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Abstract:   Luminescence around 515 nm wavelength (2.41 eV) from limestone stimulated by pulsed light of  370 nm 
wavelength (3.36 eV) is found to decrease with increasing radiation dose. 
 
 
Introduction 
   Liritzis (1994) proposed a method for dating the 
construction of megalithic limestone buildings, based 
on the latent thermoluminescence of the surface of  a 
limestone building block being bleached by exposure 
to light prior to incorporation in the building and 
then, in the inter-block surfaces from which light is 
excluded, growing again with the passage of time in a 
manner akin to the well known methods of dating 
sediment deposition using quartz or feldspar extracts, 
for example Wintle and Huntley (1980). The method 
has since given an age for the Temple of Apollo in 
Delphi consistent with the historical age (Liritzis et 
al., 1997), and has been applied to determine the age 
of two Greek pyramids (Theocaris et al., 1997). 
Liritzis and Bakopoulos (1997) observed the decrease 
in the thermoluminescence peak at 280ºC with 
exposure to sunlight for several samples of Greek 
limestone. However, a substantial residual signal was 
found after 100 hours of exposure. Just as the use of 
optically stimulated luminescence rather than 
thermoluminescence is advantageous with quartz or 
feldspar when dating sediments (e.g. Huntley et al., 
1985), the same advantage, namely the absence of 
residual signal from bleached material, could be 
hoped for if optically stimulated luminescence could 
be used with limestone. Wintle (1997), in a review of 
luminescence dating procedures, drew attention to the 
report by Ugumori and Ikeya (1980) of the optical 
stimulation of luminescence from CaCO3 and noted 
that no further work on the topic had been reported. 
Ugumori and Ikeya (1980) observed luminescence (a 
broad band around 430 nm, 2.9 eV) stimulated by 
light from a N2 laser (337 nm, 3.68 eV)  from natural 
calcite, both crystalline and a piece of stalactite. The 
potential for archaeological dating was illustrated by 
an increase in luminescence intensity with increasing 
distance from the surface into the stalactite. Exposure 
to the laser light altered the thermoluminescence 

glow curve, reducing the peak at 347˚C, increasing 
the peaks at 287˚C and 237˚C, and creating a peak at 
57˚C. 
   The work reported here was developed 
independently from the study of the bleaching and 
phototransfer properties of the 286˚C peak in the 
thermoluminescence glow curve from limestone 
(Bruce et al., 1999). This is the dominant  peak in the 
thermoluminescence glow curve from limestone and 
the peak used for dating megalithic buildings 
(Liritzis, 1994; Theocaris et al., 1997). Bruce et al. 
(1999) found that the bleaching of the 286˚C peak by 
light in the wavelength range 350 – 600 nm was more 
rapid for shorter wavelengths of light, 350 – 400 nm 
being most effective and wavelengths longer than 
500 nm having little effect. Accordingly for the 
present measurements, a Nichia light emitting diode 
(LED) with peak emission at 370 nm (3.36 eV) was 
used as stimulating light source.  
 
Experimental details 
   The source of  stimulating ultraviolet light was a 
Nichia LED type NSHU590E, which according to the 
manufacturer’s data has a peak emission at 370 nm, a 
half-width of 12 nm, with the output intensity falling 
to about 1% at 360 and 410 nm, a power output of 
750 µW, and an emission angle of 10º. Measurements 
with a spectrophotometer over the wavelength range 
400-800 nm show a tiny emission relative to the 
ultraviolet output, which would however be quite 
significant at the level of photon counting, with a 
wide peak around 550 nm and a narrower peak 
around 750 nm. This unwanted emission in the 
visible region is greatly reduced by a Schott 7-60 
optical filter ( peak transmission at 370 nm, falling to 
0.01% at 405 nm), which was mounted in front of the 
LED for all the measurements reported below, fig.1. 
   Green light emitted from the sample was selected 
by a combination of HA3, BG39 and GG495 optical 
filters (peak transmission 515 nm, half maximum at  

 
 



2                                                                                                                                                                    Ancient TL Vol. 20 No 1 2002                                              

Figure 1.  
  The visible spectrum from a Nichia type NSHU590E 
LED compared with a spectrum of the light which 
has passed through a Schott 7-60 filter. The constant 
relative intensity of 93 from 400 to 430 nm in the 
unfiltered spectrum is due to high light intensity 
causing saturation of the detector.  
 
495 and 600 nm, 0.01% at 480 and 780 nm) and 
detected by a 9635QA photomultiplier, the same 
arrangement as in the dating work by Liritzis (1994), 
Theocaris et al. (1997) and the bleaching study by 
Bruce et al. (1999). 
   The same French limestone, treated with dilute 
acetic acid to avoid spurious luminescence following 
Wintle (1975), as used by Bruce et al. (1999) was 
used for the present measurements. The grain size 
was ~ 100 µm. 
   The background counting rate with the LED on and 
a clean stainless steel disc in the sample position was 
~2.6x105 s-1 which fell to less than half within 50 ms 
of the LED being switched off. This high background 
counting rate is attributed to fluorescence from the 
optical filters. No significantly higher counting rate 
was observed with natural limestone on the stainless 
steel disc, but on switching off the LED, it took about 
250 ms for the light to fall to half of the maximum 
intensity. It was decided therefore to avoid the high 
background counting rate while the LED was on by 
using pulsed stimulation and to look for decaying 
luminescence after the end of the stimulating pulse, 
in the manner of the measurements on α-Al2O3:C by  
Bulur and Göksu (1997). The LED was pulsed on 
once for 1 s and photon counting for luminescence 
detection started at the end of the pulse for 250 
successive intervals of 50 ms. Successive 
measurements were essentially identical, as shown 
below. The equipment was that used in this 
laboratory for thermoluminescence measurement 

(Galloway, 1990), with minor modification to the 
connections and controlling programme to pulse the 
LED rather than operate the heater.  
 

Figure 2. 
  Comparison of the time dependence of the light from 
a natural limestone sample with that from a stainless   
steel disc, following a pulse of ultraviolet from the 
LED of 1 s duration. The curve is a least squares fit 
to the data of a sum of three exponentials plus a 
constant with the parameters in table 1. 
 
 
The measurements 
   With the pulsed system the signal from natural 
limestone stands out clearly from the measurement 
made with an empty disc, fig.2. The decay of 
luminescence after the end of the stimulating pulse 
follows Σi Aiexp(-t/τi) (plus a small constant 
background) where τi are the lifetimes associated 
with the luminescence processes in the crystal and Ai 
are the amplitudes of the components, and the curve 
in fig. 2 shows a least squares fit of this expression to 
the data with lifetimes of 0.04, 0.25 and 1.06 s. Each 
component will increase exponentially during the 
stimulating pulse, reaching 95% of the maximum 
possible amplitude in 3 lifetimes of stimulation. 
Thus, shortening the stimulating pulse should 
emphasise the shorter lifetime components and 
lengthening the stimulating pulse should emphasise 
the longer lifetime components. This is found to be 
so, comparing stimulation by pulses of duration 0.1, 
1.0 and 10 s in fig. 3, with the luminescence decaying 
more rapidly the shorter the pulse and the data being 
fitted by the parameters in table 1. 
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Stimulating pulse duration (s) 0.1  1.0  10 
τ1 (s)  [relative amplitude]   0.04 [0.76] 0.04 [0.62] 0.05 [0.55] 
τ2 (s)  [relative amplitude]  0.21 [0.21] 0.25 [0.29] 0.29 [0.33] 
τ3 (s)  [relative amplitude]  0.93 [0.03] 1.06 [0.08] 1.36 [0.12] 
 
Table 1. 
  Parameters resulting from least squares fitting of the data in fig. 3 for the decay of luminescence after the end of 
the stimulating pulse by  Σi Ai exp(-t/τi) ( plus a small constant background), where τi are the lifetimes associated 
with the luminescence processes in the crystal and Ai are the amplitudes of the components. The relative amplitude 
is quoted below, Ai/ Σi Ai . In each case there were only 3 statistically significant components.
  

Fi
Figure 3. 
  Comparison of the time dependence of the light from 
a natural limestone sample following pulses of 
ultraviolet from the LED of 0.1, 1.0 and 10 s 
duration. The curves are least squares fits to each 
data set of a sum of three exponentials plus a 
constant, with the parameters in table 1. 
 

 
Figure 4.  
  Comparison of the time dependence of the light, 
following a 1 s duration ultraviolet pulse, from the 
limestone sample after 6 hours and 28 hours in a 
SOL-2 solar simulator and after a subsequent beta 
exposure of  4000Gy (for which the indistinguishable 
data from two successive measurements are shown). 
 
The natural limestone sample used to produce fig. 2 
was subsequently “bleached” in a SOL-2 solar 
simulator for 6 hours, the pulsed OSL measured, then 
bleached for a further 22 hours and the pulsed OSL 
measured, fig. 4. There is only a little difference  
 

 
between the results from 6 hours and 28 hours total 
bleaching, but the signal is increased compared with 
the signal from the natural limestone, fig. 2. The 
sample was then irradiated by beta particles to a dose 
of 4000 Gy and the pulsed OSL measured, giving a 
substantially smaller signal than after bleaching, fig. 
4. Comparing the pulsed OSL signal from a 
limestone sample immediately it was removed from 
the SOL-2 after several months of exposure with the 
signal from the same sample after beta irradiation to a 
dose of 40 Gy, shows little change in signal 
immediately after the stimulating pulse, while beta 
irradiation to 800 Gy shows a clear reduction in 
signal, fig. 5. 
   

  
Figure 5. 
  The time dependence of light, following a 1 s 
duration ultraviolet pulse, from a limestone sample 
immediately after several months in the SOL-2 solar 
simulator, along with data for the same sample after 
receiving a beta dose of 40 Gy and 800 Gy (for which 
the indistinguishable data from 3 successive 
measurements are shown). 
 
The data from the sample taken immediately from the 
SOL-2, fig. 5, have a higher constant background 
level than the other data, possibly due to 
phosphorescence induced by the light exposure in the 
SOL-2. 
   In general, measurements can be repeated without 
detectable loss of signal, as illustrated for the 4000Gy 
added dose data in fig. 4 and for the 800 Gy data in 
fig. 5. 
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   Limestone which has been heated to 500˚C before 
investigation behaves similarly, (maximum counting 
rate 4.8x105 s-1, after 60 Gy beta dose 4x105 s-1 
maximum, both with a similar decay to the bleached 
material). 
 

 
Figure 6. 
  The dependence on radiation dose of the 
luminescence detected during the 50 ms immediately 
following switch off of the stimulating light. The 
luminescence ratio plotted is the number of 
luminescence counts from a sample which has 
received a radiation dose to the number of 
luminescence counts from the same sample after 
bleaching for at least 24 hours in the SOL-2. 
 
Discussion  
   Figs. 2, 4 and 5 show that limestone does not 
provide optically stimulated luminescence which 
increases with radiation dose, to permit dating in a 
manner similar to that employed with quartz or 
feldspar, at any rate not with the wavelength of 
stimulating light and the wavelength of detected 
luminescence used in this work.  In contrast, the work 
by Ugumori and Ikeya (1980) indicated an increase in 
optically stimulated luminescence with radiation 
dose, but used a different stimulating wavelength 
(337 nm compared with 370 nm in the present work) 
and a different wavelength of luminescence (430 nm 
compared with 515 nm in the present work). Further, 
the Ugumori and Ikeya (1980) study related to the 
347˚C peak in the thermoluminescence glow curve, 
whereas the present study related to the 286˚C peak. 
   The general trend in the measurements reported 
here is for the intensity of optically stimulated 
luminescence to fall with increasing radiation dose, 
shown quantitatively in fig. 6 for the luminescence 
detected in the 50 ms immediately following the 
switch off of the stimulating light, although there 
may be a small increase in luminescence up to about 
50 Gy dose. This behaviour is reminiscent of the 
infrared radioluminescence of feldspar (Krbetschek et 
al., 2000), which has been exploited for sediment 

dating. Whether the phenomenon shown by limestone 
in fig. 6 could be used for equivalent dose 
determination for the purpose of  dating would 
require further investigation of the reproducibility of 
the data, the dependence of the luminescence signal 
on bleaching time and confirmation that the signal 
does relate to electrons trapped with long term 
stability appropriate to dating. A hint that the latter 
may be true is given by the luminescence from the 
natural limestone which, measured in the same way 
as the points in fig. 6, gives a luminescence ratio of 
0.45 which would correspond to an equivalent dose 
of 800 Gy. However with regard to the problem 
which initiated this investigation, the dating of 
limestone buildings, the equivalent dose to be 
determined is typically less than 20 Gy (Theocaris et 
al., 1997), which would require a much more detailed 
study of the phenomenon in fig. 6 for small radiation 
dose values. 
 
Conclusion 
   Does limestone show useful optically stimulated 
luminescence? For the wavelengths of stimulation 
and detection studied, not immediately, but there is 
an indication of a way forward.  
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Introduction  
  From time to time, in papers from our laboratory, 
we have discussed the technique of thick source alpha 
particle counting (TSAC) for determining uranium 
and thorium concentrations and hence dose rates, 
more particularly as it relates to its use in 
luminescence and ESR dating (e.g. Jensen and 
Prescott 1983, Akber et al 1983, Woithe and Prescott 
1995 (hereinafter, Woithe and Prescott without the 
date).    
  In the last-mentioned of these references we 
discussed the question of the efficiency of the zinc 
sulphide screens used in the method.  In summary, 
we presented evidence that the effective efficiency is 
not only less than 100% but varies a percent or two 
from batch to batch of screens.  A typical efficiency 
was shown to be between 85% and 90% for the 
screens supplied commercially by W.B. Johnson. 
This work was undertaken because of a widely 
expressed belief that the efficiency is 100%.  
   At the time of publication of Woithe and Prescott, 
the reviewer, Huntley, commented that the paper 
made a case that, "all is not well" and made a number 
of suggestions about methodology, all of which had 
already been incorporated into the project.  Huntley 
also remarked that, in his own use of TSAC (Huntley 
et al, 1986) he finds efficiencies of close to 100% for 
standards, although thorium seems to be 
underestimated, and he applies a correction for this.  
As mentioned in Woithe and Prescott, the late John 
Hutton had also derived an empirical correction for 
underestimation of thorium.  
 
 
TSAC : the method  
  It will be useful briefly to recall the process of 
calibrating TSAC with a zinc sulphide screen and 
photomultiplier, as originally set out by Aitken (1985 
Appendix J).  Using a certified U or Th standard in 
known geometry, the count rate is measured as a 
function of discriminator setting.  The discriminator  
 

 
setting for subsequent practical use is set at 85% of 
the extrapolated counting rate for Th and 82% for U.  
With this setting, the count rate for the standard 
should correspond to that predicted by Aitken's 
calculations or corresponding calculations by others. 
If the observed count rate is less than that predicted, 
it is concluded that the efficiency of the zinc sulphide 
screen is less than 100% and its value is determined.  
This was the procedure in Woithe and Prescott.  
  Our contention remains that, when calibration is 
carried out with standard sources according to the 
original prescription of Aitken (1985) but using 
updated conversion factors, with finely ground 
samples (Jensen and Prescott, 1983) an efficiency of 
less than 100% is found. Woithe and Prescott used 
the conversion factors of Huntley et al (1986) and 
found efficiencies between 85% and 90%.  
  The most recent calculation relating concentrations 
of U and Th with count rates for a particular 
geometry is that of Adamiec and Aitken (1998). 
Their factors are smaller than those of Huntley et al 
(1986) by about 6%. Since these conversion factors 
are used in calibrating the counting system and 
finding the efficiency of the screens, the effect of 
applying the Adamiec and Aitken conversion factors 
would be to increase the measured efficiency of the 
screens by 6%. In our case, all would now be now 
better than 90%.  
  In fact, from the point of view of calculating dose-
rates for luminescence dating, the conversion factors 
are not critical since they are used in both the 
calibration and the subsequent alpha counting of 
samples.  Provided that a corresponding screen 
efficiency is used, the measurement is essentially a 
comparison with the standard. This is not true, of 
course, if the efficiency is wrongly assumed to be 
100%. There is a further caveat for efficiencies less 
than 100%: The pairs counting technique requires the 
detection of two alpha particles, which follow each 
other in the thorium decay chain. Consequently a 
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correction for both requires the efficiency correction 
factor to be squared.   
 
Methodology of the measurement of thorium  
  We have now returned to the problem from a 
different angle, concentrating on a comparison of two 
independent measurements of thorium concentration 
viz, TSAC and neutron activation analysis (NAA).  
We show that our deduction of an efficiency of less 
than 100% is sustained. Further, incorporation of 
delayed neutron activation (DNA) measurements of 
uranium improves the TSAC estimate of thorium.   
  In the standard usage of TSAC, the total combined 
count rate, for thorium with its daughters and 
uranium with it daughters, is recorded.  In addition 
"slow pairs" record successive alpha decays of 220Rn 
and its daughter 216Po in the thorium decay chain and 
hence give a measure of the concentration of thorium.  
Since the rate of slow pairs is commonly about 3% of 
the total alpha count rate, the statistical accuracy is 
necessarily low for counting times of a day or two. 
Nevertheless, in calculating dose-rates from alpha-
counting data, some measure of the ratio of uranium 
to thorium is better than no estimate at all, or a guess.   
  Of course, for luminescence and ESR dating, the 
important quantity is the dose-rate, which is derived 
from the U, Th and K concentrations together with 
cosmic ray intensity.  For a given total alpha particle 
count, the dose-rate is very insensitive to the relative 
amounts of Th and U (Sasidharan et al 1978; Aitken 
1990).   
  In the present paper, we compare the thorium 
concentrations obtained by TSAC with those 
obtained by NAA. In the first instance we have 
chosen to stay with our original (Huntley et al 1986) 
conversion factors.  
 
Results  
"Raw" Pairs Counting  
  Samples were selected, more or less at random, 
from our data set to cover the range of thorium con-
centrations from less than 1 µg.g-1 to about 30 µg.g-1. 
Initially, all samples were field samples, collected in 
the course of dating assignments from a variety of 
sites in Australia, Europe, Thailand and China. All 
samples had been analysed by TSAC, DNA and 
NAA.  A few analyses were repeated.  With 
exceptions noted below, samples known or suspected 
to be in radioactive disequilibrium were excluded. 
Such samples have been thought to be rare in our 
experience. However, interestingly, when all the data 
were assembled, five samples were found to give 
inconsistent uranium analyses.  Reanalysis confirmed 
previously unsuspected disequilibrium and these 
samples were excluded.  It might be argued that 
disequilibrium is more common than usually 
supposed.  

  Concentrations of thorium larger than 15 µg.g-1 are 
rare in our sample collection. However, three widely-
separated sites in Western Australia gave unusually 
large Th concentrations. We were initially doubtful of 
using these because the associated uranium analyses 
showed disequilibrium.  However, they were 
considered satisfactory for the present purpose of 
finding the thorium concentration from pairs in the 
thorium chain, since these are quite independent of 
the U-chain and disequilibrium in the Th chain is 
unlikely because the lifetimes of the daughters are 
short on a geochemical time scale necessary to 
transport them in the environment.  However, to fill 
in the upper range of concentrations, we made up 
artificial substandards of 15, 20, 25 and 30 µg.g-1 by 
diluting aliquots of the New Brunswick thorium 
Standard NBL108  (520 µg.g-1 Th) with a sediment 
sample measured to have 0.32 µg.g-1 Th).  Since 
NBL108 also contains a small amount of uranium, 
these substandards contain between 0.7 and 1.2 µg.g-1 
U; this is of no consequence.  
  Figure 1 shows a comparison of Th analyses by 
NAA and TSAC, the former being taken as the 
independent variable.  In this comparison, the TSAC 
Th concentration is determined only by the rate of 
slow pairs.    
  The continuous straight line in the figure is an 
unweighted least squares fit; the equation of the fitted 
line and the correlation coefficient are shown.  The 
screen efficiency used was that appropriate to each 
individual sample and ranged between 85 and 89%.  
The fitted slope is 1.03 ± 0.04 which is not 
significantly different from one. We consider that the 
agreement between NAA and TSAC is good.  The 
dashed line corresponds to the TSAC values that 
would be obtained if the efficiency were assumed to 
be 100%. To obtain this line, the original data were 
reprocessed on the assumption of 100% efficiency 
and the data refitted. (To avoid a cluttered diagram, 
the data points have been omitted). The slope is 0.76 
± 0.03, which corresponds to an average efficiency of 
87%.  We claim that fig. 1 supports our contention 
that the screen efficiency is less than 100%.  
 
"Adjusted" thorium concentrations  
  The estimate of thorium concentration from TSAC 
can be improved by making an independent 
measurement of uranium, say by DNA. The expected 
U count rate is then calculated from this value, 
subtracted from the total count rate and the Th 
concentration is then calculated from the remainder.  
For the reasons given earlier, this is not very 
important for dosimetry but it is an improvement, and 
is useful for comparison of TSAC with Th 
concentrations measured in other ways, e.g. NAA or 
XRS.  
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  Figure 2 shows such a comparison of Th by 
TSAC/DNA with Th by NAA. The figure was 
constructed in the same way as fig.1.  The fitted slope 
is 1.05 ± 0.03. This, too, is not statistically different 
from 1.  Comparison of figs 1 and 2 shows that the 
correlation coefficient is increased, from 0.95 to 0.97, 
although both of these show that the fits are excellent. 
The uncertainty in the slope is reduced for the data in 
fig. 2.   
  This comparison is essentially independent of the 
previous one and makes no use of the pairs count. 
The effect of this procedure is not only to give an 
improved value for an individual thorium 
concentration but also to reduce its experimental 
error.  This is because the estimate of thorium is now 
based on two data sets that are independent of the 
pairs count and of much greater precision.  We recall 
that the Th concentration based on pairs is based on a 
relatively small number of pairs and the statistical 
uncertainty is commonly of the order of 15%.  
  It is necessary to comment on the fact that the 
number of data points differs in the two figures, viz: 
in fig. 2, the high thorium samples from Western 
Australia do not appear. This is because the uranium 
chains are in disequilibrium for these samples and 
DNA analysis for U cannot be used.  
  It may be remarked that the main reason for our 
introducing DNA measurements of uranium is to 
provide a simple and rapid check for radioactive 
disequilibrium. In this way we compare the 
concentration of the parents with the uranium 
concentration inferred from the alpha count rate. 
Since the latter is the sum of alphas from all parts of 
the decay chain, a discrepancy between DNA and 
inferred  uranium usually indicates loss or gain of 
members of the decay chain. The thorium chain is 
much less likely to be in disequilibrium.   
Nevertheless, an independent measurement of 
thorium is sometimes useful, as in the present 
contribution.   

 
  Figure 1. (upper) 
Comparison of thorium concentrations found by thick 
source alpha counting by pairs  (TSAC) and neutron 
activation analysis (NAA).  The fitted and dashed 
lines are discussed in the text. 
 
Figure 2. (lower) 
Comparison of thorium concentrations found by thick 
source alpha particle counting combined with 
delayed neutron analysis (TSAC/DNA) and neutron 
activation analysis (NAA).  The fitted and dashed 
lines are discussed in the text. 
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Comments 
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_____________________________________________________________________________ 
Abstract: Color luminescence images, associated with stimulation by infrared light, were obtained from some 
granite slices after X-ray irradiation of 200 Gy. The infrared stimulated luminescence color images (abbreviated to 
IRSL-CI) showed two colors, separable into intense yellow and blue portions. The former was assigned to be 
originated from a plagioclase feldspar constituent and the latter to potassium feldspar one. Quartz parts scarcely 
gave distinct IRSL-pattern. From spectrometry of the IRSL, two main emission peaks, consisting of 550 nm (yellow) 
and 580 nm (orange), were revealed besides moderate emission in wavelengths shorter than 450 nm (blue). 
Unexpectedly, reddish IRSL was observed in white mineral, probably feldspar of one granite. This IRSL-CI method 
can be useful for the examination of feldspar purity as well as for the filter selection of IRSL-dating.     
 
Introduction 
 In the optical dating method, Hütt et al., (1988) 
have discovered the infrared-stimulated luminescence 
(IRSL) phenomena for most of feldspars; when 
ionizing radiation-exposed feldspars were stimulated 
with infrared light in the range of 800-900nm, the 
strong IRSL has been detected in the wider 
wavelength range including almost visible light. 
According to a review paper by Krbetschek et al., 
(1997), various kinds of luminescence windows in 
wavelengths were reported to the IRSL of feldspar. 
In our laboratory, some luminescence color imaging 
methods, including thermoluminescence color images 
(TLCI), afterglow color images (AGCI), 
photo-induced phosphorescence (PIP), color center 
images (CCI) and 2-dimensional monochromatic 
OSL-images, have been established using varieties of 
granite slices (Hashimoto et al., 1995). Subsequently, 
the color imaging methods of radiation-induced 
luminescence have been applied to 16 kinds of 
feldspar minerals on the basis of a ternary diagram of 
feldspar. As a result, the AGCI could be separated 
into two groups, giving intensely bluish or green 
coloration along the alkali feldspar line and weak 
reddish coloration along the plagioclase line. In most 
feldspar slices, heterogeneous color distribution has 
been revealed according to the mineral formation and 
historical conditions (Hashimoto et al., 2001).   

Since the IRSL of feldspar is much effectively 
bleached at deposition (Aitken, 1998), the 
IRSL-dating of feldspars has been expected to be 
more hopeful for the widespread quaternary-sediment 
layers, applicable to complete bleaching effects with  
 
 

 
the sunlight. In the IRSL-measurements, the selection 
of filter-combination is very important to choice the 
objective feldspar suitable for dating with low 
background conditions as well as for checking the 
purification of feldspar samples. 

From these situations, a simple IRSL-color 
imaging method from granite slices has been 
developed using a high sensitive photographic 
system accompanied with combination of color 
filters. In the 2-dimensional color images, mainly 
yellowish and slightly bluish IRSL parts have been 
recognized as well as with heterogeneous distribution 
on every sample exposed with a γ-ray standard 
source.  

 
Experimental 
1. Preparation of granite slice samples 

 The following granites were selected to prepare 
the slice samples in the 2-dimensional color images 
described below; A) HW-5 granite, mylonite-like 
sub-facies (granodiorite), B) HW-36 granite, 
porphyritic sub-facies (granodiorite) and C) HW-23 
granite, foliated granodiorite-tonalite facies. All of 
the HW granite samples were collected from Hanawa 
pluton adjacent to Tanakura Shear Zone, by which 
the main fault divided North-eastern Japan from 
Southwestern Japan during the Mesozoic period 
(Ohira, 1992, 1994).  

After cutting roughly into square planes 
(approximately 8x8x0.5 mm), each surface was 
polished with an alumina emulsion solution. Every 
sliced rock sample was followed by the X-ray 
irradiation.  

 
2.Radiation exposure and observation of IRSL-color 
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images 
  All luminescence color images were observed after 
the irradiation of X-rays using a fluorescent X-ray 
analysis apparatus (SX3063p, Rigakudenki Co. Ltd.) 
and a 137Cs standard γ-ray source (Pony Co. Ltd., 
PS-3000 SB Type) for the dose standardization. 
Following X-ray irradiation with the absorbed dose 
of 200Gy (for 15min exposure time), slice samples 
were stored to eliminate completely afterglow 
emission, by letting the samples stand for 1 day in a 
dark box. The IRSL-color imaging (IRSL-CI) 
observation of the slice samples was carried out by 
means of a photographic apparatus as illustrated in 
Fig. 1(a). Infrared light emitting diode (IR-LED, 
Hamamatsu Photonics, L2690-02) is certified to offer 
890 nm emission peak with 50 nm FWHM value. 
Sixteen LEDs were installed to a LED holder having 
a hole of 20 mm in diameter and the applied current 
was fixed here to 100mA per  LED. The applied 
IR-power was evaluated to be 3.0 mW/cm2 on the 
surface of the slice samples using a power meter. For 
the IRSL-CI photography, a glass filter 
(Asahi-techno Glass Co. Ltd., CF-50E) for correction 
in visible light was inserted to eliminate the 
stimulation IR-light. The optical properties of the 
filter and stimulation light-ranges from IR-LED are 
indicated in Fig. 1(b). To attain most sensitive 
photography, a camera (Nikon, F-3) with a lens of 
F-1.2 was employed as well as the use of highly 
sensitive color film (Fuji ISO-400). The practical 
photography has been conducted in a dark room and 
the camera shutter was opened for 90 sec from start 
of the IR-LED stimulation. 
   
3. IRSL-spectrometry by an on-line spectrometric 
system  
 An on-line spectrometric system for extremely weak 
photon-emission was applied to the spectrometry of 
IRSL from the granite slices in the similar way to the 
TL-spectrometry (Hashimoto et al., 1997). Instead of 
the camera, a small spectrometer, connected to image 
intensified photo-diode array, was placed in the same 
arrangement as shown in Fig. 1(a). Every scanning 
interval was 22 ms and 512 channel data in 
wavelength width were summed up to 45 cycles to 
form one spectrum per second. Thus, 100 spectra 
during the period of 100 sec stimulated with IR-light, 
could be acquired to the microcomputer memory. All 
of the spectrum data were plotted in a spectrum 
figure for every slice sample.  
 
Results and discussion 
 Infrared-stimulated luminescence color images 
(IRSL-CIs) of some X- irradiated granite slices were 
obtained using photon detection are shown in Fig. 2. 

 
 
Figure 1. 
 Schematic view of photographic assembly for 
infrared stimulated luminescence color imaging 
(IRSL-CI) from slices exposed radiation (a) and 
optical properties of IR-LED and a IR-cut filter 
(CF-50E). 
 
The present results from IRSL-CIs show evidently 
that feldspar portions in the real images tend to cause 
strong yellowish luminescence, while quartz portions 
bring on no IRSL-CI because of extremely weak 
luminescence emission with IR-illumination. In 
addition to scattered distribution of the IRSL-images, 
there appears heterogeneous distribution on the 
IRSL-CIs within single feldspar grain part. The 
similarly heterogeneous distribution of afterglow and 
thermoluminescence was observed within every 
single feldspar slice (Hashimoto et al., 2001). 
  In the preceding publication (Hashimoto et al., 
1995), it has been recognized that among several 
kinds of white mineral constituents in granite, albite, 
plagioclase and potassium feldspars are sensitive to 
the radiation-induced luminescence, involving 
radio-luminescence (RL), TL, afterglow, photo- 
induced phosphorescence as 2-D color images. On 
the other hand, quartz constituent shown relatively 
poor sensitivity to luminescence phenomena. The 
present results are in good agreement with the highest 
sensitivity natures of plagioclase portions in any 
kinds of the luminescence (Hashimoto et al., 1995, 
2001).  
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Figure 2. 
 Typical infrared stimulated luminescence color images (IRSL-CIs) from granite slices. Real surface images (A) 
and IRSL-CI (B) were obtained from three kinds of granite slices; (a) HW-5, (b) HW-36, and (c) HW-23.  
 
 

Additionally, it is well known that light-sensitive 
trapped electrons (and hole centers) in minerals 
should be greatly dependent on the kinds of minerals 
in which they are located, as well as the geological 
history of the rock body formation (Hashimoto et al., 
1994). From this viewpoint, the IRSL-CIs themselves 
were considered to reflect such mineral properties. 
However, there appears no significantly different 
pattern among the present slices, except for two 
samples, HW-5 and HW-36, which show the mixture  
images distinguishable into yellow and blue part, 
while HW-23 sample renders intense yellowish 
patterns alone. The HW-23 sample is known to 
contain almost plagioclase constituent as feldspar, so 
that the intense yellow IRSL-CI portions are 
attributable to plagioclase mineral. Two other  
granites, HW-5 and HW-36 have been analyzed to 
contain small parts of potassium feldspar constituent 
in addition to large amount of plagioclase portions 
according to Ohira, (1994). Therefore, the blue 
IRSL-CI portions seen in HW-5 and HW-36 were 
assumed to originate from potassium constituents. In 
fact, single potassium feldspar gave blue 
luminescence color in both afterglow and 
thermoluminescence. The identification of 
plagioclase and potassium feldspar portions was also 
confirmed by a mineralogist. Anyway, it should be  

 
 
emphasized that IRSL-color images in Fig. 2 are the 
first visualization, by which the researchers could 
admit simply the IRSL-CIs, helpful for the selection 
of IRSL-detection filter, superior to the 
monochromatic IRSL-images from our laboratory 
(Hashimoto et al., 1995).   

In further precise way, the results from an 
IRSL-spectrometry could serve for the determination 
of detection wavelength range, although the 
two-dimensional information couldn’t be obtained. 
Spectral results from three granite slice samples are 
presented in Fig. 3.  
  Every highest spectrum is corresponding to first 
IRSL just after beginning of IR-LED illumination 
because of decaying behavior of IRSL as well 
known. In the HW-5 sample, there exists a prominent 
yellowish emission having a peak at 550 nm. In 
addition to 550 nm peak (yellow color), there appears 
another 580 nm (orange color) peak and other 
emission in shorter wavelength than 450 nm ranges 
(blue or violet color) in two granites, HW-36 and 
HW-23. Among these luminescence wavelength 
ranges, yellow and orange colors tend to decay out  
immediately after the IR-illumination, whereas the 
blue or violet emission continues for a relatively long 
period. This result will support also the two different 
minerals for IRSL-emission, probably plagioclase 
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and 

Figure 3. 
IRSL-spectra measured by an on-line spectrometry installed with an image intensifier. Every spectrum is consisting 
of 100 spectra dependent on decaying behavior after IR-LED-illumination. Granite samples are (a) HW-5, (b) 
HW-36, and (c) HW-23
 
 
potassium feldspars in these granite slices. 
  It is noteworthy that the spectra (b) from HW-36 
offer the existence of longer  wavelength side 
beyond 600 nm, corresponding to reddish color 
ranges. In a preceding paper (Hashimoto et al., 
1995), the similarly originated granite showed 
reddish PIP (photon-induced-phosphorescence) 
pattern (HW-38). Although the IRSL-spectrum 
shows certainly reddish emission, it must be 
questionable that there appears no red part on the 
IRSL color image of HW-36 (Fig. 2(b)). The reason 
should be attributable to the use of IR-cut filter 
(CF-50E) as indicated optical property in Fig. 1(b), in 
which the reddish wavelength ranges were almost 
completely absorbed (c.f. emission spectrum in Fig. 
3(b)). 

Similar color images of the IRSL will be realized 
using highly sensitive CCD-camera in near future. To 
approach this direction, we are starting the color 
imaging visualization and decay curve analysis into 
red, green and blue coloration of the imaging data.   

Since the PIP-phenomena should be derived from 
the same photon-sensitive trapped electrons, the 
PIP-color images might be displaced to the 
IRSL-color photography in the case of weak 
IRSL-emitting minerals.  

These IRSL-CI technique must be useful for the 
examination of feldspar purity and the filter selection 
for the establishment of the reliable IRSL-dating, 
together with emission spectrum data. 
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_____________________________________________________________________________________________ 
Abstract:  The dose absorbed by spherical quartz grains containing rubidium is calculated for grain diameters from 
5 µm to 100 mm.  The equivalent geometric factor as a function of grain diameter is also given.   

Introduction 
  Recently it was stated (Huntley and Hancock, 2001) 
that a clear need exists for a proper calculation of the 
absorbed energy fraction for β particles emitted by 
87Rb from within grains of various sizes.  The tools 
required for such a calculation have previously been 
published (Readhead, 1987; with an erratum noted in 
Ancient TL 6, p.20), but as this work was not 
referenced in the review by Adamiec and Aitken 
(1998), readers may not be familiar with it.  A 
synopsis of the method is provided below, along with 
the results.  
   
Theory 
  Spencer (1959) calculated the average energy 
dissipated near point isotropic sources of mono-
energetic electrons and presented his numerical 
results in the form of a “de-dimensionalized energy 
distribution” , where x is the distance from the 
source in units of pathlength r

( )xJ
0.  He calculated 

electron penetration taking into account both nuclear 
elastic scattering and electron slowing down, but did 
not include straggling.  Charlton (1970) states that 
Spencer’s results have been extensively tested by 
Cross (1967), and that “over a wide range of beta 
spectra there is excellent agreement between theory 
and experiment, except at distances from the source 
greater that about half of the range of the most 
energetic electrons in the spectrum.  Within this 
distance about 95% of the total source energy is 
deposited.”   
  The calculations of Spencer are the basis of 
absorbed dose distribution functions derived by both 
Berger (1971, 1973) and Charlton (1970).  The 
method of Berger has previously been used by 
Mejdahl (1979); that of Charlton by Bell (1978, 
1979).  Both are equivalent and Bell (1979) found 
good agreement between his and Mejdahl’s results.  
The approach of Charlton is followed here.   
  Consider a sphere of diameter D containing a 
homogeneous distribution of point sources, 
surrounded by a region not containing any sources, as 
in Figure 1.  
 

  
Figure 1. 
Geometry for a spherical absorber which emits N0 
electrons per unit mass. It is surrounded by a region 
which does not emit electrons. 

 
Within the sphere N0 electrons are emitted per unit 
mass, each of initial energy E0 and pathlength r0.  
Using Spencer’s results, Charlton showed that the 
energy dissipated per unit volume at point P is 
  

( ) ( )0 0e eD r N E S r=     
  (1) 

 
where (after some manipulation) the spherical 
geometrical function  

( )
( )
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                                         (2) 
is obtained.  Here D is the diameter of the grain, r is 
the distance from the centre of the grain to P, 

( ) ( )
2 2

max cos sin2
Dr r rθ θ= + −    

                                         (3) 
is the distance from P to the edge of the grain for an 
angle θ and  
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  Equation (1) gives the dose absorbed at a point.  The 
mean dose absorbed by a spherical grain is 

0 0e eD N E S=         
                                         (5) 
where 
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                                         (6) 

  When a nuclide decays and emits a β particle, that 
particle can have a range of possible energies up to a 
maximum value Emax.  The mean dose absorbed from 
a β particle must be averaged over this spectrum, so 
 

0D N Eβ = β      
   (7) 

where 

( )

( )

max

max

0

0

E

e

E

S En E dE
E

n E dE
β = ∫

∫
.   

   (8) 
( )dEEn  is the number of β particles emitted per 

unit energy with initial energies in the interval E to 
E+dE.  For many transitions the energy distribution 
of the spectrum is not fully known, but Murthy 
(1971) gives formulae for calculating it.   

Computational considerations 
  To evaluate the above equations the β particle 
maximum energies and intensities, and internal 
conversion and Auger electron energies and 
intensities can be obtained from the Nuclear Data 
Retrieval Program (http://www.nndc.bnl.gov/).  The 
pathlengths in quartz can be derived from the tables 
of Pages et al. (1972).   
  Spencer’s  was evaluated for electrons with 
initial energies of 0.025, 0.05, 0.1, 0.2, 0.4, 0.7, 1, 2, 
4 and 10 MeV traversing selected media, including 
carbon (Z=6) and aluminium (Z=13) using a mesh in 
x of .  To interpolate in x requires the 
use of a quadratic interpolation formulae.  To 
interpolate for quartz at a particular initial energy one 
uses 

( )xJ

025.0=∆x

( ) ( ) ( ) ( )ln ln ln lnq qa c c

q a c a c

J x Z Zc

c

J x J x J
A A A Z Z A

−⎡ ⎤ ⎛ ⎞
= − +⎜ ⎟⎢ ⎥ −⎝ ⎠⎣ ⎦

x

    (9) 
and 

( ) q c
q c a c

a c

Z Z
A A A A

Z Z
−⎛ ⎞

= + − ⎜ −⎝ ⎠
⎟    

   (10) 
where the subscripts q, c and a refer to Z,  and 
constants A (given by Spencer) for quartz, carbon 
and aluminium, respectively.  To interpolate in initial 
energy one uses: 

( )xJ
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   (12) 
where E is the energy of interest, bracketed above by 
EU and below by EL, with associated  and ( )xJUE

( )xJ LE , and AUE and ALE.   

  For Z=37 Murthy gives the β energy spectrum as: 
( ) ( )( )22

max1.7964 8.4692 6.8327n E dE k E E E E dE= + + −

    (13) 
where k is a constant.   

Results 
  For 87Rb the maximum β energy is 0.2823 MeV.  
Table 1 shows the absorbed dose in MeV/N0 and 
µGy/a/(ppm Rb) for grain diameters from 5µm to 100 
mm.  Since the values are obtained after averaging 
over the β spectrum, a simple geometric factor cannot 
be given.  However, an equivalent value is obtained if 

eS  is set to 1 in Equation (8), in which case the 
absorbed dose is 0.0825 MeV/N0 or 0.3580 
µGy/a/(ppm Rb).  This leads to the equivalent 
geometric factors shown in the table for each 
diameter.  Of course, for very large grains this same 
maximum absorbed dose is achieved, as the 
geometric factor approaches 1.  Figure 2 plots the 
equivalent geometric factor as a function of grain 
diameter.  
  Note that the results apply to an absorber of quartz, 
for which 8.10≈qZ .  Slightly different results will 
be obtained with other absorbers, by using the 
appropriate effective atomic number in Equations 9 
and 10.  

http://www.nndc.bnl.gov/htbin/nudat.cgi)
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Figure 2.     
Equivalent geometric factor as a function of grain 
diameter for a quartz grain containing an 
homogeneous distribution of 87Rb 
 
In addition it should be pointed out that the 87Rb β 
energy spectra is most likely an approximation on the 
part of Murthy, due to the paucity of experimental 
data.  His paper includes correction factors for 
various types of forbiddingness, but doesn’t 
specifically mention 87Rb.  However, an approximate 
result based on his spectra is better than no result at 
all, and is certainly an improvement over that of Bell 
(1979), who only used the average β energy for 87Rb 
when calculating the attenuation factor for 100 µm 
quartz grains.  
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