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Introduction
Thermoluminescence (TL) is a sensitive technique for moni-

toring changes in the concentration of defects in insulators. The
basis of TL is that many imperfections in materials, either impu-
rities or intrinsic defects, can act as charge traps or luminescence
sites. Ionizing radiation can transfer electrons or holes to trap-
ping sites. The subsequent release of the trapped charge by heat-
ing at a linear rate can be recorded as a temperature-resolved set
of  luminescence  signals.  The  application  of  thermolumines-
cence to radiation dosimetry is possible because, in principle, the
luminescence intensity is proportional to the concentration of
sites as well as to the absorbed radiation dose.

Carbon-doped aluminium oxide, �-Al2O3:C, commercially
available as TLD-500, has become established in luminescence
dosimetry. The thermoluminescence of aluminium oxide
usually consists of a high-intensity peak near 200°C (referred to
hereafter as the dosimetry peak), and a number of weaker-
intensity secondary peaks below and above 200°C, whose
relative intensity depends on the dosimeter's treatment such as
irradiation or exposure to light. The application of TLD-500 in
personnel dosimetry is based on the dosimetry peak only.1

Dosimetry-quality samples of �-Al2O3:C are grown in a highly
reducing atmosphere in the presence of carbon to induce in the
material high concentrations of oxygen vacancies, F and F+

centres.2 The thermoluminescence, emitted at 420 nm, depends
on the recombination of electrons at F+ centres, oxygen vacan-
cies each with one trapped electron. The intensity of the lumi-
nescence is directly correlated with the concentration of F+

centres.1,3

Because �-Al2O3:C is highly sensitive to thermal stimulation,
simultaneous measurement of the various glow peaks to a simi-
lar level of accuracy poses an experimental problem. In �-irradi-
ated samples, for instance, the main peak is about 1000 times
more intense than a subsidiary, lower temperature peak.4 Previ-

ous methods used to address the problem include the simulta-
neous measurement of TL and thermally stimulated conductiv-
ity3 and use of a different photomultiplier-gain for each peak.4

This report is concerned with the influence of irradiation and
storage on thermoluminescence intensity of secondary glow
peaks in �-Al2O3:C as well as irradiation-related changes in the
associated peak temperatures. The interest in this suite of mea-
surements is in the effects related to competitive electron
re-trapping at deep traps.

Experimental details
Experimental samples consisted of aluminium oxide disks,

5 mm in diameter and 1 mm thick (Rexon TLD Systems, Ohio).
Prior to use, all samples were annealed at 800°C for 15 min in a
Buehler Furnace (Buehler, Coventry, U.K.) followed by rapid
cooling in air. The anneal was carried out to remove residual
charge present in deep traps due to natural or laboratory irradia-
tion.

Unless otherwise stated, all thermoluminescence measure-
ments were made at the Scottish Universities Environmental
Research Centre, Glasgow, using a semi-automatic TL reader
built in-house. The luminescence was detected by a Thorn EMI
B2F/RF1 photomultiplier through a Schott BG-39 filter (trans-
mission band 340–620 FWHM), selected to coincide with TL
emitted by �-Al2O3:C at 420 nm.

Samples were irradiated at room temperature using either a
version V3 90Sr �-source Auto Irradiator (Littlemore Scientific
Engineering) at 180 Gy h–1 or a 241Am �-source at 0.62 Gy h–1 as
described previously.4

Thermoluminescence was measured immediately after irradi-
ation, with due care being taken not to expose samples to light
between irradiation and measurement in view of the propensity
of the luminescence of�-Al2O3:C to fade with exposure to light.

Results and discussion

Glow curve structure
Figure 1 shows a thermoluminescence glow curve from

�-Al2O3:C measured at 5°C s–1 over the range 20–500°C following
�-irradiation to 4 Gy. The glow curve consists of two peaks, the
dosimetry peak at 208°C and a subsidiary peak at 73°C. For the
samples used in this study, a third peak, weaker in intensity than
either of the other two, appeared with increasing dose, at about
330°C, but was more pronounced for �-doses greater than 20 Gy.
In as-received, unannealed samples without laboratory irradia-
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Thermoluminescence characteristics of two subsidiary glow
peaks, one below 100°C and the other above 300°C, have been stud-
ied for measurements between 30°C and 500°C in �-Al2O3:C. The
thermoluminescence intensity of the lower temperature peak
decreased with storage with a half-life of about 150 s. In contrast,
the intensity of the higher temperature peak increased with storage
towards some maximum. The peak-temperature of each of the
secondary glow peaks was essentially constant with dose, whereas
that of the main peak decreased with irradiation. The dose response
for the three peaks was similar except for sublinear growth in
the higher temperature peak at low dose values. These effects are
discussed in terms of changes in the concentration of F+ lumines-
cence precursors brought about by competitive electron re-
trapping at deep electron-traps or hole-traps. This work refines the
physics and application of �-Al2O3:C luminescence in radiation
dosimetry.

Fig. 1.A thermoluminescence glow curve measured from �-Al2O3:C at 5°C s–1 from
20–500°C following �-irradiation to 4 Gy. The inset is a glow curve from an
unirradiated sample.
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tion, however, only the main peak was present (inset to Fig. 1),
probably induced by natural irradiation. In contrast, thermo-
luminescence from �-irradiated �-Al2O3:C at similar dose levels
(2.5 Gy) consisted only of two peaks, the main peak at 160°C
and a less intense peak at 290°C for heating at 0.25°C s–1.4 Some
studies suggest that the main glow peak may be a composite of
several overlapping peaks.3

The degree of overlap of peaks collocated with the main peak
at its higher temperature end was assessed using a thermal
cleaning routine5 on a TL reader described previously.4 A �-irra-
diated sample was heated at 0.25°C s–1 to 240°C to remove the
main peak (at 160°C) and then reheated from room temperature
to record the remaining glow curve. Figure 2 shows the glow
curve after thermal cleaning, with evidence of additional over-
lapping peaks, the discernible ones near 230 and 290°C. In this
work, peak III refers to the latter, whose peak height can be iden-
tified relatively easily. In these experiments, only the peak in
�-irradiated samples could be separated in this manner.

Dose response
Figure 3 compares the change in luminescence intensity with

irradiation, the dose response, for the three glow peaks in
�-Al2O3:C for �-irradiation up to 50 Gy. Irradiation was done in
situ at 0.05 Gy s–1 and the TL measured over the range 20–500°C at
5°C s–1 using a RISO TL/OSL-DA-15 reader.6 The intensity of all
three peaks increased with irradiation. For the main glow curve
(Fig. 3b), the increase was linear initially, grew supralinearly,
then decreased above 30 Gy in broad agreement with the results
of Yukihara et al.,7 who observed an increase in intensity with
irradiation up to about 29 Gy, followed by a decrease, or satura-
tion, for greater irradiation doses. The changes in peak I resem-
ble those in the main dosimetry peak. However, the intensity
of peak III increased only slowly at first and gradually tended
towards saturation beyond about 20 Gy. In comparison, the dose
response of the main peak in �-irradiated samples of �-Al2O3:C
was linear at low doses (up to about 10 Gy), then successively
became supralinear, underwent saturation and decreased there-
after.4 This dose-response profile is similar to that of the main
peak in �-irradiated samples as discussed above. On the other
hand, the dose response of the higher temperature glow curve in
�-irradiated �-Al2O3:C was linear with dose and did not saturate
as does peak III in �-irradiated samples.

Effects of irradiation on peak temperature
Figure 4 shows the change of peak temperature with irradia-

tion dose in �-Al2O3:C for peaks I, II and III. The peak tempera-

ture for both peaks I and III was essentially constant at about
82 and 360°C, respectively, suggestive of first-order kinetics.
However, the peak temperature for the dosimetry peak
decreased with increasing irradiation. This feature was also
observed in samples annealed between irradiation and mea-
surement. A decrease of peak temperature with dose is indica-
tive of non-first-order behaviour and is specifically a feature of
second-order thermoluminescence. Detailed kinetic analysis by
Kitis et al.8 and by Kortov et al.9 shows a kinetic order of 1.42 and 2,
respectively, for the dosimetry peak.

Fading characteristics
The effect of delay between irradiation and measurement on

the TL intensity of the subsidiary glow curves, peaks I and III,
was investigated to assess qualitatively the degree of competi-
tive re-trapping at electron traps. Figure 5 shows the effect of this
delay on the intensity of peak I in (a) and of peak III in (b). The
intensity of peak I decreased with delay between irradiation and
measurement, with a half-life of about 150 s. The decrease of
intensity of peak I was accompanied by an increase in the width
of the base of the main peak, suggesting enhanced electron
re-trapping at the trap associated with the main peak.

The intensity of peak III increased with delay between irradia-
tion and measurement, rapidly at first then tending to saturation
thereafter. The greater intensity suggests that re-trapping was
more efficient at the trap associated with the main peak than at
the trap associated with the lower temperature peak I.

Fig. 2. A glow curve measured from a �-irradiated sample at 0.25°C s–1 after an
initial heating to 240°C to remove the main peak.

Fig. 3. A comparison of thermoluminescence dose response in the main peak (b),
peak I (a) and peak III (c).
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Model
Studies concerned with the main dosimetry peak show that

the thermoluminescence of �-Al2O3:C is centred at 420 nm and
that the main dosimetry trap is an electron trap.1,7 The basic
mechanism responsible for luminescence is the recombination
of an electron with an F+ centre, producing an excited F centre.
Luminescence at 420 nm is emitted following relaxation of the
electron from an excited 3P state to the 1S ground state (F+ + e →
F + h�420 nm).1 The F+ luminescence precursors are produced
either during crystal growth or by capture of holes by F centres.
The dose response of the main peak as well as that of the second-
ary glow peaks may thus be understood by analysing changes in
the concentration of F+ centres brought about by the competing
effects of electron capture at luminescence traps or at competitor
sites identified as deep electron-traps or deep hole-traps.7

To account for the dose-response results of Fig. 3, we use an
energy-band scheme shown in Fig. 6, based on models of
Yukihara et al.7 and Vinceller et al.10 but with minor modifications
to explain the dose response of secondary peaks. Transition 1
denotes the transfer of electrons to the conduction band as a
result of ionizing radiation. The free electrons may then be
captured (downward arrows) at electron traps ST, ID, or MT
associated with peaks I, III, and the main dosimetry trap, respec-
tively. Electrons from the conduction band can also be captured
at deep electron-traps (DT) and at deep hole-traps (HT). The
deep traps do not participate directly in luminescence emission
and are thus primarily competitor traps.

At low �-irradiation, up to about 10 Gy in the linear region for

peak I, the main peak and peak III in Fig. 3, the rate of production
of F+ centres by capture of holes at F centres and the conversion
of F+ to F centres by holes is approximately equal, so that there is
only a negligible effect on the concentration of F+ luminescence
precursors. Competition for electrons is important when the
concentration of empty deep electron-traps or filled hole-traps is
large. However, as the deep electron-traps fill, more electrons
become available for the luminescence process, hence the
supralinear increase in luminescence intensity. At higher irradi-
ation doses, of the order of 20–30 Gy, with deep electron-traps
essentially full, electrons recombine preferentially at F+ centres.
It is presumed that owing to a number of factors including low
capture cross section, saturation at deep hole-traps occurs more
slowly than at deep electron-traps. Holes can therefore still be
captured at deep hole-traps and the concentration of F+ centres

Fig. 4.The change of peak temperature with irradiation dose in �-Al2O3:C for peak I
(a), the dosimetry peak (b) and peak III (c).

Fig. 5. The influence of delay between irradiation and measurement on peak I (a)
and peak III (b).

Fig. 6. An energy-band scheme showing the shallow trap (ST), dosimetry trap
(MT), and intermediate energy trap (ID) associated with peak I, the main dosimetry
peak, and peak III, respectively. The deep electron-trap (DT) and deep hole-trap
(HT) compete for free electrons from the conduction band. Electrons are trans-
ferred to conduction band by ionization (transition 1).
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must eventually decrease.7 The overall effect is seen in Fig. 3 as
the onset of saturation. In the case of peak III, the initial sublinear
increase in intensity could be due to not only competitive trap-
ping of holes at deep hole-traps rather than at F centres but also
to thermal quenching of luminescence, which becomes severe at
temperatures above the main dosimetry peak.11,12

Concluding remarks
This study refines our understanding of the physical processes

responsible for luminescence in �-Al2O3:C, to improve its appli-
cation in radiation dosimetry. Applications in dosimetry rely on
accurate determination of the dependence of luminescence
intensity on absorbed radiation dose, a growth curve. In princi-
ple, the intensities usually determined from either glow curve
height or area are proportional to the absorbed radiation dose.
However, in practice there are experimental complexities to do
with changes in luminescence sites, for example F centres,
brought about by the luminescence-exciting radiation. This
study addresses an instance of the latter.
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Particle precipitation effects in
the daytime E-region in the
South Atlantic Anomaly region

R. Haggard*

Introduction
The E-region is the part of the ionosphere most significantly

affected by precipitating electrons in the energy range above
1 keV and below 30 keV,2,3 and is more amenable to quantitative
treatment than the more irregular F-region. Good ionograms,
that is, records of ionospheric conditions indicated by the
relationship between the frequency of the radio pulse emitted
upward and the virtual height of echoes reflected from the iono-
sphere, are available from the project ISAAC voyage for the day-
time E-region. From these records the critical frequency foE
could be determined, where foE is the penetration frequency of
the E-region for the ordinary ray. I therefore examined these

ionograms for anomalous variation of the daytime foE with solar
zenith angle, in order to look for any extra ionization which
might be attributed to the precipitating electrons.

The route of the project ISAAC voyage is indicated in Fig. 1.
The area bounded by the dashed line shown in the figure is
generally referred to as the South Atlantic Anomaly region. In
this region, the earth’s magnetic field reaches its minimum value
and charged particles from the magnetosphere enter the earth’s
atmosphere and penetrate to heights below 200 km above the
South Atlantic Ocean, between Brazil and South Africa.

About 85% of the database of ionograms was for low magnetic
activity, with the planetary K-indices (Kp) being equal to or less
than 3. The Kp indices rose above 3 only during 12/13 July and
16/17 July, with a maximum value of 5.

Diurnal variation of foE in the South Atlantic Anomaly
It is well known that, under normal conditions, a plot of foE

versus Ch (x, �), the Chapman grazing incidence function,6,7

gives a straight line, the slope of which is about 0.33 to 0.35
according to Rishbeth and Garriott.8 This was used by Haggard
and Gledhill to show that, whereas the slopes for nine compari-
son stations outside the South Atlantic Anomaly lay within one
standard deviation of a straight line when plotted against a
suitable function of latitude, the slope for Gough Island, which
lies in the Anomaly region, was less than the expected value by
more than five times its standard deviation.9 They proceeded to
show that an extra source of ionization must be operating at
Gough and that its magnitude was consistent with its identifica-
tion with precipitating electrons from the magnetosphere. It
amounted to only a few per cent of the maximum photo-
ionization rate at noon, but became comparable with it at solar
zenith angles greater than 70°.

Using the method described by Haggard and Gledhill, the
project ISAAC data were analysed, with the additional refine-
ment that the solar zenith angles were computed for each quar-
ter-hour using the actual ship’s position for use in the log(foE)
versus log {Ch(x, �)} plots.9 This was done for all times for which
the solar zenith angle was less than 80°.
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The behaviour of the normal daytime E-layer over the South Atlantic
Anomaly region during 23 days of project ISAAC (29 June to 21 July
1983) has been examined. Enhanced production rates due to pre-
cipitated electrons were calculated from the observed data and
compared well with the production rates from the mean electron
fluxes in the range 0.2–26 keV observed from the satellite Atmo-
sphere Explorer-C during 1973–77, discussed by Gledhill and
Hoffman.1 The present study shows that there is evidence of a sig-
nificant source of extra ionization, in addition to solar ultraviolet
and X-radiation, in the South Atlantic Anomaly region.
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