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Abstract: The present paper presents a comparative experimental study of two commonly measured 
Optically Stimulated Luminescence (OSL) signals in quartz. The experimental study measures both 
the continuous wave OSL (CW-OSL) and the linearly modulated (LM-OSL) signals from the same 
quartz sample for a range of stimulation temperatures between 180 and 280°C, while the former is 
transformed to pseudo LM-OSL (ps LM-OSL). A computerized deconvolution curve analysis of the 
LM-OSL and ps LM-OSL signals was carried out, and the contributions of several OSL components 
to the initial OSL signal (0.1 s) were shown to be independent of the stimulation temperature used 
during the measurement. It was also found that the composite OSL (0.1 s) signal consists mainly of 
the first two OSL components present in the OSL curves. The equivalence of the ps LM-OSL (trans-
formed CW-OSL) and of LM-OSL measurements was also examined by an appropriate choice of the 
experimental stimulation times, and of the stimulation power of the blue LEDs used during the meas-
urement. 
 
Keywords: OSL, transformed CW-OSL, LM-OSL, pseudo LM-OSL, quartz dating, OSL compo-
nents, computerized OSL analysis. 

 
 
1. INTRODUCTION 

During applications of the optically stimulated lumi-
nescence (OSL) technique in dating and dosimetry, two 
methods of optical stimulation are commonly employed, 
namely continuous wave OSL (CW-OSL) and linearly 
modulated OSL (LM-OSL) (Bøtter-Jensen et al., 2003; 
Wintle and Murray, 2006; Bulur, 1996; Bulur et al., 
2000). 

While the pioneering OSL studies of Liritzis et al., 
(1997), Wintle and Murray (1999) and Murray and Win-

tle (1999) were based mainly on measurements of the 
initial OSL (0.1 s) signal, several recent studies have 
attempted to identify and isolate the individual compo-
nents that make-up the CW-OSL and LM-OSL signals 
from quartz (Bailey et al., 1997; Singarayer and Bailey, 
2003; 2004; Jain et al., 2003; Kitis et al., 2007; Kiyak et 
al., 2007; 2008, Polymeris et al., 2008; 2009). Such stud-
ies are of major interest to the dating community, since it 
has been demonstrated that the medium and slow OSL 
components of quartz have the potential to be used for 
extending the range of OSL dating by one order of mag-
nitude (Singarayer and Bailey, 2003). 

It is desirable to use a well separated fast OSL com-
ponent in luminescence dating protocols. Recently Hunt-Corresponding author: G. S. Polymeris 
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ley (2006) pointed out that the separation of OSL compo-
nents is independent of the stimulation mode used. Sepa-
ration can take place by analytical as well as by instru-
mental procedures. In this framework, several procedures 
are reported (Kuhns et al., 2000; Chithambo and Gallo-
way, 2001; Poolton et al., 2003; Jain and Lindvold, 2007; 
Wallinga et al., 2008). However, deconvolution of the 
pseudo LM-OSL decay curves is not reported in the rele-
vant literature. Therefore, the main topic of this paper is 
the equivalence of LM-OSL and pseudo LM-OSL signals 
obtained by a transformation of the CW OSL signals, 
according to the procedure suggested by Bulur (1996). 
The theoretical equivalence between the peak shapes of 
LM-OSL and ps LM-OSL, simulated for general order 
kinetics, was shown by Kitis and Pagonis (2008). Later 
on, this study was also extended for the case of the physi-
cally meaningful mixed order OSL kinetics (Kitis et al., 
2009). Having established the aforementioned theoretical 
equivalence, the experimental aspects of the equivalence 
are studied within the framework of a complicated exper-
imental protocol involving not only severe but also re-
peated external treatments of the quartz samples, which 
can alter substantially the shapes of both LM-OSL and 
CW-OSL curves. For this reason a quite complicated 
protocol (almost identical to that used in the work of 
Murray and Wintle, 1999) was chosen in order to verify 
the equivalence as a function of external experimental 
parameters.  

In this paper a comparative study of ps LM-OSL 
(transformed CW-OSL) and LM-OSL signals in quartz is 
presented. The specific goals of the present work are the 
following: 
1) Examine the relation of the initial OSL (0.1 s) signal 

with the various OSL components of quartz, by per-
forming a computerized deconvolution curve analy-
sis (CDCA) of the ps LM-OSL and LM-OSL signals. 
This examination is carried out for a large range of 
isothermal stimulation temperatures and isothermal 
times. 

2) Demonstrate the complete equivalence of LM-OSL 
and CW-OSL data by appropriate choices of the 
stimulation times and stimulation intensities. 

2. SAMPLES AND EXPERIMENTAL PROCEDURE 

All measurements were performed using the automat-
ed Risø TL/OSL reader (model TL/OSL-DA-15), which 
has an internal 90Sr/90Y beta ray source of dose rate  
∼0.1 Gy/s. Blue light emitting diodes (LEDs) (470 nm,  
40 mW/cm2) were used for stimulation and the OSL 
signal was detected through a 7.5 mm thick Hoya U-340 
filter. The sample studied was one of sedimentary origin 
(laboratory reference PDK) collected from the coastal 
area of the Sea of Marmara, in the Asian part of Turkey 
(Kiyak and Canel, 2006).  

The basic multiple aliquot experimental protocol used 
in the present work is as follows: 

Step 1: Bleach stage: Blue light stimulation at 125°C for 
100 s 
Step 2: Give laboratory dose of 51 Gy at 20°C 
Step 3: Heat the sample to a temperature Ti=180°C at a 
heating rate of 1°C /s and keep sample at temperature Ti 
for time tj=10 s 
Step 4: Give small test dose of 0.2 Gy at 20°C 
Step 5: Heat to 160°C and measure sensitivity using the 
110°C TL peak in quartz after heating at 1°C/s . Record 
TL (110°C) signal 
Step 6: Continuous wave (CW) blue light stimulation for 
355 s at the stimulation temperature of 125°C. Record 
CW-OSL (355 s) signal 
Step 7: Repeat steps 2-6 using the same aliquot for all 
isothermal times ti=10, 20, 50, 100, 250, 500, 1000, 2000, 
5000 s, where ti denotes the varying duration of isother-
mal TL before OSL measurement. 
Step 8: Repeat steps 2-7 using a different aliquot for each 
preheat temperature Ti=180, 200, 220, 240, 260, 280°C. 
A total of 6 aliquots were used in this study. 

In a second experiment the same protocol was used to 
measure the LM-OSL signal by replacing Step 6 in the 
above protocol with the following: 
Step 6a: Linearly modulated (LM) blue stimulation for 
500 s at a stimulation temperature of 125°C. Record 
LM-OSL (500 s) signal  

It is to be noted that the 110°C TL intensity recorded 
during step 5 is used for normalization. Finally, the 
different CW-OSL and LM-OSL time intervals (355 s 
and 500 s in steps 6 and 6a above) were chosen inten-
tionally so that a direct comparison of the CW-OSL and 
LM-OSL measurements can be carried out at the differ-
ent temperatures. These choices are explained in detail 
in Appendix A.  

3. METHODS OF ANALYSIS 

Analysis of the OSL (0.1 s) signal 
Several studies have shown that the initial 0.1 s of an 

OSL signal in quartz is correlated with the fast OSL 
component (Bøtter-Jensen et al., 2003). The goal of this 
study is to investigate the composition of the OSL (0.1 s) 
signal and to find what percentage of the OSL (0.1 s) 
signal comes from each of the OSL components that 
contribute to it. The methodology used was as follows. 
The CW-OSL and LM-OSL curves obtained at Steps 6 
and 6a of the protocol were deconvoluted into individual 
components. Once the individual LM-OSL components 
were obtained, the computerized analysis is used to find 
the realtive contribution of each LM-OSL component to 
the initial OSL (0.1 s) signal. 

It is noted that in the case of LM-OSL measurements, 
all OSL components Ci start from t≈0. This means that 
the OSL (0.1 s) signal is the sum of all LM-OSL compo-
nents at t=0 i.e. 
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Analysis of the LM-OSL data 
The stimulation intensity during an LM-OSL experi-

ment is given by 
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where PLM denotes the duration of the LM-OSL meas-
urement and ILM is the light intensity reached at the end of 
the measurement. Under these conditions, the total energy 
ELM delivered to the sample using LM-OSL is given by 
the simple integration: 
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The LM-OSL curves were deconvoluted using a first 
order kinetics expression proposed by Bulur (1996). This 
expression was further transformed recently by Kitis and 
Pagonis (2008) into another expression containing only 
the peak maximum intensity Im and the corresponding 
time tm. These two variables can be extracted directly 
from the experimental OSL curves. The modified expres-
sion used in our computerized procedure is: 
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The background signal was simulated by an equation 
of the form 

tcAtGLM ⋅+=)( , (3.4) 

where A is the average in the first few seconds of a ze-
ro dose LM-OSL measurement resulting from both the 
stimulation light and the dark counts off the detector, 
while c is a constant. 

Analysis of the CW-OSL data  
The stimulation intensity Ist during a CW-OSL exper-

iment is constant and given by 

)...0()( CWCWST PtItI ==  (3.5a) 

where PCW denotes the duration of the CW-OSL 
measurement and ICW is the constant light intensity. Since 
the light intensity is constant, the total energy ECW deliv-
ered to the sample using CW-OSL is given by the prod-
uct: 

CW CW CWE I P=  (3.5b) 

For the deconvolution analysis of the CW-OSL 
curves, these were transformed into peak-shaped pseudo-

LM-OSL (ps-LM-OSL) curves using the transformations 
introduced by Bulur (1996). In these transformations a 
new time-dependent variable is defined by the expression 

2 CWu t P= ⋅ ⋅ , (3.6) 

where PCW is the total duration of the CW-OSL stimu-
lation. Using this transformation the featureless CW-OSL 
decay I(t) is transformed into the following peak-shaped 
ps-LM-OSL intensity I(u): 

( )( )
CW

I tI u u
P

= ⋅  (3.7) 

The total time PPS-LM for the transformed ps-LM-OSL 
curve is obtained from Eq. 3.6 by setting t=PCW to obtain 

2 2PS LM CW CWP tP P− = =  (3.8) 

For deconvolution purposes the single peak expres-
sion Eq. 3.7 of I(u) is identical to the expression in Eq. 
3.3 where the t and tm variables are replaced by u and um 
i.e. (Polymeris et al., 2006): 
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The background signal in the case of ps-LM-OSL was 
simulated by an equation of the form 

P
tBAtGPS ⋅+= 0)( , (3.10) 

Where A0 accounts for the additional background 
from the dark counts, and B is the average of a zero-dose 
CW-OSL measurement. 

It is noted that the values of A, B and c in the back-
ground functions are not left to vary arbitrarily during the 
deconvolution process. Instead, zero dose LM-OSL and 
CW-OSL curves were experimentally obtained and fitted 
with the background Eqs. 3.4 and 3.10. During the de-
convolution procedure these quantities were left to vary 
within their evaluated experimental errors. All curve 
fittings were performed using the MINUIT computer 
program (James and Roos, 1977), while the goodness of 
fit was tested using the Figure Of Merit (FOM) of Balian 
and Eddy (1977) given by: 

Exper Fit

i

Y Y
FOM

A
−

=∑ , (3.11) 

where YExper is a point on the experimental glow-curve, 
YFit is a point on the fitted glow-curve and A is the area of 
the fitted curve. The FOM values obtained were between 
0.8% and 4% depending upon the statistics. 
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4. EXPERIMENTAL RESULTS 

Deconvolution of the experimental OSL curves 
Examples of deconvoluted experimental OSL curves 

are shown in Figs. 1 and 2. Fig. 1 indicates a deconvolu-
tion example of an LM-OSL curve with a total simulation 
time of PLM=500 s, which was fitted using four first order 
kinetic components. Only components 1, 2 and 3 are 
clearly resolved in the experimental data. These compo-
nents will be referred to as C1, C2, C3 in the rest of this 
paper. Component 4 represents the sum of all other single 
components beyond component 3.  

The inset to Fig. 2 shows an example of the original 
experimental CW-OSL data which was measured over a 
time interval of PCW=355 s, as previously discussed. This 
CW-OSL curve was transformed into a ps-LM-OSL 

peak-shaped graph and its component analysis is shown 
in main frame of Fig. 2. Comparison of the results in 
Figs. 1 and 2 shows that the analysis of the ps LM-OSL 
data yields exactly the same results as the analysis of the 
LM-OSL data when the experimental conditions are 
chosen properly. This is discussed further in the next 
section. 

We first investigate the relationship between the OSL 
(0.1 s) signal and the individual OSL components. The 
results are shown in the set of Figs. 3-5 where the upper 
panel of each figure corresponds to the LM-OSL results 
while the lower panel corresponds to the ps LM-OSL 
results. In all cases the behaviour of the OSL (0.1 s) sig-
nal is in good agreement with component C1 of the LM-
OSL signal, and is almost identical to that of component 
C1 of the ps LM-OSL signal. The agreement between the 
OSL (0.1 s) signal and component C2 of both LM-OSL 
and ps LM-OSL is very good only at a stimulation tem-
perature of 180°C, and becomes poor as the stimulation 
temperature increases. On the other hand, there is no 
discernible correlation between OSL component C3 and 
the OSL (0.1 s) signal at any stimulation temperature. 

The ratio of the OSL (0.1 s) signal over the integral of 
component C1 of both LM-OSL and ps-LM-OSL is 
shown in Table 1, together with the corresponding ratio 
over the OSL component C2. As it is seen from Table 1, 
these ratios show an excellent stability for all measure-
ments (LM-OSL or CW-OSL) and at all stimulation tem-
peratures, indicating that the OSL (0.1 s) signal corre-
sponds to ~7.5% of the total fast OSL component C1, and 
~11.5% for component C2. 

The second part of the present investigation is to find 
how much each component C1, C2 and C3 contributes to 
the OSL (0.1 s) signal. From a theoretical point of view, 
all the OSL components start from t≈0. Therefore, the 
ratio of each component at t≈0 over the sum of Eq. 3.1 
will give the contribution of each component to the OSL 
(0.1 s) signal.  

Table 2 shows that the OSL (0.1 s) signal comes 
mainly from components C1 and C2, with a very small 
contribution around 2% coming from the slower compo-
nents C3 and C4. The main contribution of about 85% 
comes from the component C1 and a secondary contribu-
tion of about 13% comes from the component C2. The 
results are the same for both LM-OSL and CW-OSL and 
for all stimulation temperatures.  
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Fig. 1. CDCA of an LM-OSL curve showing the individual OSL compo-
nents. 

 

Table 1. Percentage ratios of the OSL (0.1 s) signal over the integral of 
the components C1 and C2 of both LM and ps-LM-OSL data. 

T (°C) LM-C1 PSLM-C1 LM-C2 PSLM-C2 
180 7.70±0.26 6.60±0.14 11.46±0.40 12.57±0.70 
200 7.70±0.14 6.80±0.30 11.14±0.22 11.98±0.80 
220 7.30±0.25 7.50±0.20 11.43±0.60 11.45±0.80 
240 7.70±0.14 6.50±0.50 10.82±0.24 12.30±1.20 
260 7.30±0.50 6.40±0.30 13.2±1.60 11.10±1.80 
280 7.00±0.20 5.80±0.05 10.2±1.00 11.30±0.70 
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These results are identical to the results presented in 
Tables 1 and 2 of Murray and Wintle (1999), who found 
3 main components for their OSL (0.1 s) signal, labelled 
A, B and C. The OSL signal for their untreated natural 
quartz sample contained contributions of 99% and 1% of 
components A and C correspondingly. The OSL signal of 
their bleached-irradiated samples contained contributions 
of 61%, 38% and 1% from components A, B, C respec-
tively. 

Equivalence of the CW-OSL and LM-OSL signal 
analysis 

In this section we show that the experimental shapes 
of ps LM-OSL and LM-OSL curves are essentially iden-

tical and that they also yield the same type of information 
under the chosen experimental conditions.  

The left-hand panel of Fig. 6 shows typical results 
showing good agreement between the experimental LM-
OSL and the corresponding experimental ps LM-OSL 
curves measured on the same sample. This was the case 
of stimulation at 180°C. The middle panel of the same 
Fig. 6 presents the respective results for stimulation at 
220°C, while the right hand panel shows one of the worst 
cases, after stimulating at 280°C, where the two sets 
disagree with each other, especially as the stimulation 
time increases. The slight difference at higher stimulation 
times is probably attributed to the different background 
signals in each measurement. 

Our analysis of the data showed that deconvolution 
analysis of both LM-OSL and their counterpart ps LM-
OSL curves give exactly the same results. According to 
our theoretical choice of the experimental settings dis-
cussed in Appendix A, the individual peaks resulting 
from the deconvolution must have the same peak maxi-
mum time (i.e. tm= um). Table 3 shows the values of the 
peak maxima tm and um for components C1, C2 and C3 as 
they are obtained from a separate analysis. There is good 
agreement between the maxima obtained from analysing 
the two independently measured sets of data. The last 
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Fig. 5. Same as in Fig. 4 with the LM-OSL and CW-OSL measure-
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Table 2. Percentage ratios of the components C1 and C2 at t≈0 over 
the sum of all components C1–C4 

T (°C) LM-C1 PSLM-C1 LM-C2 PSLM-C2 
180 84.3±1.6 81.9±1.5 13.5±1.5 14.8±1.1 
200 84.8±0.6 84.7±0.8 13.5±0.6 13.4±0.7 
220 85.9±1.0 85.9±1.0 12.7±1.1 11.3±0.5 
240 86.9±0.9 84.6±1.0 11.7±1.1 13.8±1.3 
260 87.3±1.4 87.3±2.2 11.7±1.5 11.4±2.4 
280 84.7±0.3 83.1±1.3 14.5±0.4 15.3±1.1 
 

 

a) 
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column in Table 3 shows the ratio of the area under indi-
vidual LM-OSL peaks over the corresponding ps LM-
OSL peak integrals; these ratios are indeed the same for 
all analysed curves. It is noted that the ratios on the last 
column of Table 3 are not unity, because the ps LM-OSL 
curve represents a transformation of the original data 
according to Eq. 3.6. Ratios of LM-OSL and ps-LM-OSL 
integrated intensities are not expected to be of the order 
of unity. On the contrary, ratios of the LM-OSL to the 
corresponding CW-OSL (after re-transformation of the ps 
LM-OSL curve to the corresponding CW-OSL) are ex-
pected to be close to unity.  

In the case of component C3 there is an appreciable 
variation in Table 3 due to the experimental uncertainties 
at the high stimulation times of the OSL curves. The high 
stimulation time part of both LM and CW-OSL curves is 
difficult to reproduce accurately, since it is the sum of the 
tails of all OSL components beyond component C3, 
whose behaviour is unknown. 

Our results are in agreement with the recent theoreti-
cal and experimental study by Wallinga et al. (2008), 
who found that the OSL signal in several samples was not 
affected by the stimulation mode, and that there is a close 
correspondence between CW, LM and hyperbolically 
modulated OSL data. 

5. CONCLUSIONS 

The OSL (0.1 s) signal is found to be a composite 
signal consisting ~85% of OSL component C1 centred at 
tm~27 s and with a smaller contribution of ~13% from 
OSL component C2 centred at tm~51 s. Computerized 
analysis of all LM-OSL and ps LM-OSL curves at stimu-
lation temperatures between 180 and 280°C showed that 
these percentages are independent from the stimulation 
temperature. 

Furthermore, it is possible to transform CW-OSL data 
into the corresponding ps LM-OSL data measured on the 
same sample by choosing appropriately the experimental 
values of the stimulation intensities and total stimulation 
times. Computerized analysis of all LM-OSL and ps LM-
OSL curves showed that these two modes of OSL stimu-
lation yield exactly the same information, showing the 
equivalence between LM-OSL and CW-OSL measure-
ments. Further work is required in order to apply the 
same study to numerous quartz samples with various LM 
as well as CW-OSL curve shapes.  
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APPENDIX A 

Choice of experimental conditions for LM-OSL and 
CW-OSL measurements 

One might expect that analysis of a ps-LM-OSL curve 
would give the same results as an analysis of the corre-
sponding LM-OSL curve measured on the same sample. 
In this section we show that the stimulation intensity and 
the total simulation time during the LM-OSL and CW-
OSL experiments can be chosen so that the ps-LM-OSL 
and LM-OSL curves are identical. 

As a first requirement for the two peak-shaped curves 
to be identical, the total time for the LM-OSL measure-
ment PLM is required to be equal to the corresponding 
total time PPS-LM for the PS-LM-OSL transformed data, 
i.e. PPS-LM=PLM. By using Eq. 3.8 this yields 

2PS LM LM CWP P P− = =  (A.1) 

This is our first experimental requirement, so that the 
total measurement times PLM and PCW have a ratio of √2.  

Eq. A.1 makes the time axis of both LM and ps-LM 
OSL to have the same values. However, in order for the 
LM-OSL and the ps-LM-OSL curves to coincide exactly, 
their peak time maxima must also coincide. The time 
maximum for a first order LM-OSL peak is given by the 
equation (Bulur 1996) 

LM

LM
m I

Pt
α

=2  (A.2) 

and with a similar expression for the corresponding ps-
LM-OSL peak shaped data: 

2 PS LM
m

PS LM

Pu
Iα

−

−

=  (A.3) 

Therefore by setting um=tm one has from Eqs. A.2 and 
A.3: 

PS LM LM

PS LM LM

P P
I I

−

−

= . (A.4) 

Finally by taking into account Eq. A.1 we obtain the 
necessary condition for the LM-OSL maximum to occur 
at the same time value as the peak-shaped ps-LM-OSL 
data:  

CWLM II ⋅= 2 . (A.5) 

Under the settings given by Eqs. A.1 and A.5, the 
LM-OSL and ps-LM-OSL curves should coincide exactly 
in shape. However, the integrals under the peaks will be 
different due to the transformation applied to the CW-
OSL data.  

In the present work we chose the total stimulation 
times to be PCW=355 s for the CW-OSL measurements 
and PLM=√2PCW=√2(355 s)=500 s for the LM-OSL meas-
urements. Similarly, the LED powers were chosen to 
have a ratio of √2, namely 28 and 40 mW/cm2 for the 
CW-OSL and LM-OSL measurements respectively.  

A comparison between the LM-OSL and CW-OSL 
signals also requires that the total light energy delivered 
to the sample be equal for the two modes of optical 
stimulation. The total CW-OSL and LM-OSL energy 
delivered to the sample are given by Eqs. 3.2b and 3.5b 
correspondingly. By using the settings given by Eqs. A.1 
and A.5, it is easy to show that the two total energies are 
indeed the same: 

1
22 2

LM LM
CW CW CW LM LM LM

I PE I P I P E= = = =  (A.6) 
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