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Abstract: The RTL-phenomena in quartz grains were initially reported and their properties and ap-
plications were developed by our group. Although RTL-measurements had the difficulty of overcom-
ing high background counts due to blackbody radiation, the excellent dose linearity and hard-to-
bleaching nature of quartz RTL are suitable for accurate retrospective dosimetry and dating of burnt
archaeological materials. In his paper, the discovery of RTL-phenomena is described. Subsequently,
the construction and features of an automatic luminescence measuring system are mentioned together
with innovative methods of decreasing the background level for the RTL measurement. Practical ap-
plications to dosimetry and dating are then described from the viewpoints of the preferable nature of
RTL in comparison to other luminescence observations. Finally, some recent advances in RTL re-
search are presented based on their emission mechanism correlated with impurity contents.
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1. INTRODUCTION

The red thermoluminescence (RTL) phenomena of
quartz grains was discovered by our group from the TL
photographic observations (Hashimoto et al., 1986a, b).
The quartz RTL has been commonly found in volcanic
ash layers and shown to give a broad emission band with
a peak around 620 nm (Hashimoto et al., 1987). First
application of RTL phenomena was carried out for the
provenance search of dune sands on the basis of blue/red
TL emission ratios using TL colour photographs (Hashi-
moto et al., 1989a; Ganzawa et al., 1997). The lifetimes
of trapped electrons and holes related to RTL emissions
were confirmed to be longer than 1 Ma at ambient tem-
perature which is long enough for archaeological dating
(Hashimoto et al., 1993). The important utilization of the
RTL as a dating tool for heated quartz was recognized,
stemming from the good linearity of the dose response
curve and the hard-to-bleach nature of quartz RTL by
sunlight (Miallier et al., 1994a; Hashimoto et al., 1989b).
On the basis of these advantages, a number of quartz RTL
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ages have been reported, including the dating of heated
quartz associated with ancient volcanic events (Pilleyre et
al., 1992; Miallier et al., 1991, 1994b, 1994c; Fattahi and
Stokes, 2000a).

Quartz provenance studies have clarified the forma-
tion conditions of the blue TL (BTL) and RTL-quartz
grains as being related to their different thermal histories;
the former was assigned mainly due to plutonic rocks,
whereas the latter originated commonly from volcani-
cally-formed quartz and burnt archaeological materials
(Hashimoto et al., 1991, 1996, 1998). Laboratory ex-
periments revealed that the changes from BTL to RTL
depend greatly on the impurity contents as well as on the
cooling rate after thermal heating, and showed good
agreement with the quartz RTL nature of burnt archaeo-
logical materials (Hashimoto ef al., 1996 and 1998).

From a major development of apparatus, an auto-
mated luminescence measurement system made possible
a new single aliquot regenerative dose (SAR) method
especially for the optically stimulated luminescence
(OSL) dating (Murray and Wintle, 2000). This SAR
method has been also applied to the volcanic quartz older
than 1.2 million years by the use of RTL measurement
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(Boetter-Jensen and Murray, 2001; Fattahi and Stokes,
2000a).

Two papers have appeared as reviews based on the
number of publications that have, thus far, been con-
cerned with the luminescence dating of volcanic and
related sediments (Fattahi and Stokes, 2003; Stokes and
Fattahi, 2003). In these reviews, particular attention is
paid to the features of RTL and to practical applications
of RTL dating using quartz fractions.

In the present paper, I describe the discovery of quartz
RTL, followed by some advanced topics related to the
RTL phenomena observed in our laboratory, such as the
construction of a new luminescence measuring system,
the effectiveness of RTL in archaeological dating and
retrospective dosimetry, and an approach to understand-
ing the mechanism of RTL production from impurity
analysis.

2. DISCOVERY OF RTL PHENOMENA FROM
QUARTZ GRAINS OF DUNE SANDS

As is well-known, the simplest technique for observ-
ing colour properties of luminescence phenomena, in-
cluding thermoluminescence and phosphorescence from
natural minerals, is a photographic method using either a
colour film or an advanced digital camera. This technique
offers not only colour information but also spatial infor-
mation.

Fig. 1 (at the end of text) shows four TL colour pho-
tographs, in which the first one (a) shows a mixture of
BTL- and RTL-quartz grains. The sample of quartz grains
was separated from a sand dune on which our university
is built. Prior to the mid-1980s, the TL colour from quartz
was thought to consist only of a blue emission, so that the
observation of red (RTL) emission was an attractive dis-
covery in the luminescence field (Hashimoto et al,
19864, 1986b).

To search for the cause of RTL quartz grains, the ori-
gins of the dune sands were traced. As a result, the RTL
grains were found to be derived mainly from volcanic
areas along the main river. In fact, photographs of the
RTL of quartz grains from volcanic ash layers (Mede-
shima, Sendai, Japan) are shown in Fig. 1b. Almost all of
volcanic quartz grains were later recognized as exhibiting
RTL phenomena spread not only across volcanically
active areas but also over the Earth surface (Aitken,
1998).

In the experimental approach to clarify the cause of
RTL, Z-cut sliced samples from a crystal rock, Madagas-
can quartz of hydrothermal origin, were given a thermal
annealing treatment, because volcanic quartz grains
should be greatly affected by the heating and cooling
process during and after the volcanic eruption. As a re-
sult, an as-received slice (Fig. 1¢), which possesses only
BTL property, changed partly into RTL-emitting regions
(Fig. 1d) after being annealed for 100 hr at 1000°C and
then rapidly cooled. In the case of the regions with a clear
RTL appearance, the applied temperature was confirmed
to lie beyond the quartz to tridymite phase-transition
temperature of around 870°C from (Hashimoto et al.,
1996). Additionally, the changed regions were verified to
contain many Al-impurities and much molecular water,

whereas the unchanged (BTL) parts have lower impurity
contents (see the section 5 for details; Hashimoto et al.,
1997).

These results support the proposition that the elimina-
tion of BTL centre candidates will occur during thermal
annealing treatment and subsequent radiation exposure at
room temperature. That is, the thermal annealing effects
play an important role in the RTL region that changed
from BTL. Since there are a lot of volcanoes in Japan, it
is reasonable to expect a mixture of BTL and RTL grains
in the dune sands.

A more accurate TL spectrum has been observed us-
ing on-line spectrometer highly sensitive to the low lumi-
nescence from natural minerals (Rink et al,, 1993;
Hashimoto et al., 1997). Such kinds of TL spectral in-
formation, including that of RTL, were summarized from
the viewpoint of relevance to luminescence dating by
Krbetschek et al. (1997).

Fig. 2 shows a typical 3-dimensional (3-D) expression
of the RTL spectrum. As can be seen in this figure, the
RTL emission spectrum is confirmed to possess a maxi-
mum emission or peak around 630 nm and 360°C, a re-
sult in close concordance with the 3-D spectra measured
by Scholefild and Prescott (1999).

3. CONSTRUCTION OF A NEW AUTOMATED
LUMINESCENCE MEASUREMENT SYSTEM

It is well-known that the reliable TL and OSL dating
methods have been realized using a single aliquot regen-
erative dose (SAR) method which is superior to the mul-
tiple aliquots additive dose (MAAD) method from the
aspect of requiring fewer sample aliquots (Fig. 3). In the
SAR procedure, several repetitions are given of the lumi-
nescence measurement and dosing under a fixed geomet-
rical condition by an artificial radiation source. Such
experiments are commonly performed using an auto-
mated luminescence measuring apparatus equipped with
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Fig. 2. Three-dimensional expression of RTL-spectrum for quartz
extracted from an ancient pottery piece (Jomon pottery, Okumiomote
site, Niigata, Japan).
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a radioactive isotope (RI) source (amounting to
40-50 mCi), for example a Risoe TL-DA facility (Boet-
ter-Jensen, 1997). However, the use of such RI sources
requires radiation-shielding with material of heavy mass
and limits the irradiation to a constant dose rate. Addi-
tionally, in Japan, such Rl-irradiators are strictly re-
stricted to certain locations regulated by law.

To overcome these difficulties, the author’s group set
out to design an automated luminescence-measuring
assembly equipped with a small X-ray generator (Hashi-
moto et al., 2002a). Fig. 4 shows a conceptual view of a
new automated luminescence measuring system that is
applicable not only to BTL and OSL but also to RTL
using the SAR method. The features of this assembly
include a small X-ray generator as an alternative radiation
facility, a small surface heater, consisting of a cluster of
ceramics heaters, in place of a nichrome plate heater, and
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Fig. 3. Dose response curves for the single aliquot regenerative dose
(SAR) and multiple aliquots additive dose (MAAD) methods of the
evaluation of the equivalent dose for luminescence dating.

a light guide, consisting of a glass core-rod, between the
sample and a photo-multiplier tube (PMT), which is
cooled to -20°C.

Small X-ray generator

The author’s group were the first to propose the pre-
ferred use of a small X-ray generator (Varian VF-50J)
instead of a *Sr-"’Y PB-source as the standard radiation
source, because of the following advantages; (i) a close
linearity between tube currents and X-ray dose-rates, (ii)
a wide dynamic range of applicable dose rates, (iii) a
highly uniform irradiation property to the sample area,
and (iv) the possibility of controlling the applied tube-
voltages and currents with a computer program (Hashi-
moto et al., 2002a, 2002b; Andersen et al., 2003; Boetter-
Jensen et al., 2003).

Changes in the X-ray energy spectrum are shown in
Fig. 5, in which the desired dose rates (0.38 Gy/min ~
22.1 Gy/min) can be conveniently obtained by changing
of the applied X-ray tube-voltages and currents. Addi-
tionally, an Al-absorber inserted between the sample pan
and X-ray outlet greatly assist with the reproducible dos-
ing of the mineral samples. The Al absorber effectively
eliminates the low-energy X-ray components, which
could affect heterogeneously the surface regions of quartz
grains, but the higher energy X-rays pass through to pro-
duce homogeneous ionizing effects in the quartz grains.
The use of an Al-absorber of 200 pm thickness is rec-
ommended to evaluate equivalent doses with good repro-
ducibility (Yawata et al., 2007). There appears no report
whether such dose-attenuation corrections are necessary
in the case of widespread beta-irradiation source.

Ceramics heater assembly and light guide

The contribution of black-body radiation to back-
ground counts is the most difficult problem to overcome
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Fig. 4. Schematic diagram of an
automated TL/OSL measure-
ment system installed with a
small X-ray generator. All meas-
urement conditions were con-
trolled by computer programs,
including the operation of the X-
ray generator.
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when measuring samples with extremely weak RTL,
because the black-body radiation begins in the RTL
wavelength regions when the heater and sample disk
temperature rises above 250°C. This problem has com-
monly been resolved by placing an appropriate selection
of colour filter combinations in front of the PMT. Gener-
ally, a PMT with a multi-alkaline surface must be used in
a cooled housing at -20°C to keep such thermal noise as
low as possible. The resultant long distance between the
PMT surface and the sample pan mounted with lumines-
cence material gives rise to a poor geometry for photon-
collection.

The extent of this problem was reduced by using a
glass light guide of core-rod type, which efficiently trans-
ferred luminescence without any loss and holding in
thermal isolation of the parts between the heater and the
sensitive surface of the PMT, which was cooled to -20°C;
the reduced background count rate is seen in Fig. 6. As a
result, the luminescence detection efficiency was en-
hanced by up to a factor of 40 compared with the same
sample measured without the light guide.

For further reduction of the black-body radiation, the
heater and sample pan area facing the PMT should be
made as small as possible. To achieve this improvement,
a special heater was designed; the heater part was com-
posed of four ceramics heaters, with heating limited to
the head parts, in a bronze capsule cover. Only the
10 mm-diameter tabletop part of the bronze capsule di-
rectly faces the PMT (Hashimoto et al., 2002a, 2002b). In
combination, these strategies reduced the total back-
ground to 2x10* counts per second in the 350-380°C
region of the glow curve, corresponding to approximately
one fifth of the best result achieved by Fattahi and Stokes
(2000Db).

A further major decrease of the black-body back-
ground was achieved by covering the sample pan with a
biotite disk plate, leaving a hole for the luminescence
sample. Fig. 7 shows the relation of hole diameter to the
background value normalized to the value obtained with-
out the biotite plate. Under these conditions, the thermal
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Fig. 5. Variations of X-ray energy spectra according to changes in
thickness of Al absorber.
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background decreased from 2x10* counts per second to
1,000 counts per second in the 350-380°C temperature
range. Accordingly, the RTL detection limit was im-
proved to about 100 cps, allowing the RTL measurement
of individual quartz grains of about 0.15 mm in diameter
(Yawata and Hashimoto, 2004, Ganzawa et al., 2005).

A recent advancement in our luminescence measure-
ment system towards a portable assembly will appear in
another paper (Takeuchi and Hashimoto, 2008).

4. PRACTICAL USES OF RTL DATING AND DO-
SIMETRY

Preferred RTL dating of burnt archaeological pottery
Quartz and feldspar extracts from nine Jomon pottery

pieces, which were assumed to have been used 6,000-
3,500 years ago, were subjected to three kinds of lumi-
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Fig. 6. Thermal background counts of a photo-multiplier tube (PMT:
Hamamatsu Photonics, R-649S) during heating of a blank sample pan.
For highly-sensitive RTL measurements, the background counts can
be reduced by cooling the PMT to —20°C and eliminating black-body
radiation from the heater parts.
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Fig. 7. Trend of declining background count as a function of the diame-
ter of a hole, made in a biotite disk plate covering the top of the sample
pan. The ordinate scale is normalized to the background count rate
without the biotite plate.
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nescence measurements, involving RTL, OSL, and IRSL
(infrared stimulated luminescence), using the automated
luminescence measurement system (Hashimoto et al.,
2005). The first two luminescence measurements were
made on the quartz fraction, while the final one (IRSL)
was made on feldspar one. All of the equivalent doses
were estimated using the SAR protocol.

The results are summarized in Table 1. From this ta-
ble, it is clear that the naturally accumulated doses meas-
ured using RTL are higher than the OSL and IRSL re-
sults. This is probably due to the relatively easily bleach-
able nature or instability of the luminescence centres and
trapped electrons related to the OSL in quartz grains and
the well-known anomalous fading effects on the IRSL-
related equivalent dose estimate for feldspar grains. The
RTL ages, calculated using the equivalent doses and
annual doses, which were estimated by y-ray spectrome-
try, are close to the predicted archaeological ages, in
contrast to the OSL and IRSL ages. Compared with the
these latter, relatively unstable other luminescence phe-
nomena, RTL-dating was found to be the most reliable
dating method for quartz extracted from burnt archaeo-
logical materials. Recently, similar RTL dating was ap-
plied with satisfactory to younger burnt archaeological
materials, such as roof tile pieces, used about 1,300 years
ago (Hashimoto and Tamaki, 2007).

RTL dosimetry of atomic bomb exposed roof tiles

Several kinds of radiation-induced Iuminescence
measuring methods, have been applied to retrospective
dosimetry of roof tiles exposed to atomic bomb explo-
sions at the Hiroshima and Nagasaki epicentres (Hashi-
moto et al., 2006a). All experimentally evaluated doses
are presented in Table 2. In this table, the RTL measure-
ments of the quartz fraction again exhibited the highest
accumulated (equivalent) doses after a storage period of
about 60 years, these values agreeing with previous dose
calculations and evaluations (Roesch, 1987). Excluding
RTL measurement of quartz, the underestimation of ac-
cumulated all doses from the quartz and feldspar extracts
are thought to reflect the unstable properties of the asso-

ciated luminescence centres and/or, for feldspar, the well-
known anomalous fading effects (Hashimoto et al.,
2007a).

5. DEPENDENCE OF TL PROPERTY ON IMPU-
RITY CONTENT

Effects of Al and OH impurities

On a Z-cut slice of a natural quartz crystal, some col-
our centre images (CClIs) were compared with thermolu-
minescence colour images (TLCIs), together with the
distribution of Al from electron microprobe analysis.
Other distribution images such as OH-groups (as well as
molecular water and Li-dependent OH impurity-species)
from infrared-spectrometry showed almost similar pat-
terns to Al as seen in Fig. 8b (at the end of text), giving
high OH-groups to Al content sites (Hashimoto et al.,
2003). As seen in Fig. 8, dense colour-centre parts (CC)
corresponded to parts with lower impurity contents and
intense BTL emissions, whereas the colourless parts (CL)
corresponded to zones with higher Al- and OH-groups
(and molecular water) impurities and with weaker BTL.
Two small slices of quartz, distinguishable as CL and CC

Table 2. Retrospective doses evaluated from various kinds of lumines-
cence emissions using quartz and feldspar extracts from atomic bomb-
exposed roof tiles. See (Hashimoto et al., 2006a) for details.

(a) quartz grains’

Sample RTL (Gy) BTL (Gy) OSL (Gy)

Hiroshima 4714 42+3 2843

Nagasaki 11+2 6.71.5 8.2+1.1

(b) feldspar grains

s farRTL RTL GTL  BTL UVTL IRSL
ample

(Gy) (Gy) (Gy) (Gy) (Gy) (Gy)
Hiroshima ~ 35t3 ~ 20#2  23+3  24%3 2245 1742
Nagasaki 8413 8.0+0.9 6.7+09 6.3+15 5.7+1.7 6.040.7

‘The detection windows in wavelength: far-RTL (700-750 nm), RTL
(600-700 nm), GTL (500-600 nm), BTL (400-500 nm), UVTL (300-400
nm) and IRSL (350-600 nm).

Table 1. Equivalent doses (naturally accumulated doses) from RTL and OSL of quartz extracts and from IRSL of feldspar extracts and their lumines-
cence ages. Burnt archaeological pottery pieces (Jomon-pottery excavated from Okumiomote ruin site, Niigata, Japan) were used for this inter-

comparison experiments.

Pottery Equivalent doses (Gy)* Annual dose Luminescence ages (a*)) Predicted
pieces RTL oSsL IRSL (mGyla) RTL oSL IRSL age (a)
A5 13.1+4 11.3+2 0.740.2 3.47+0.11 3800+1150 33004600 190+70 4000
B-8 11.6+3.3 5.6+2.2 n.d. 217401 5300+1520 2600+1000 n.d. 6000
B-10 14.8+3.5 6.3£0.8  0.2+0.1 2.18+0.09 6800+1640 2900+380 10040 6000
B-12 26.0£2.2 n.d. 3.940.1 3.69+0.12 7000630 n.d. 1100+40 6000
A8 17.3 15.2 0.92 3.27+0.11 5300180 4600+160 280+10 5000
A-14 14.7£2.1 n.d. 2.8+0.4 3.1740.11 4600670 n.d. 880+140 3500
A-18 15.0+2.4 6.9+2 2.040.2 3.44+0.11 4400710 20004590 570460 5000
A-23 12.2+1 10525  0.13 3.01£0.11 7500£1000 3900+330 24001550 6000
B-18 22.742.9 11.84£09  7.1%17 3.1740.13 3800+360 3300+800 401 3500

"All ages refer to the year AD 2,000

“Errors are standard deviations from three measurements for each sample, except one measurement of A-8.
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parts, were examined to assess the changes in glow curve
shape changes from liquid-nitrogen temperature to room
temperature. The CL parts had more intense BTL glow
curves below -100°C, while the CC parts gave apparently
weaker BTL glow curves in the same low temperature
regions. A thermal annealing treatment of 1050°C for
30 hr resulted in a major decrease in the CL parts of the
BTL intensity below -100°C, due to the expulsion of OH-
groups and molecular water from the quartz grains. The
results are shown in Fig. 9, in which Al hole centre and
hydrogen radical intensities were measured by electron
spin resonance (ESR) spectrometry. From these results, it
has been suggested that hydrogen radicals and related
reactive species as radiolysis products from OH-groups
and molecular water could erase Al hole centres,
(AlO4h")°, which acts as BTL centres above -150°C
(Hashimoto et al., 2003, 2006b). Similar results have
been obtained from the growth zones, + and -X zones, of
synthetic quartz samples (Tajika and Hashimoto, 2006).

On the basis of these results, hydrogen radicals and
other radicals related to OH or water molecule impurities
have been suggested as the cause of elimination of BTL-
centres and that the BTL sensitivity of quartz at environ-
mental temperatures is influenced not only by Al-
impurities, but also by OH groups and other types of
centre.

RTL properties dependent on Al impurity contents

To explain luminescence sensitivity variations and TL
colour (RTL or BTL), 32 natural and synthetic quartz
samples were analyzed for seven types of impurity con-
tent and for a-f phase transition temperatures (Yawata et
al., 2006). Higher Al impurity content causes the inver-
sion temperature to fall below the value of 573°C ob-
tained for pure synthetic quartz. The separation of RTL-
and BTL-quartz was classified at a boundary temperature
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Fig. 9. BTL emission and isochronal annealing curves for Al hole
centres and hydrogen radicals measured by ESR-spectrometry. The
crushed quartz sample, being the colourless (CL) part in the colour-
centre image as seen in Fig. 8a, was irradiated at liquid-nitrogen
temperature, followed by the measurement shown (Hashimoto et al.,
2006b).
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of 572°C, corresponding to Al-contents larger and
smaller than 300 ppm, respectively. The RTL sensitivities
increased in proportion to the approximate square of the
Al content, strongly suggesting the co-operation of two
closely spaced Al impurities as a RTL hole centre. Ac-
cording to these results, a model of RTL luminescence
centres was proposed (Fig. 10), in which two nearby Al
impurity atom substitutions give rise to the formation of
RTL centres by bonding additional oxygen atoms or loss
of an oxygen atom. This results in peroxy radicals or non-
bonding oxygen centres, respectively, as tentative RTL
centre candidates (Fattahi and Stokes, 2003; Hashimoto
et al., 2007b).

6. CONCLUSIONS

Recent advances in spectrometric technique for detec-
tion of extremely weak luminescence emissions have
allowed us to make accurate luminescence measurements.
Additionally, reliable luminescence observations have
been realized with a newly developed automated system
of luminescence measurement together with the use of a
SAR protocol that greatly suppresses the background
level. In practical terms, the use of RTL from quartz
extracts of burnt materials is preferred for both applica-
tions to dosimetry and luminescence dating applications.

To avoid a high background in ordinary RTL glow
curve measurements, the isothermal-stimulation of red
luminescence from quartz — measuring the RTL quartz at
a lower constant temperature than the occurrence of
black-body radiation — has recently been proposed and
tested as an alternative RTL dating approach (Lai and
Murray, 2006). Since a light-sensitive RTL portion was
principally employed for such RTL dating, some funda-
mental and applied studies, involving light-sensitive and
isothermally stimulated red emissions, have been carried
out (Westaway and Roberts, 2006; Fattahi and Stokes,
2005; Miallier et al., 2006). Additionally, the far-red TL
measurement of feldspar has investigated for possible
applications to archaeological and sediment dating
(Stokes and Fattahi, 2003; Hashimoto et al., 2007a), but
space limitations prevent their discussion here.
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Fig. 10. RTL-centre model deduced from dependency of RTL on the
square of the Al-impurity concentration in specimens of volcanic
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formed.
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Fig. 1. Thermoluminescence colour images (TLCIs). (a) Quartz extracts from Niigata dune sands; (b) quartz grains of volcanic origin from Tazawa
lake (Akita, Japan); (c) original Z-cut slice of quartz of hydrothermal origin from Madagascar; (d) slice of quart — same as in (c) — after thermal anneal-

ing.
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Fig. 8. Three 2-dimensional images from a Z-cut slice of a hydrothermal quartz crystal from Madagascar. (a); colour centre images after an irradiation
of 20 kGy, (b); Al-impurity distribution from electron microprobe analysis, (c); TLCI from 200°C to 400°C for an irradiated slice.



