). In earlier studies on LiF-TLD 100, the glow peaks and
optical absorption bands relating to impurity were attributed to dipoles and their
aggregates (Dhur et al 1973; Dryden and Schutter t973; Jackson and Harris 1970;
Grant and Cameron 1966), but difficulties in conceiving these neutral species as
trapping centres were also recognised (Stoebe and Watanabe 1975). It was suggested
that dipoles merely perturb the electron centres. This is becoming increasingly evident
and therefore we discuss the optical absorption of these centres.
The Ca, Sr, Ba impurities introduce no characteristic absorption in alkali halides
(Radhakrishna and Choudhary 1972a; Jain and Luty 1972; t973). Mg, on the other
hand, introduces a characteristic, but ill-defined absorption band around 272 nm
(Radhakrishna and Choudhary 1972a; Balsubramanyam 1979). This absorption is not
observed in LiF:Mg, Ti (Crittenden et al 1974a, b). When the crystals are exposed to
ionizing radiations, the Ca, Sr and Ba impurities do not directly participate in trapping
the electrons (Radhakrishna and Choudhary 1972a). When coloured crystals doped
with these impurities are bleached with F light at room temperature a Z I band is
observed on the long wavelength side. If the bleaching is carried out at elevated
temperatures ( ~ 100°C) or if the crystals containing Z1 centres are warmed to 100° C,
Z2 band appears. When the bleaching is carried out at liquid nitrogen temperature (Lgr)
the first to appear is the Z3 band which is on the short wavelength side of F band;
prolonged bleaching produces a Z4 band close to the M band. A slightly different
thermal and optical interconversion of F and various Z centres is illustrated in figure 1
(Umbach et al 1973).
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Figure 1. F ~ Z conversion in alkali halides (a) After Umbach
Radhakrishna and Choudhari (1972a).

et al (1973), (b) After
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The configuration generally accepted (Baldini et al 1961; CapeUati et al 1963;
Kleefstrau 1963; Hartel and Luty 1964; Dick 1968; Damm and Nierzewski 1975; Nink
and Kos 1976; Parfianovich et al 1978, 1980; Strohm and Paus 1979; Cooke 1980; Rao
1980; Adetunji and Ong 1981) of various Z centres are as follows:
Zo Me z + V
Z~ Me 2÷ VF
Z2 Me 2 ÷ F'

divalent impurity ion with anion vacancy,
F centre near impurity-vacancy dipole (WD),

Z3 Me 2+ F

divalent impurity ion associated with anion vacancy
which has captured two electrons,
F centre near divalent impurity ion,

Z4 Me 2+ F2

F2(M) centre near IVO.

The Zo centre has not been identified with any optical absorption bands, but Nink
and Kos (1976) proposed that the 9.05 eV band in LiF-TLD 100 observed by Mayhugh
and coworkers (Mayhugh et al 1970; Christy and Mayhugh 1970) is due to such defects.
The impurities Ca, Sr and Ba, which possess low second ionization potential relative
to electron affinity of the halogen ion, form Z centres. The remaining element Mg has
high second ionization potential (15-35 eV) and acts as an efficient electron trap instead
of forming Z centres. This observation has been explained by Lopez and Lopez (1981),
who calculated various charge impurity states relative to the conduction band. If these
states lie in the conduction band, then they cannot be occupied. The same is true with
Ca, Sr and Ba, Mg, Cd, etc., on the other hand, act as electron traps, but not as hole traps.
It will be interesting to extend the calculations made for KC1 to LiF. In XLO-100, the
absorption bands related to the Mg impurity occur at 225, 310 and 380nm. Several
authors (Nink and Kos 1976; Cooke 1980; Rao 1980; Parfianovich et al 1980; Chandra
et al 1982a) attributed these bands to Z centres of Mg. Serious objections have,
however, been raised against this interpretation (Moharil 1980). Apart from these Mg
related bands, a rather complicated absorption curve is obtained when LiF is subject to
various thermal treatments (Tournon and Dabois 1968; Crittenden et al 1974a, b). In
contrast to the Z centre absorption, these results are not well understood.
Besides introducing a family of Z centres, the alkaline earth impurities also perturb
the absorption of V type centres (Ishii and Rolfe 1966; Berg et al 1969; Itoh and Ikeya
1970; Hoshi et al 1975; Sanchez et al 1976; Rascon and Alvarez-Rivas 1978; AlvarezRivas 1980; Ketolainen and Vaittinen 1981; Agullo-Lopez et al 1982). The perturbed
centres have been termed as V ~ centres. The position of the V T band is almost the same
for Ca, Sr or Ba (Ishii and Rolfe 1966). Several models have been proposed for the V
centre. Voszka et al (1968) proposed a two CI ° interstitial centre trapped in two
neighbouring dipoles. Marat-Mendes and Commins (1975, 1976, 1977b) suggest a
single dipole instead of two. Elango and Nurkhmetov (1976) attributed the V~
absorption to a CI 3- molecular ion trapped in a dipole. There is slight confusion about
nomenclature. Lopez et al (1979) state that the V$' band is the same as the D3 band.
Actually, the D3 band is stable only at lower temperatures. The band obtained from the
D3 band by warming to room temperature (ST) has been originally termed as the DI
band (Ishii and Rolfe 1966). The notation D3 has been in use for RT absorption in
subsequent studies.
The perturbation of Vk centres has also been considered by Voszka et al (1968), and
that of H centres by Hoshi et al (1975), but these centres are not stable at RX.The effect
of divalent impurities on V centres has not been studied systematically for LiF-TLD 100.
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Mayhugh et al (1970) observed a band at 113 nm and termed it the I"3 band which is
characteristic of the pure crystal. In Mg doped crystals, an additional band appears at
137 nm. This may be termed the V~' band, though Nink and Kos (1976) prefer to call it
the Zo band.
Thus, the interstitial or hole centres perturbed by alkaline earth impurities have not
been studied as widely as their electron counterparts. In the TL process also, these
centres have rarely been considered. The results of the following sections show that the
characterisation of these centres and their role in TLprocesses should be investigated in
greater detail to achieve a complete correlation between lattice defects and TL.

3. Glowcurves
T.o understand the role of impurities, the glow curves of the doped materials have to be
compared with those of the pure ones. However, the TL glow curves reported by
different workers may not agree. It is important to review the different results, the
controversies and the general nature of the glow curve for the given crystal. Despite the
differences, the results can often be grouped into a few categories. The glow curve
obtained can be fitted to one or the other of these categories. These results are reviewed
in what follows.
3.1

LiF-rt.o 100

Pure LiF as such has poor TL response (Rao 1974, 1976; Bradburry and Lilley 1976).
Addition of Mg and Ti converts it into a highly sensitive phosphor adequate for use in
dosimetry. A typical glow curve of LiF-TLD t00 (figure 2) consists of five peaks which
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have been numbered in increasing order of temperature as I V . The glow curve
corresponds to the sample annealed at 400°C for 1 hr. Different thermal treatments
change the relative heights of various peaks (Sunta et al 1971; Stoebe and Watanabe
1975; Chandra et al 1982b). The peak around 200°C is used in dosimetry. At doses
exceeding 105R, the response of this peak declines and other peaks appear at higher
temperatures. These have been numbered as VI-XII (Kathuria et al 1974) (VI-X in
Sunta et al 1971, causes some confusion in numbering). Glow peaks below Rr produced
by low temperature irradiation (Podgorask et al 1971; Cooke 1978; Cooke and Rhodes
1981) have been numbered as - I , - I I , etc. The following characteristics of a'L of LiFa`LO 100 are important.
The response of the dosimetry peak is linear upto 103R, and becomes supralinear in a
higher range (103-105 R) (Claffy et al 1968; Jain et al 1974; Lakshmanan and Bhatt
1981; Lakshmanan et al 1982a). Responses of various peaks also become supralinear at
various doses. Usually the higher the glow peak temperature, the lower the dose at
which it exhibits supralinearity. When the irradiated LiF-rLD 100 is heated past peak V
and cooled to R'r,the sensitivity of this sample to subsequent exposure is increased. This
is known as radiation-induced sensitization. Appreciable sensitization appears for preirradiation doses in excess of 103R. It is maximum for pre-dose 105R, and then
deteriorates for higher pre-doses (Suntherlingam and Cameron 1969), being negligible
for doses exceeding 106R. Sensitized samples exhibit little supralinearity.
After reading the glow curve upto peak V, if the crystal is cooled to RXand exposed to
LrVlight, the peaks I-V (with the exception of peak IV) are re-generated. This is known
as photo-transfer-thermoluminescence (rrrL), and is used in uv dosimetry and
reestimation of dose (Buckmann and Payne 1976; Mason and McKinlay 1977;
Lakshmanan 1979; Jain 198 la). The absence of peak IV in the zrrL glow curve is rather
peculiar. The peak does not appear in the sensitized sample also (Moharil and Kathuria
1982a), or when the irradiation is carried out using high LEt radiations such as et rays
(Jain 1981b). High LEa"radiations are known to favour the higher temperature peaks
(Budd et al 1979; Chandra et al 1982b; Lakshmanan et al 1982b). Supralinearity is not
observed in a"Lexcited by high LV.a"radiations (Jain 1981b).
Many attempts were made to correlate a"L with optical absorption measurements.
Peaks IV and V have been correlated with the 310nm band; peak IV with a slow
bleaching component and V with the fast bleaching component (Mayhugh 1970;
Mayhugh et al 1970). The 310 nm band itself has been considered to be constituted of
two different centres (Sen and Merklin 1978). Peaks II and III correlate with the 380 nm
band, Jain and Kathuria (1978) have correlated peak XII with the 225 nm band. In later
work, a correlation between 285 C peak and 225 nm band was attempted (Gartia 1977;
Kos and Nink 1979), but Bapat and Kathuria (1981) and Jain (1981 c) have shown that
the 225 nm band is not totally annealed out during 285 C peak, it vanishes only after
400 C; and hence the earlier assignment is correct. In recent years, the 285 C peak has
been correlated with the 310 nm band (Lakshmanan et al 1982a, 1983; Chandra et al
1982a).
3.2 LiCl
Sharon et al (1980a, b, 1981) have reported the a'Lof pure and Ca or Sr doped LiCI. Pure
LiCI shows glow peaks at 105 and 190 C, the former being prominent. In Ca and Sr
doped samples, the 105 C peak is shifted to slightly lower temperatures and other peaks
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appear at lower temperatures (85, 67Ca, 75Sr) which grow with the impurity
concentration. The peaks have been tentatively attributed to I-V dipoles. The authors
have not looked for Z centres of the impurities.
3.3

NaF

Data available on NaF are meagre. Bonanomi (1952) reported two glow peaks in NaF
at 107 and 177 C. Sharma (1958) reported glow peaks at 43, 97, 190, 267 and 400 C for
NaF coloured by cathode rays and observed a change in colour occurring during the
glow which is possibly associated with thermal aggregation of F centres, and at still
higher temperatures, with the dissociation of these centres. Subsequent workers
(Moharil and Deshmukh 1976; Mariani and Alvarez-Rivas 1978; Gupta and Rao 1980)
also observed some correlation between XL and F aggregate centres. Moharil and
Deshmukh (1976) observed two glow peaks at 130 and 275-300 C; additional shoulders
appearing in the samples containing R and N centres. Gupta and Rao (1980) observed
peaks at 90, 145 and 210 C; the first one correlated with M centres. Compared to these
results, no correlation is observed between F aggregate centres and TL (Bhan 1982a).
The TL pattern of pure NaF was found to depend critically on the dose. At high doses
(107R) two peaks were observed at 140 and 254 C. For intermediate doses, as many as
five glow peaks could be observed, the positions depending upon the dose. At low doses
(103 R), there is a single glow peak at 306 K (Bhan 1982 b). This is exactly the opposite of
the results of Mariani and Alvarez-Rivas (1978) who observed that with increasing
dose, glow peaks are observed at higher temperatures.
The glow curve of Ca doped NaF contained as many as six glow peaks at 75, 114, 128,
160, 240 and 290 C. 114C peak was correlated with Z~ centres of Ca (Bhan 1982c).
Incidentally, the behaviour of the Z~ centres of Ca in NaF was similar to that observed
in other alkali halides (Bhan 1982d); and not like the so-called Z centres of Mg in LiF
thus showing that the peculiar behaviour of Mg in LiF is not the property of the
fluoride lattice.
In essence, the TLin NaF is not sufficiently studied to warrant any definite conclusion.
3.4 NaCl
In glow curves of pure NaCI, three characteristic peaks are observed (Aramu et a11966).
A weak peak is observed around 358 k. The positions of the other peaks depend upon
the dose (Hill and Schewed 1955). Three peaks are observed in samples doped with
alkaline earth impurities also (Gartia 1976; Gartia and Acharya 1978; Reddy and
Haribabu 1983). A definite correlation could be established between a glow peak and ZI
centres following the usual correlation experiments (See figure 3 for KCI: Ca). A similar
correlation was recently reported in NaC1 doped with rare earth impurities (Reddy and
Haribabu 1982; Reddy et al 1983a, b, c). Moharil et al (1979a) showed that the TL
pattern of the doped samples also show dose dependence, and the position of the peak
attributable to ZI centres profoundly depend on the dose. Gartia et al (1982) found that
deformation also affects glow peak positions. Joshi et al (1980a) suggested that Ca
doped NaCI could be used in radiation dosimetry.
Joshi and co-workers (Joshi and Kekan 1973, 1974a, b,c, 1980; Joshi and Shah 1969;
Joshi et al 1980a, b) studied the TL of Sr doped NaCI subject to various pre-heat
treatments. Their results are summarised in table 1. It is seen that the TL pattern is

Thermoluminescence of alkali halides

433

0-8
(a)

as-irradiated

0.6

I-

- --

F b l e a c h e d (lOmin)

....

Warmed past 390K

-,--

re-stimulated

/
I
I

0.4

0

I

,//

0.2

• ..

//

-

O

~
400

\x4

.~"

\

I
500

I

"

700

600
A (nm}

(b)

//Qio

9_

"E

¢

_
300

J,
352

_._.~/_
404

451

Temp. { °K)

Figure 3. Correlation between Z1 centres and glow peak (a) optical absorption spectra,
(h) glow curves. The peak at 110 C grows at the cost of the 18S C peak with F band bleaching, in
the corresponding optical absorption curve Z~ band grows at the cost of F band. When the
110 C peak is thermally cleaned out, ZI band also vanishes. Bleaching again introduces the Zl
band and the 110 C peak. The results shown are for KCI: Ca. Similar results are obtained for
other alkali halides doped with Ca, Sr or Ba.

340K
340. 460 K
380K
340. 410K
410 K
340, 410 K
340,440K
340, 410,440K
340K
340, 380K
410
320, 380, 410K

uv excitation quenched from 1023 K
quenched from 573--823 K
annealed and quenched from elevated temperature
annealed and slowly cooled 773 K, uv excitation

x-ray (30kV, 20mA)
annealed and slowly cooled from 823 K
cooled slowly from 773 K
rapidly cooled (100 °/min)
same after 50 hours storage
Crystallized from solution melted and quenched
to I~x first cycle
Subsequent cycles

subsequent cycle

annealed and cooled at 50/min first cycle

410, 340, 500K

0.18/Sr. quenched from close to melting point, uv
excited
500C annealed uv excitation, x-ray 100kV,
20 mA

310, 370,410
and440K
330, 370,410

320, 340 K

Glow peaks

Thermoluminescence of NaCI : Sr

Experimental conditions

Table 1.

Joshi and Shah 1969

410 due to dipoles near dislocations

370 and 410 K due to trimers and higher complexes

320 due to dipoles with anion vacancy near
dislocation
340 due to similar defect in perfect region

Joshi and Kekan 1974a
Joshi and Kekan 1974b

Joshi et al 1980b
Joshi and Kekan 1973

Joshi and Kekan 1980

Joshi and Kekan 1980

Joshi and Kekan 1980

References

410 due to Z2 centres
dipoles in perfect region
dipoles in dislocation region

460due to halogen molecular ion near Sr 2+
dipole clusters
dipoles near dislocation
dipoles in dislocation region
440K due to breaking of halogen
molecular complex

410 due to Sr' + with vacancies; complex in
dislocation region
dipoles in perfect region

Assignment

~q
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variant; depending upon thermal treatments, various glow peaks are obtained. The
results are very confusing; the same glow peak (judging from its position- 410 K) is
sometimes ascribed to dipoles, or complexes in dislocation regions, or Z2 centres. In
earlier work (Joshi and Kekan 1974a), they claim to have resolved absorption bands
corresponding to F, ZI and Z2 centres. Such a resolution is remarkable when the
absorption curve is recorded at RT.
In Mg-doped NaCI, Watterich and Voszka (1973a) observed five glow peaks at 75,
115, 170, 240 and 275 C. The optical bleaching correlates these peaks with absorption
bands at 300, 320, 460, 330 and 312 nm, respectively. None of these bands corresponds
to Z centres. They have been related to the centres associated with the electron capture
by impurity (the 460 nm band is, of course, the F band). Pokorny et al (1981) and Chvoj
and Pokorny (1978) observed as many as ten glow peaks in NaCI: Mg. Several Mg
related bands were observed at 233, 301,320, 350, 410 and 514nm. Only the last two,
judging from their positions, can be candidates for Z centres. Failure to notice Z centres
of Mg in NaCI has also been reported by Schoemaker (1973), Egranov and
Nepomnyashchikh (1982), Watterich and Raksanyi (1982) and Watterich and Voszka
(1983).
Alkaline earth impurities produced characteristic changes in the glow curves when
irradiation was carried out at low temperatures also. These impurities were held
responsible for the new glow peaks (Lopez et al 1980) and shifting of the STE (self
trapped exciton) emission from 360 to 410nm.
In short, one expects three or more glow peaks in the doped NaCI. The positions of
the glow peaks depend very much on the dose. The glow peak characteristic of the
impurity for a particular dose may occur at a position of the peak characteristic of pure
NaCI at another dose. It is thus dangerous to judge impurity related peaks from their
position alone.
3.5 KCI
The results of Jain and Mehendru (1965) on specpure KCI can be made the starting
point for discussing rL in this material. They observed a glow peak at 135 C for low
doses with a shoulder at 195 C. With increasing dose during second stage coloration the
190C shoulder developed into a prominent glow peak and at higher doses the 135 C
shoulder 135 C peak was hidden by the rising portion of the 185 C peak. The peaks have
been attributed to F centres in different local environments. Deformation produced a
peak at higher temperatures. Manam et al (1983a) also observed changes in doped
samples after deformation.
Mehendru et al (1970) observed three peaks in Ca-doped KCI as well. The dose range
over which 135 and 190 C peaks can be observed is shifted to lower doses by Ca doping.
The 85 C peak is observed over 2 mR-30 R, 135 C peak over 30-1200 R and 190 C peak
over 30 R-300 kR. The area under ~Lcurve was proportional to dose between 5 mR and
60 kR, a characteristic desirable for dosimetry, but there is large fading for low doses, as
the emission is only under the 85 C peak.
Results of later investigations are different. Only the second stage peak is observed at
slightly lower temperature depending upon the state of aggregation of impurity.
Another peak develops around 110C with F band bleaching (Berg and Mayer 1968;
Radhakrishna and Choudhary 1972b; Rao and Haribabu 1979; Moharil et al 1979b;
Reddy et al 1980; Moharil 1981a; Kamavisdar and Deshmukh 1981). On the basis of
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correlation with changes in optical absorption (figure 3), this has been attributed to ZI
centres. Sometimes, another peak around 80C has been observed, which has been
attributed to impurity (Jain and Mehendru 1965; Rao and Haribabu 1979; Reddy et al
1980), but not to Z~ centres. The first stage peak at 135 C observed in pure KC1 was not
observable in doped crystals, down to doses of 135 R. In some studies, on the other
hand, the first stage peak at 135C was reported at doses higher than this. The
corresponding Z~ centre peak is also at lower temperatures (80-90 C) (Katz et al 1972;
Inabe and Takeuchi 1978; Sinha et al 1979). The diverse results, most probably, arise
due to the fact that the coloration stage II begins at different doses depending upon
impurity concentration, dose rates, etc. Possibly, LEXdependence also plays some role,
because most of the second category results (I 35 C F peak, 90C Z~ peak) have been
obtained with x-rays. The results are summarised in table 2. Some results on other
impurities (Inabe et al 1974; Inabe and Takeuchi 1978; Mukherjee 1978; Gartia et al
1980; Sridaran et al 1981; Kuila and Ratnam 1981, 1982) are also included for
comparison. For other impurities also one obtains the 185C peak and the l l 0 C
impurity peak, or in some cases the 135 C peak and the 80C impurity peak.
Diverse results have been reported for Mg-doped KCI. Kamavisdar and Deshmukh
(1980) report that the TL of this material is similar to that of KCI: Ca and attribute a
glow peak at 135°C to Z~ centres. Earlier workers (Sootha and Singh 1969; Watterich
and Voszka 1973b; Watterich and Raksanyi 1977), on the other hand, found that Mg
does not form Z centres, but centres related to electron capture by Mg are formed
instead. The TL pattern of Kamavisdar and Deshmukh, indeed, is similar to the
behaviour of Mg centres. Thus, a large 135 C peak is present in as-irradiated crystals,
but further bleaching produces little increase in this peak. Mukherjee and Sinha (1981)
reported Z centres even in Cd doped KCI-KBr. However, it is not clear why Z centres
could not be observed in these materials earlier. It appears that similarity between XLof
these impurities and that of Z centre producing impurities has caused the confusion.
Recently, correlation experiments have been extended to Z 2 (Sridaran et al 1981) and
Za (Manam et al 1983b) centres as well. In KCI irradiated and bleached at 100 C, a glow
peak at 135 C could be correlated with Z2 centres. Moharil (1981a) and Moharil et al
(1979b) observed a peak at this position in KC1 : Ca crystals irradiated at Rr which were
not properly annealed. The bleaching product in their crystal was, however, a Zt centre
and not a Z2. These results taken together with those of Sridaran et al are a bit
confusing, because all the other results described follow a regular pattern and
correlation between l l0C peak and Z~ centres seems to be fairly well established.
Results on Z2 centres and Z~ centres in as-grown crystals of Moharil et al make one
wonder whether the correlation is genuine or a coincidence.
Several workers (Rao and Das 1976; Inabe and Takeuchi 1977; Rascon and AlvarezRivas 1978; de Castro and Alvarez-Rivas 1982) have not ascribed the impurity related
peak in KC1 to Z centres. These workers attribute a'L tO the release of halogen atoms
from interstitial positions and their subsequent recombinations with electron centres.
In the doped crystals different types of interstitial traps are formed and, hence, new
glow peaks are observed.
3.6 RbCl
Radhakrishna and Narayana (1973) observed glow peaks at 75 and 110 C in pure RbCI.
However, Sastry and Sapru (1981 ) observed as many as four glow peaks at 132, 172, 212

15 kV, 15 mA x-ray
5 min
Additive

x-ray, 30kV, 10mA
5 min
x-ray, 30 kV, 10 mA, 10 min
x-ray, 45 kV, 10 mA
y rays, 2.68C/kg
~, rays
x-ray (~19 C/Kg
x-ray 0.39 C/Kg
x-ray 0.13 C/Kg
x-ray 0.6 C/Kg
x-ray < 0-25 C/Kg
> 0-45 C/Kg
~,rays 0-31-2-58 C/Kg
x-ray, 30K, 10mA, 10min
x-ray, 30K, 10mA, 10min
x-rays 30kV, 10mA, 2min
10 rain
x-ray, 30 kV, 10 mA

KCI : Sr 100 ppm
700 ppm
KCI: Eu, Yb, Sr

KCI:Ba 0.14-0-17'~o
KCl: Sr 0.48 %
KCI : Ca 20 ppm
KCI : Ca 100 ppm
KCI:Ca 150ppm
KCI:Sr 100ppm
KCI: Sr 0'03 %
KCi : Sr, KCI : Co
KCI : Br, Cu
KCI : Ca 80 ppm
500 ppm

180-90, 88'95, 110-18(Z1)
85, 170, 115{Zl), 75
80, 180,110 (ZI), 480
170, 110 (ZI)
180, 135(Z~)
180, 135 (ZI)
132, 52
165, 100
42, 77
85, 140, 189, 85
140, 85
85, 140, 189,85
180, 110 (Z~)
210,90, 120 (FA)
140,83(Fa)
136,90(impurity)
170,135, 90 {impurity)
240, 140, 110 (impurity)

142, 90 (Z~)
162, 90 (Z~)
140, 95-105 (Z1)

Glow peaks

Mukherjee 1978

Moharil 1981a
Gartia et al 1980
Kuila and Ratnam 1981, 1982
Sridaran et al 1981

Rao and Hari Babu 1979
Reddy et al 1980
Berg and Mayer 1968
Moharil et al 1979b
Kamavisdar and Deshmukh 1981
Inabe and Takeuchi 1978
lnabe et al 1974
lnabe and Takeuchi 1980
Jain and Mehendru 1965

Katz et al 1972
Radhakrishna and Choudhary
1972b

Reference

Glow peak temperature are in °C. Host lattice peaks are written first and impurity peaks last. The correlation established, if any, is indicated in brackets.

KCI : Pb

KCi : Ca 100 ppm
KCI: Li 100ppm
KCI: Li 100ppm
KCI:Ag 30ppm

Irradiation

Thermoluminescence of doped KCI

Crystals

Table 2.
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and 247 C. In another paper, Sastri and Sapru (1980) report glow peaks at 127, 139 and
157 C in Ca-doped crystals. Another peak at 73 C which could be correlated with Zt
centres emerged after F band bleaching. In contrast to this, Katz et al (1974) observed
that the impurity related peak which emerges after F bleaching is observed on the high
temperature side of the peaks existing prior to bleaching. Balsubramanyam (1979)
observed glow peaks at 60, 90 and 160 C in Mg-doped RbCI. The 90C peak was
attributed to Mg ÷, and the remaining two to F centres. No Z centres of Mg were
observed.
3.7 K B r
M ehendru and Radhakrishna (1969) observed glow peaks at 90 and 160 C in pure KBr,
developed during the first and second stage coloration respectively. However, Murti
et al (1971) observed four glow peaks at 85, 104, 110 and 186C. On the other hand,
Hageseth (1972) observed a single glow peak at 152 C. Crystals which were not properly
annealed showed a small peak at 185 C. The 152 C peak has been assigned to F centres
and 185 C peak to some localized defect other than F centre. Levingson et al (1973) who
questioned this assignment observed glow peaks at 92,152 and 181 C, and attributed
them all to F centres. Ratnam and Gartia (1975) also observed glow peaks around these
positions. Ang and Mukura (1977) also obtained only one glow peak, the position of
which varied from 132-222 C when the coloration temperature was changed from 80 to
290 K. In KBr: Ca, Gartia et al (1978) observed only 90 C peak inas-irradiated crystals,
the other high temperature peaks were not observed. F band bleaching produced a peak
at 60 C which could be correlated with Z 1 centres. Similar results were observed in
KCI: KBr doped with Ca (Sinha et al 1979). The prominent peak was observed at 130 C,
and the peak which could be correlated with Z~ centres appeared at 90C. Veereshan
et al (1982), however, observed glow peaks at 65 and 145C in these crystals. The ZI
peak appeared at 80 C.
Thus, the results on pure KBr itself are ill-characterised. It would be useful to
straighten out the controversy raised by the results of Hageseth (1972) and Levingson
et al (1973). The results on the doped KBr, appear much more consistent, and follow the
general pattern.
3.8 RbBr
XLof Mg-doped RbBr has been recently reported by Sastry and Sapru (1981). Using
correlation experiments, a glow peak at 120 C could be ascribed to Z1 centres. However,
why Z centres are not formed in other alkali halides doped with Mg was not explained.

4. Trapping centres
The different results have led to several views regarding trapping centres, recombination sites and a'L processes which will now be reviewed. The results on LiF-xLD 100
are more easily reproducible and established. On the other hand, several experiments
performed for other alkali halides have not been repeated for LiF-rLD 100. The
hypotheses for rLD-100 and other alkali halides are discussed separately.
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LiF-TLO 100

In earlier studies (Christy et al 1967; Claffy 1967a; Klick et al 1967; Vieria et al 1982),
suggestions were made that the impurities form hole-trapping complexes. When the
phosphor is heated, holes are released and their subsequent recombinations with
electron centres lead to TLemission. Subsequently, it has become clear that peaks IV, V
and II, III are correlated with impurity absorption at 310 and 380nm respectively.
Through optical bleaching studies, these absorption bands could be generically related
to the F band (Nink and Kos 1976; Mayhugh et a11970; Caldas et a11983) suggesting
that the impurity centres are excess electron centres. However, the nature of electron
centres is not yet clear. Whether Mg directly captures electrons or whether just perturbs
the electron centres, characteristic of the host lattice, is to be decided. Several papers
(Mort 1965; Nink and Kos 1976; Parfianovich et al 1976; Kos and Nink 1977a, b,c,d,
1979, 80; Mehta et al 1977; Kos and Mieke 1978; Kos and Takeuchi 1980; Kos
et al 1980; Rao 1980; Jain 1981c; Lakshmanan et al 1983) support the latter view. The
idea o f Z centres of Mg started with the suggestion (Mort 1965; Mort and Zimmerman
1966) that the empirical Mollow-Ivey relation for Z 3 centres in alkali halides predicts
the Z3 band in LiF:Mg at 225nj. Nink and Kos (1976) who observed thermal
conversion between 310 and 225 r,m bands similar to Z 2 - Z a conversion, proposed that
the 310nm band corresponds to Z2 centres. Mehta et al (1977) proposed that the
380nm hand is due to Z2 c e n t r e - Z2 centre which has captured one more electron.
The Z centre model received further support from calculations of Parfianovich et al
(1976) who calculated Z bands in LiF: Mg as Z3 (5"5 eV), Z2 (4.5 eV) and Z~ (4.66 eV).
Attempts were made to explain various properties of LiF-TLD 100 (supralinearity,
sensitization, l'rTL etc.) on the basis of Z centre models.
Objections against these models were raised (Horowitz 1982; Battaglia et al 1982;
Jain 1983). Moharil (1980) argued that the behaviour of Mg centres in LiF-rLD 100 is
different from that shown in figure 1. The bands at 225, 310 and 380 nm are present in
as-irradiated crystals even when the irradiation dose is a few rads. Thus, if Mg forms Z
centres in LiF, then Z~, Z2 and Z3 centres are present in the as-irradiated crystals. The
Z3 band grows at the cost of F band when the crystal is heated to 250 C (figure 4). The
ease with which these g centres are formed is simply anomalous. Even granting this, it is
very strange that Z1 centres, easily formed in other alkali halides, are produced only
after 10 hours of F bleaching (Kos and Nink 1977a), and their formation does not lead
to any new glow peak. This is in sharp contrast to figure 3. The bleaching properties of
other Z centres are more peculiar (figure 5). Therefore, one could expect an efficient
F ~ Z2, F --* Z 3, etc., conversions. However, the bleaching behaviour is more like Mg
centres in KCI: Mg (Watterich and Voszka 1973; Watterich and Raksanyi 1977) than
the Z centres.
Indeed, a lot of evidence has recently been obtained to support this view.
Nepomnyashchikh and Radyabov (1980a) attacked the very starting point of the Z centre
models viz that an empirical relation predicts the Za centre of Mg in LiF at 225 nm.
They argued that more careful slopes from the data on the other alkali halides predict
the Z3 band in LiF: Mg, if it exists, at 170 and not at 225nm. Nepomnyashchikh and
Radyabov (1980b) Radyabov and Nepomnyashchikh (1981a, b) further argue that the
basic property of the Za centres is their conversion to Z3 centres when bleached at lower
temperatures. They found no 310 - 225 nm band conversion when bleached at 120, 170
and 257 K. The bands at 243 and 360 nm were produced instead for 120 K bleaching.
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When the coloration was carried out at 100 K, there was no F band suggesting that Mg
captured all electrons. From ESRand dichroic absorption spectra, they found that bands
at 310 and 380nm are (110) polarised. Based on this evidence the following
configurations were suggested.
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380nm (3"5eV) band

Mg + V~-

Mg + with associated vacancy

310nm (4.0eV) band
225 nm (5"5 eV) band

Mg + V~- V+~
Mg°Vc

Mg + with vacancy pair
Mg atoms at anion site with
associated cation vacancy.

The Z, band was found for low temperature bleaching.
The above configurations were also confirmed through semi-empirical calculations.
Thus, the absorption of free Mg ion (3S1 - 3 p , ) shifts by an amount dE = constant/d,
where d is the lattice constant. The constant is calculated from Mg centres in KCI. The
predicted values of Mg + V~-and Mg ÷ V+, V-~ are 3.49 and 4.04 eV respectively.
Watterich et al (1980) carried out ESRmeasurements on 225 nm band in LiF: Mg. The
ESR of F and Z3 centres is expected to be similar; indeed the same g value (1-996) was
obtained for F and Z3 centres in KCI. In LiF: Mg, the g value is 2.006 for the F band,
and 2-029 for the 225 nm band suggesting that the latter is not a Z3 band. ESRof Ca, Sr,
Ba doped LiF was also studied by Watterich (1981). The signal could be attributed to
Ca ÷ etc. No Z centres were formed.
In short, recent evidence shows that Mg forms electron centres which are related to
change in ionization state of impurity.
Recently, Sagastibelza and Alvarez-Rivas (1981) proposed that both the impurities
Mg and Ti form traps for interstitials (the model is discussed in detail in a later section).
Townsend et al (1983) objected saying that Ti is not involved in trapping centres as the
glow peaks in LiF: Ti have different properties than those in LiF: Mg, Ti. Lilley and coworkers (Strutt and Lilley 1981; Taylor and Lilley 1982) also found that different glow
peaks in LiF-TLD 100 do not respond in the same way to various thermal treatments.
Hence, the argument of Alvarez-Rivas that the different glow peaks arise due to
different number of interstitials trapped near Mg 2 ÷ is not tenable. They propose that
an interstitial is trapped near a complex of Ti with vacancy and hydroxyl ion or oxygen
impurity (peak II trap). Large aggregates of Mg and Ti complexes Ti (Mg ÷ V-)n trap
interstitials and lead to peak V. This model can explain increased response of peak II
over peak V upon thermal annealing, and also when high heating rates are used for
read-out. With aging the Mg 2 ÷ -vacancy pairs are more likely to go to join the Suzuki
phase rather than joining Ti to form Ti(Mg 2+ V-)n. More Ti ions are then available to
form peak II traps resulting in increased response of peak II over peak V. High heating
rates prevent formation of complexes Ti(Mg 2÷ V-),, i.e. peak V traps.
In conclusion, it is seen that the modified version of the interstitial trap model
explains changes in glow curves which accompany the various thermal treatments. The
electron trap models, on the other hand, appear to be soundly established on the basis
of the correlation experiments. Taylor and Lilley (1982) reject the 'crude correlation'
and claim that the optical absorption bands of impurity clusters are hidden under 310
and 380 nm bands. The Mg related bands indeed are known to have more than one
component (Sen and Merklin 1978).
Following this discussion, an important lacuna becomes evident. The correlation
experiments have not been tried for electron deficient centres. In case of LiF, these
bands would lie in the vacuum uv region (Kato et al 1960; Mayhugh 1970; Mayhugh
and Christy 1970). Not many measurements are available in this range. Such studies will
be required to settle the points of correlation, crude or genuine, between colour centres
and thermoluminescence.
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4.2 Other alkali halides
In most of the alkaline earth-doped alkali halides, it has been suggested that F centres
and Z centres act as electron traps (Gartia 1976; Gartia and Acharya 1978; Moharil et al
1979; Rao and Haribabu 1979; Reddy et al 1980; Kamavisdar and Deshmukh 1980,
1981). The main basis for this interpretation is the fact that after F band bleaching, the
Zt band grows at the cost of the former. In the glow curves also, a well-resolved glow
peak grows at the cost of the principal glow peak. This has been attributed to the release
of electrons from ZI centres. It would be interesting to test whether this correlation is
crude or genuine.
Apart from these definite assignments, there have been rather vague references to
dipoles and dipole clusters, impurity-vacancy complexes, etc., acting as trapping sites
for electrons or holes (Joshi and Kekan 1974a, b, c, 1980; Joshi et al 1980). Such
assignments result from the complex glow curves observed following different
quenching and annealing treatments. Optical bleaching studies on such samples are
lacking, and thus it is difficult to correlate TL with colour centres. Moreover the
complexities of the glow curves are not reflected in the optical absorption spectra
(perhaps overlapping forbids the detection).
It has been often believed that the trapping centres are hole centres, the electron
centres serving as recombination sites. Especially in Mg-doped alkali halides, Mg is said
to participate in recombination processes. The thermally released holes recombine with
Mg + to convert it to Mg 2+. A photon is emitted during this process. The occurence of
additional bands in emission spectra has led to this view. The model of Alvarez-Rivas
and co-workers (Rascon and Alvarez-Rivas 1978, 1981; Alvarez-Rivas 1980) is totally
different, in that the trapped entities are neither electrons nor holes, but interstitial
halogen atoms. This will be discussed in detail in § 7.3.
5.

5.1

Luminescence centres
LiF-rLo 100

Zimmerman and Jones (1967) suggested that the impurity Ti participates in recombination processes. The experimental evidence comes from the similarity of the rL
emission spectra and the luminescence spectra of Ti bands, and the dependence of
sensitivity on Ti concentration. The absorption bands associated with traps are related
to Mg, and hence the increased sensitivity by Ti addition, which does not increase traps
(Rossiter et al 1970, 1971, 1972; Crittenden et al 1974a, b), must be due to increased
luminescence centres. Christy et al (1.967) proposed that TL is due to release of holes
from traps (dipoles and various complexes- Klick et a11967; Claffy 1967a). The hole is
captured by Ti and a photon is emitted. An electron from the F centre tunnels to an
impurity site and restores it for the next recombination. Miller and Bube (1970) also
proposed similar processes. Mayhugh et al (1970) further modified the model retaining
Ti as the recombination site. The role of Ti in luminescent processes was investigated in
later work also (Wintersgill et al 1977; Watterich et al 1983; Townsend et al 1983),
Stoebe et al (1980) suggested details of the emission process, and found that addition of
Ti does not increase the ionic conductivity of LiF: Mg. Hence vacancies for charge
compensation are bound to Ti. They have enumerated various possible complexes of Ti
with O H - , O - - , Mg + +, vacancies, etc which can act as recombination sites for
electrons or holes.
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Recently, it has been argued (Sagastibelza and Alvarez-Rivas 1981) that Ti does not
play any role in emission processes. Though Jain and Sootha (1967) related 200nm
band and vice-versa in LiF crystals obtained from different sources. It has been
observed that this band does not undergo any change during irradiation or TL process.
For these reasons, it has been suggested that F centres act as recombination sites for
holes (or interstitials) released thermally. This is consistent with the fact that F centres
anneal out partially during most of the glow peaks. Z3 centres (225 nm band) have been
suggested as recombination centres by Rao (1974, 1980).
It may be mentioned that the Ti related band is rather weak and broad; the changes in
absorption could be difficult to comprehend. Radyabov (1983), studied the changes by
measuring luminescence from the Ti related band and found changes in valence state of
Ti upon irradiation, and restoration upon heating. Similarity between TLemission and
Ti luminescence spectra was also confirmed.
Thus, it is seen that our knowledge of recombination processes has not advanced
much. The chief difficulty is in identifying the ultimate photon-emission step. This is
not elaborated in any of the models discussed and the details of the emission processes
are not predicted or understood.
5.2 Other alkali halides
Studies on other alkali halides are scanty and only electron traps are generally studied.
Recombination centres are assumed to be some V type centres prevailing in
the temperature range. Where hole traps are assumed, the electron centres such as
F, ZI, Mg ÷, etc are proposed as recombination centres.

6. TL emission spectra
In most alkali halides containing Z centres, TL emission spectra are similar for all glow
peaks, only the relative heights of the different emission bands differ. Thus, in KCI
doped with Sr or Ca, the emission spectra consist of a prominent 450 nm band with a
580 nm shoulder (Katz et al 1972). In KBr: Ca, an emission band is observed at 425 nm
for both F and Z~ glow peaks (Gartia et a11978). In RbCI: Ca (Sapru and Sastry 1980),
bands at 1.46, 1-85, 2.20 and 2.75 eV have been observed for glow peaks at 335 (Z1) and
400 (F) K. These are not very different from those observed in undoped crystals. In Mgdoped RbBr (Sapru and Sastry 1982) additional bands are observed due to doping; all
the same, the spectra are the same for all glow peaks. In NaCI: Mg (Watterich and
Voszka 1973a), on the other hand, differences were observed in emission spectra at
different glow peaks. The emission spectra have been used to construct band gap
models for TL processes. A typical model for KCI:Ca is shown in figure 6.
Emission spectra of LiF-TLD 100 have also been studied (Kathuria et al 1974;
Crittenden et al 1974; Harris and Jackson 1970; Bloch 1968; Ellis and Rossiter 1969;
Jain et al 1973; Fairchild et al 1978; Townsend et al 1983), and are found to be similar to
spectra for other alkali halides, in that, the spectra are the same for all glow peaks, only
the relative heights of different emission bands change. Most of the early studies give
emission as a broad band around 400 nm. The variations in maxima positions under
certain conditions were claimed (Bloch 1968; Harris and Jackson 1970; Sagastibelza
and Alvarez-Rivas 1981). Fairchild et al (1978a) showed that emission at all glow peaks
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Figure 6. A typical band-gap model to explain

TL in alkali halides.

can be fitted to three Gaussian shaped bands at 3-01, 2.90 and 2.71 eV, the relative
heights of which change at different glow peaks.
The data on emission have so far not been put to proper use. The interpretation is
usually based on the band gap model (see figure 6). The model is rather naive. The
emission need not correspond, as is depicted by the model, to the difference between the
ground state energies of the participating defects. Although we know the difference
between the ground and the first excited states of the defect, the position of the ground
state relative to the valence (or conduction) band is not unequivocally determined in
various theoretical calculations. The band gap model is highly sensitive to this. Again,
during the emission process the defect will be characterised by a different configuration
coordinate as compared to that during absorption. Detailed knowledge of the excited
and ground states (E-k diagram) of the defect is necessary. This may be obtained from
the emission spectra if a proper interpretation is made. Serious attempts to understand
the emission spectra on the basis of solid state theories have not yet been made. This is
in contrast to our understanding of the low temperature processes. It is shown (Aboltin
et al 1978; Grabovski and Vitols 1979) that during the low temperature, TL, release of
electrons and their capture by Vk centres, results in STE (self-trapped exciton) and TL
emission is characteristic of STE. The analogue of such a process valid at RT should be
investigated. This will also help in clarifying whether the different emission bands arise
in the same process, or whether they originate in recombinations of thermally released
charges with different available centres.

7.

Mechanism of luminescence

The different mechanisms proposed to explain the TL in alkali halides can be grouped
into three basic types described below.
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Mobile hole models

In these models it is assumed that during xL read-out, holes are released, and they
recombine with electron centres giving rL. The support comes from the fact that in all
crystals (pure and doped) F centres anneal out during every glow peak, hence they must
be in the role of recombination centres. The traps, thus, should be of the hole type. In
doped crystals, it is easier to picture dipoles and their complexes as hole traps rather
than as electron traps (Mladenova et al 1982).
The objections to these models come from the well-established correlations between
electron centres and glow peaks (figure 3). Thus, in the doped crystals, the various
centres related generically to F centres (and hence electron centres) vanish during
particular glow peaks. This cannot be explained by a mobile hole model which expects
all electron centres (F and impurity relateu) to anneal out during every glow peak. The
PSXLand vr'rL experiments are also difficult to explain in these models. Thus, the usual
argument is that the bleaching by F light will result in filling of electron traps and not
hole traps.
7.2 Mobile electron models
The models in which electrons are depicted as mobile entities are frequent. Electrons
are released from various traps (F, ZI, etc) during different glow peaks. Their
recombinations with hole type centres produce xu. The models explain the observed
correlation between glow peaks and electron centres very well. Emission spectra can
also be explained with the help of the band gap model (figure 6).
Supralinearity, sensitization and vTrr in LiF has also been explained in different
versions of the mobile electron model (for a review see Horowitz 1981). Optical
absorption bands at 195, 225, 250, 310, and 380 do not show any appreciable difference
in virgin and sensitized samples; with the possible exception of the 225 nm band, the rest
neither exhibit supralinearity (Zimmerman and Cameron 1968; Takeuchi et al 1978;
Kos et ai 1980; Caldas et al 1983) nor sensitization. Models suggesting supralinearity
and sensitization in trapping processes therefore appear less probable. Hence, in several
models the supralinearity was attributed to removal of competition from nonluminescent centres (Chandra et al 1980; Lakshmanan et al 1982 and references
therein), increase in luminescent centres (Mayhugh et al 1970) or increased luminescence efficiency (Claffy et al 1968; Attix 1974, 1975; Zimmerman 1971). Semi-empirical
calculations (Moharil 1983a) showed that the model of Lakshmanan et al (1982) can
lead to supralinearity and sensitization of the observed magnitude.
The model of Attix (1974, 1975) proposes IL as a quasi-localized process. Electrons
and holes are trapped iv the tracks of the ionizing particles. These can recombine in
their own track which are distant at low doses. At high doses the tracks 'interact', and
thus the effective number of luminescence centres increase, resulting in a supralinear
response. The sensitization is attributed to left-over luminescent centres which were not
reached during the post-irradiation annealing. It is to be noted that the nature of the
mobile entity does not affect his model. Notwithstanding the objections of
Lakshmanan et al (1979), it has recently been shown (Moharil 1983b) that the model
can explain experimental results in quantitative details. Horowitz et al (1982) have
made more sophisticated calculations.
The model proposed by Mayhugh et al (1970) is a hybrid between the mobile electron
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and the mobile hole model. Thus, it is proposed that electrons are released during readout. These recombine with V3 centres and annihilate one hole converting them to Vk
centres which are unstable at aT. The Vk centres migrate and recombine with electrons
at recombination sites provided by the Ti impurity. A photon is emitted in this process.
The loss of electron is made up by tunnelling of electrons from F centres to the
recombination centre. A second photon may be emitted during this process. Thus, in
this model, though the mobile entity is the hole, the glow peak temperatures would be
characteristic of electron centres. The correlation of glow peaks with electron centres is
also explained. A parallel of this model for other alkali halides has also been suggested
(Gartia et al 1979; Ratnam et al 1979, 1980; Sridaran et al 1981).

7.3 Mobile interstitial model
Alvarez-Rivas and co-workers have argued that TL is not due to release of electrons or
holes, as there is no TS¢associated with glow peaks above RT(Sagastibelza and AlvarezRivas 1981; Ausin and Alvarez-Rivas 1974). The occurrence of several glow peaks in
pure crystals cannot be explained by a mobile electron (or hole) model. Jain and
Mehendru (1965) postulated two types of F centres to explain two glow peaks in
'specpure' KCI. Ausin ahd Alvarez-Rivas (1972, 1974) showed that at higher doses, as
many as six glow peaks are observed, and it will be ridiculous to assume six types o f F
centres having identical optical absorption. The trap depth values are sometimes too
high to correspond to F centres. Prompted by these observations, they propose that TL
is due to release of halogen atoms from interstitial positions, and their subsequent
recombinations with F centres. The different glow peaks arise due to the presence of
different groups of interstitial clusters which release halogen atoms at different
temperature ranges. Various pieces of experimental evidence supporting the model
(which are claimed to be going against the other models) are documented (Ausin and
Alvarez-Rivas 1972, 1974, 1976; Gurrero and Alvarez-Rivas 1978; de Castro and
Alvarez-Rivas I979, 1982; Mariani and Alvarez-Rivas 1978; Hodgson et al 1979;
Vignolo and Alvarez-Rivas 1980; Delgado and Alvarez-Rivas 1981, 1982). One such
remarkable piece is the evolution of the glow curve. In all alkali halides (pure and
doped) several glow peaks are observed; lower temperature glow peaks grow, saturate,
and then decline giving birth to new peaks at higher temperatures. At very high doses
(/> l0 s R), the glow curve often simplifies to a single glow peak at the highest
temperature. These results, it is argued, cannot be explained by mobile hole or electron
models. These models expect the traps to grow and saturate at best with dose, not to
vanish. A mobile electron model can explain the results. Clusters of only large sizes are
formed at high doses which release halogen atoms only at high temperatures, the lower
temperature peaks observed for low doses are thus absent.
Initially, it was felt (Hughes 1976) that the model is satisfactory for pure crystals, but
not for doped crystals in which a definite correlation between electron centres and glow
peaks is established. Alvarez-Rivas and co-workers, however, have extended the model
to doped crystals, despite such correlation (Rascon and Alvarez-Rivas 1981; de Castro
and Alvarez-Rivas 1982; Delgado and Alvarez-Rivas 1981). They observed similar
evolution of glow curves in doped samples as observed in pure. The appearance of the
characteristic glow peak(s) is due to creation of characteristic interstitial trap(s) by
impurities.
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However, the correlation between electron centres and glow peaks can be better
explained by the mobile electron model. Thus, F band bleaching creates (or increases)
the impurity related electron centres. In corresponding glow curves also an additional
glow peak is observed (or an increased response of an existing one at the cost of the
other). This can be perfectly explained in a mobile electron model. How to explain this
in a mobile interstitial model? What can be the effect o f F bleaching on the interstitials?
Crawford and Nelson (1960) reported a conversion of 220 nm band to 290 and 325 nm
bands following F bleaching. This is attributed to CI ° + e - C I 2 reaction. However, it is
to be noted that the reaction gives a stable product only at lower temperatures. A
modified version of this may exist at RT. Even granting this, the other details are not
explained. It is not clear as to why the impurity-related electron centres should anneal
out during a particular glow peak. A possible answer is that the holes or interstitial
capture cross-section of impurity centres are more than that of F centres (indeed, there
is some evidence in favour of this idea-Capellati et al 1963; Gartia et al 1978), but then
the counterpart of this in the mobile electron model that in pure crystals F centre
electrons are responsible for all glow peaks, and the different peaks arise due to the fact
that electron capture cross-section of different hole centres becomes effective in various
temperature ranges (Bonfiglioli et al 1959) is also equally logical. Again, it is not clear
why the creation of new interstitial traps by F bleaching occurs only in doped crystals
and not in pure ones.
A possible answer to all this criticism is that the rL is a quasi-localized process; in the
mobile interstitial model, the recombinations are correlated and not random. Thus, the
interstitials near the impurity-related electron centres are released at different
temperatures compared to those for the interstitials in other environments. This can
fully explain the correlation between electron centres and glow peaks.
Recently, Sagastibelza and Alvarez-Rivas (1981) have extended the model to explain
TL processes in LiF-TLD 100. The model has an added advantage that it presents a
unified picture of TL processes in alkali halides, and hence deserves a closer inspection.
There was no TSCobserved suggesting the neutral nature of the trapped entities. An
evolution of a glow curve similar to that observed in other alkali halides was noticed for
TLO 100 also. The F centres anneal during most of the glow peaks. The TLis thus due to
release of interstitial F atoms and their subsequent recombinations with electron
centres. Both impurities Mg and Ti create traps for interstitials.
The supralinearity is due to conversion of lower temperature peaks to dosimetry
peaks. The mechanism of sensitization is two-fold; (i) conversion of lower temperature
peaks (I-IV) to a dosimetry trap during pre-irradiation and (ii) though the traps are
emptied during the post-irradiation thermal anneal, they are not destroyed, and hence
in the sensitized sample more traps are available.
During F bleaching F centres migrate as F* (F centres in the excited state). Some of
them recombine non-radiatively generating heat. This results in creation ofinterstitials,
P'rrL arises from filling of the traps by these interstitials.
The above mechanisms are consistent with facts that there is no supralinearity in the
sensitized samples; the trap conversion has already occurred during pre-irradiation.
Indeed peak IV is not observed in the sensitized samples and P'r'rL glow curves
(indicating IV-V conversion?) For pre-irradiation doses less than 10a R, the conversion
is not complete and peak IV is observed in such samples. It fades with increasing preirradiation doses. During exposure to high LET radiations (e.g. at rays), trap IV is not
filled, supralinearity is also not observed in such samples (.lain 1981b). The sensitization
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follows the response of peak V in the virgin sample. It is maximum for 105R,
deteriorates for higher doses, and becomes negligible for doses exceeding 106R. This is
compatible with the fact that maximum empty traps V are left behind with 105R. For
higher doses, the traps themselves are converted to yet higher temperature traps.
The model for LiF-TLD 100 differs from that proposed for other alkali halides, in that,
distinct pre-existing traps are assumed. Once such traps are assumed the model runs
into the same difficulties as that encountered by the mobile electron model.
Thus, supralinearity is attributed to the conversion of low temperature peaks to
higher temperature peaks. This implies that the relative heights of these peaks should
decline in the supralinear range. The peak height ratios, on the other hand, do not show
such changes (Sunta et a11971; Jarret et a11971; Nakajima 1971). All these peaks grow
supralinearly. Again, in the sample annealed at 200 C for 23 hr, response of peak IV is
reduced quite markedly. The supralinearity in this sample should also be reduced as
there are fewer traps IV available for conversion. Experimentally it is observed that this
sample also exhibits the supralinearity factor at least equal to that observed in 400C
annealed sample (Jain 1981d; Moharil 1984a).
Details of r"rrL also contradict the prediction of the model (Moharil 1984a). After
post-irradiation thermal annealing, empty traps are left behind (assumption necessary
to explain sensitization). If the traps are now filled by interstitials made available by F
bleaching, the ratio of peak heights V/I, V/II etc., should remain constant, at least when
the traps are filled well below the saturation level, because the relative concentration of
traps is now constant (F bleaching will not alter it). However, the evolution of glow
curves is observed (Jain 1981b; Moharil 1984a) even now.
Thus, it seems that the success of the mobile interstitial model for other alkali halides
is due to the assumption of interstitial traps which are not specified. Depending upon
prevailing conditions, different interstitial clusters are formed, and the various glow
peaks can be ascribed to them. Interstitial clusters of various sizes are not identified
individually in optical absorption spectra. The optical 'anonymity' of the traps helps in
avoiding several awkward questions which the mobile interstitial model can afford to
ask of the other models. Once the distinct pre-existing traps are assumed (as for LiF),
the model faces the same difficulties as are encountered by the existing models, and it
loses the advantage it has over them. The evolution of the glow curve is also often
different (Sunta et a11971; Bhan 1982a, b) from that predicted by the mobile interstitial
model. It 'will be necessary to verify and examine more closely the evolution of glow
curves and the other strong points, such as the absence of TSCduring glow peak above
Rr, of the mobile interstitial model.
Despite the above mentioned failures, the model has one attractive feature, viz it tries
to present a unified picture OfTLprocesses in alkali halides. The model should be revised
to remove these shortcomings. It will have to give way to a better model in case this is
not possible.

8. Trapping parameters
It is not the aim of the present paper to review the trapping parameters presented in
various studies. This can be a topic for a separate review. The vast differences in the
trapping parameters obtained by different workers (Taylor and Lilley 1978; Antinucci
et al 1977; Townsend et al 1979; Kathuria et al 1979) forbid a general discussion leading
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to basic physical processes. Only the peculiar points regarding trapping parameters will
be discussed.
It had been pointed out (Stoebe and Watanabe 1975) that peak V in LiF-TLD 100 is
anomalously narrow. This gives a high trap depth value, which, in turn, leads to
unrealistically high values of frequency factors. The experimental results show that this
situation is not limited only to LiF-TLD 100; similar results have been obtained for other
alkali halides also. Thus, it is found in KCI doped with different impurities that the peak
around 185 C is very narrow (Wakde et a11980). The samples used by different workers
may contain varying amounts (and types) of background impurities. The presence of
these impurities may not always be felt in the form of a characteristic glow peak (which
can appear after F bleaching). The ~-w.u of the 185 C peak, however, will be affected by
these impurities. The effect will depend upon concentrations and nature of the
background impurities. One of the reasons why vastly differing parameters are
obtained could be peak shape methods are mostly used. It would be interesting to
investigate in detail how the different impurities affect the peak shape. It may be that
processes other than those considered by the model overlap. Thus, a very narrow glow
peak (w,v,M = 4 K) has been reported in NaCI:K around 400 K which led to the trap
depth values exceeding the band gap when the usual methods of an~ilysis were applied
(Deshmukh et al 1982). It was interpreted that the peak arises from processes entirely
different from those considered by the usual models. The impurity formed some
metastable phases and charges are trapped near these phases. During heating, the
metastable phases dissolve and the trapped charges are released. The narrow ~-WHMof
the glow peak is due to the narrow temperature interval over which the phases dissolve.
A narrow peak has been reported in NaCI : Cu also (Delgado and Alvarez-Rivas 1981);
though this has been attributed to the evaporation of colloids, some phase changes can
be conceived in this sample as well. It seems plausible that such processes overlap the
usual TLprocesses leading to anomalously sharp glow peaks. In the light of the limited
solid solubilities of the alkaline earth impurities, the formation of such metastable
phases (Suzuki phases?) and their dissolution at higher temperatures is always highly
probable. It will be useful to investigate these effects in detail.
The frequency factors obtained are also often unrealistically high. One expects it to
be of the order of lattice vibration frequencies (1012_1013), but very high values are not
infrequent in the doped crystals. Besides, the s values obtained by various workers differ
by orders of magnitudes. Kathuria and coworkers (Kathuria et al 1979; Kathuria and
Sunta 1979, 1982; Kathuria and Moharil 1983) have shown that this is partly due to the
use of trap depth values in calculating the frequency factor. Variation in E values are
reflected on an enhanced scale in s also, as E occurs in the exponential factor in the
expression for s. It will be desirable to obtain the frequency factor independent of the
trap depth value. One such method which uses isothermal decay of Xl. has been recently
proposed (Moharil 1981b, 1982b; Lilley 1982).
The temperature dependence of s (Moharil 1981) or E (Podgorask et al 1971b) can
also cause anomalous trapping parameters. Empirical equations which incorporate the
temperature dependence of frequency factors have been suggested (Keating 1961;
Razdan et al 1977).
The principal difficulty in obtaining the temperature dependence parameters from
the experimental data is that a very slight variation of either E or s with temperature is
sufficient to restore the trapping parameters to the normal values. Thus, it has been
shown (Moharil 1981c) that the equations incorporating temperature dependence of s
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can be solved and the solutions lead to simultaneous equations involving E, s, the order
of kinetics and the temperature dependence of s. The coefficients of the last named,
however, are so small compared to other quantities that it cannot be calculated with
available accuracies of the experimental data.
There has been some controversy over the order of kinetics (Kathuria and Sunta
1979, 1982, 1983a, b; Taylor and Lilley 1982, Lilley and Taylor 1981; Lilley and
McKeever 1983; Moharil 1981d, 1983c, 1984b). In most of the glow curve fitting and
isothermal decay analyses, first order kinetics is assumed. The suggestion of May and
Partridge (1965), regarding the general order kinetics, on the other hand, has been
favoured by several workers. Indeed, first order equation results only when there is no
retrapping. For equal retrapping and recombination probabilities, second order
kinetics applies. In general, these probabilities can bear any ratio. Even in these cases,
one does not derive May and Partridge's (1965) equation, which is only an empirical
one. It has been suggested that Antonov-Romanovski's equation can be more useful.
Simple methods to obtain trapping parameters using this equation have been suggested
(Moharil 1982a, 1984b; Moharil and Kathuria 1983, 1984; Takeuchi 1984; Kathuria
and Moharil 1983).
Most of the calculations discussed above use grossly oversimplified descriptions of
the luminescent processes. A detailed understanding of the TLprocesses is required for
obtaining meaningful trapping parameters. In modern curve fitting methods, one can
consider more complicated processes. It is possible to fit the glow curve to an equation
involving as many as eight parameters (and not only E, s and order of kinetics, Chen
et al 1981). However, the basic TL equations to which the data is fitted themselves
depend upon the model used. There can be numerous possibilities and various
equations can be derived. Without some a priori knowledge of the basic processes, one
cannot select a proper model. While calculating the trapping parameters, the validity of
the method used in connection with the glow peak under consideration should be
checked. This has also been reiterated in earlier reviews (Kivits and Hagebuck 1977).
9.

Conclusions

The discussion in the preceding sections shows that although our knowledge of
luminescent processes has considerably advanced, it is still inadequate.
In alkaline earth-doped alkali halides, one expects defects such as dipoles and their
aggregates, clusters with vacancies, etc., to be present prior to irradiation. During
irradiation, these defects can serve as traps for electrons and holes (or interstitials).
Another possibility is that one can eliminate these complexes by careful experimentation, and after irradiation form wdl-characterised colour centres (such as Z centres)
which are subject to precise measurements such as esg and dichroic absorption.
Stemming from these two possibilities, two distinct types of results can be obtained
which lead to different views.
One view is that TLis due to release of electrons from traps. The correlation between
various electron centres and glow peaks is studied by supporters of this view. The
correlation is observed under carefully set conditions of phosphor preparation that
generates relatively simpler optical absorption spectra and glow curves. The explanation of more complicated processes observed for various thermal pre-treatments
(Crittenden et al 1974; Tournon and Dabois 1968) is not attempted.
Another view suggests that TL is due to annealing of defects such as interstitials or

Thermoluminescence of alkafi halides

451

dipoles and their aggregates, clusters, etc., which have trapped charges. The different
thermal treatments produce complicated absorption spectra (which cannot be explained by a mobile electron model). The results can be readily explained by models such
as the mobile interstitial model. However, the supporters of this model do not carry out
optical bleaching experiments to establish correlation between electron centres and
glow peaks. The correlation is insignificant for such models.
These diverse views have led to two groups of researchers, each proceeding almost
independently and ignoring the work of the other. A reconciliation between these two
views is necessary for proper understanding of the TLprocesses. The mobile interstitial
model should attempt to explain the observed correlation between electron centres and
glow peaks. The mobile electron model should attempt the explanation of the
'complicated' processes observed in the samples subject to different thermal treatments.
The correlation experiments should be extended to these samples as well (in the alkali
halides other than LiF, even the simple glow curves are not well understood, and it is
essential to understand the simple patterns first, before studying the complex glow
curves. Pre-heat treatments should be chosen to achieve this goal). The genuine nature
of the correlation has also to be established in view of the comments by Taylor and
Lilley (1982). At low temperatures D3 wavelength could regenerate the same peaks as
those generated by F light (de Castro and Alvarez-Rivas 1982). The presence of
unintentional impurities continues to be a major obstacle in understanding TL
processes. The role of O H - in processes in TLD100 has been discussed in several articles
(DeWerd and Stoebe 1971; Nakajima,1971; Vora and Stoebe 1977; Akhvediani et al
1980; Lobanov et a11980, 1982; Wachter 1982; Takeuchi et a11983). The OH contents of
the samples used by various workers can differ by vast amounts. The concentrations are
also seldom stated, or even measured. LiF is the least hygroscopic of the alkali halides.
In other alkali halides, the role of OH can be more important (Moran and Luty 1980).
When alkali halide crystals are grown in air, OH is always incorporated due to the
decomposition of the salt by water present in air (Andreev 1965; Patterson 1962). The
OH concentration and the form in which it is incorporated in the lattice is not known
for these crystals. It will be useful to obtain OH free crystals (this may be achieved by
using pyrolytic graphite crucibles which have got a cleaning effect on OH, Sellerman et
a11980). The crystals containing controlled amounts of OH can then be studied and the
role of OH decided. The oxidation of impurities, or incorporation of oxygen in lattice
during growth is another major unknown factor. A better understanding of these
factors will lead to more vivid picture of TL processes.
The changes produced in hole type centres by introduction of the impurities
(production of V T centres, etc.) also need greater consideration. At present only
electron centres of the alkaline earth impurities are well understood, and their role in TL
processes widely discussed. The changes in hole type centres also might be reflected in
TL The correlation between these centres and changes in glow curves and TLemission
spectra by incorporation of impurity will further our understanding.
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