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Abstract Optically stimulated luminescence (OSL) read-

ing systems are becoming smaller and capable of real-time

detection. To improve real-time and multipurpose radiation

dosimetry readings, we built a real-time continuous-wave

(RCW) OSL reading system. This system is both small and

lightweight, and it employs powerful laser excitation

(478 mW/cm2) at the dosimetry probe location. We

investigate the possibility of using the RCW mode to read

the radiation luminescence (RL) or OSL by using a single-

crystal Al2O3:C dosimeter in a low-dose-rate 137Cs c field.

Our results indicate that the RL/OSL follows a stable and

uniform distribution. The minimum detected doses asso-

ciated with the RL, OSL, and RL ? OSL signals are

2.1 9 10-2, 3.17 9 10-1, and 5.7 9 10-2 lGy, respec-

tively. This device provides a framework for the future

development of applications for practical radiation dose

measurements.

Keywords OSL � Real-time reading � Al2O3:C � Radiation
dose

1 Introduction

Optically stimulated luminescence (OSL) is a technol-

ogy that uses laser stimulation in a pre-irradiated material

that emits a luminescence signal proportional to the radi-

ation dose. The suitability of OSL for radiation dosimetry

was discovered by Albrecht and Mandeville [1] in 1955. Its

development was further improved when Akselrod and

McKeever [2] used a pulsed OSL mode to read dosimetry

signals. OSL detectors have gradually become a valuable

competitor to conventional thermoluminescence dosimetry

(TLD) systems, whose main application is passive radia-

tion dosimetry. Al2O3:C-based OSL dosimetry systems

have started to replace TLD systems as personal dosimetry

devices at a number of leading, nationally accredited ser-

vice providers, and already meet the American National

Standards Institute criteria [3]. OSL has also been used in

personal dosimetry systems in other countries [4]. Appli-

cations of OSL range from radiotherapy [5–9] to environ-

mental monitoring [10, 11], space (astronaut) dosimetry

[12], and geological research [13].

The idea of coupling OSL to optical fibers for remote,

real-time radiation dose monitoring [14–17] has been

studied by several research groups. OSL devices are also

becoming smaller and capable of real-time measurements.

At Landauer Inc., OSL dosimeter tests were developed by

Jursinic [18], who aimed to make the device even more

compact. Their device proved to have significant advan-

tages over TLD systems and diodes for in vivo dosimetry

and routine clinical dose measurements. Liu [19] devel-

oped an OSL reading system integrated into an optical fiber

dosimeter, which can perform online radiation dose mea-

surements. However, its counting method was not truly real

time but rather similar to that of conventional OSL
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systems. Marckmann et al. [20] designed an OSL real-time

system using a small cylindrical (diame-

ter 9 length = 0.5 mm 9 2 mm) Al2O3:C crystal as a

dosimetry probe. It is small enough for in vivo dosimetry.

However, a beam splitter was employed in that configu-

ration to separate the excitation light from the stimulated

light, which increased the design difficulty. Furthermore,

the optical fiber probe was attached to the detector by an

optical fiber, which does not permit changing of the

detector material.

In this paper, we introduce a novel home-built integral

real-time continuous-wave (RCW) OSL reading system. In

this small and lightweight device, the optical fiber

arrangement increases the luminescence signal and

improves the signal-to-noise ratio. The dosimeter probe

structure ensures compatibility with different luminescent

materials. We also investigate the possibility of using

Al2O3:C as an online OSL material for real-time dose

measurements. This paper describes three types of signals

that characterize the radiation dose. We used radiation

luminescence (RL) and OSL signals in combination with

this real-time optical luminescence reading system. A

simple algorithm is introduced to calibrate the lumines-

cence signals with the radiation dose. This results in high

accuracy and enables assessment of the dose delivered to

the point of measurement using real-time information.

2 Hardware and experimental

2.1 Hardware

The measurements were taken with a home-built real-

time OSL reading system. A schematic diagram and a

photograph of the light-tight box are shown in Fig. 1.

As shown in Fig. 1a, the primary optical component of

the OSL reading system consists of a green laser diode, a

photomultiplier tube (PMT), a counter (ORTEC Model

871), a dosimeter probe, a fiber coupler, an optical filter

(Hoya-B-370), and a transmission fiber. Figure 1b shows

an overview of the RL/OSL readout system. All the elec-

trical and optical components are commercially available,

and all the optical components, except for the dosimeter

probe and counter, are contained in a light-tight box. An

electrical wire is connected to the controller readout, and a

long fiber-optic cable is connected to the dosimeter probe.

This light-tight box is small, and its light weight allows

easy storage and transport.

Stimulation light at 532 nm is provided by a laser diode,

which has a power density of 478 mW/cm2 at the detection

material location. The laser transmitted through the central

optical fiber is collected at the dosimeter probe, and a

stimulated luminescence light peak at 420 nm appears,

which is attributed to the F center. There is guide back to

the light-tight box through six surrounding optical fibers to

the PMT. A 395–440 nm band-pass filter is used to exclude

the reflected stimulating light. The PMT–filter combination

has its peak sensitivity at 420 nm. This is optimal for

collection of the stimulated luminescence and exclusion of

the reflected stimulating light. One advantage of this design

lies in the transmitting optical fiber, which creates the light

path shown in Fig. 2a. The emitted light is transported

through six surrounding optical fibers, which enhances the

luminescence signal and improves the signal-to-noise ratio.

This arrangement also reduces the circuit design difficulty.

The PMT output is connected to the outer counter, which

displays the number of counted photons.

A photograph of the dosimeter probe is shown in

Fig. 2b. The dosimetric material and optical fiber are

coupled within the dosimeter probe, which is mounted at

the end of a 1.8-m-long fiber-optic cable. The probe and the

Fig. 1 a Schematic of the real-time RL/OSL readout system and b photograph of the light-tight box (45 9 40 9 15 cm3, 11 kg)
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inside of the lid are shiny, so they reflect the laser and

luminescence to increase the power density of both. The

flexible fiber allows the probe to be installed at arbitrary

locations and access complicated radiation environments

while ensuring the safety of the operator. The structure of

the probe allows for easy replacement of the dosimetric

material and is suitable for different types of material. This

device would be appropriate for measuring a low-dose-rate

radiation source (below a few hundred micrograys per

hour), and the high-power optical stimulation source

(478 mW/cm2) can effectively exclude trapped electrons in

the dosimetric materials.

2.2 Experimental design

Irradiation was performed with a calibrated low-dose-

rate 137Cs c source. The dosimetry probe was placed near

the open gate of the lead pot that contained the 137Cs

source. The dose rate at the dosimetry probe position was

calibrated at 3.81 9 102 lGy/h using a portable c dose rate
meter (BH3103A). A single crystal of aluminum oxide

doped with carbon (Al2O3:C), provided by the Shanghai

Institute of Optics and Fine Mechanics (Chinese Academy

of Sciences), was used as the dosimetric material. The

dimensions of the crystal were 5 mm 9 4 mm 9 1 mm,

and optical transparency was obtained after double-sided

polishing. A 30-min photobleaching treatment was carried

out before the experiment using a 420-nm blue light beam.

The radiation monitor probes were placed within the 137Cs

c radiation field to measure the exposure dosage. All

experiments were performed at room temperature.

The Al2O3:C material exhibits light emission during

irradiation or upon stimulation by another light source after

irradiation. A simplified scheme of the relevant physical

principles is presented in Fig. 3. When the material is

exposed to ionizing radiation, electron–hole pairs are cre-

ated. These ionized electrons can enter the conduction band

and decay via trapping centers that offer possibilities for

both nonradiative and radiative transitions. To determine

the dose, we use the radiative transitions. In other words,

we detect a signal associated with a certain wavelength

emitted by the material. When the material is placed in the

radiation field and emits luminescence immediately, it

behaves like a scintillator, emitting light in the form of RL.

This process involves trapping of an ionized electron by a

shallow trap, where the electron is unstable and is even-

tually released back to the conduction band. Subsequently,

it can be trapped by other deeper traps or luminescence

centers. The ionized electrons trapped in deeper traps have

lower energy levels, which are stable and do not contribute

to the RL process. These electrons are stored there for a

long time. When stimulated by light with a suitable wave-

length after irradiation, these trapped electrons are released

and reabsorbed in traps or luminescence centers. When

they recombine at luminescence centers, the emitted light

is called the OSL signal. Both RL and OSL emission

contain short and long luminescence components.

Fig. 2 a Schematic and b photograph of dosimeter probe (Color online)

Fig. 3 Simple band gap model of the RL and OSL processes
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Figure 4 compares the properties of the two types of

emission in our experiment. The RL depends strongly on

the properties of the incoming radiation. If the exposure is

interrupted using very fast signal attenuation, the RL stops

immediately. Conversely, the OSL signal is maintained

until the electrons trapped in the deeper defect sites all exit

under the excitation light, even though the radiation source

is closed. Both signals can be used for radiation dose

measurements. In this study, independent absorbed dose

estimates were obtained by integrating either the complete

RL signal during irradiation or the complete OSL signal

stimulated by the stimulating light during irradiation. The

reading modes for the RL and OSL are shown as green and

red lines in Fig. 4a, respectively. This is different from the

conventional CW-OSL mode [3, 21] shown in Fig. 4b.

This method can be called a really continuous-wave OSL

system, where the radiating material is constantly stimu-

lated by a constant-intensity light source, and the OSL

signal is monitored continuously throughout the stimula-

tion period. The radiation and optical stimulation are per-

formed at the same time, not sequentially, and the radiation

source has a low dose rate, but the optical stimulation

source has a high power density (478 mW/cm2). Thus, the

trapped electrons can be effectively excluded, so there is no

accumulation of trapped electrons in the dosimetry mate-

rial, and the stored dose is not saturated. Consequently,

there are no changes in the sensitivity of the Al2O3:C

material. Because the radiation dose signal is calculated as

the area under the continuous-wave intensity curve, this

method is called the integral RCW-OSL method.

The strength of both signals (RL and OSL) depends on

the background level and includes the stem effect [22],

which is unwanted light emission from the fiber cable

during irradiation, plus the contribution from the equip-

ment/sample background, which interacts with the radia-

tion pattern. The background signal was removed by

simple subtraction, along with the interference from the

stem effect and radiation pattern. A diagram showing the

signal strength relationships among the RL, OSL, stem

effect, and equipment/sample background is displayed in

Fig. 5. The remaining RL and OSL signal strength is

almost constant with time; see Fig. 7.

Next, the experimental data are fitted with a straight

line, and the area under each line is calculated as a function

of time. This integral corresponds to the time evolution of

the total counts during a time interval. Because the radia-

tion dose is correlated with the radiation time, this provides

the trend for the total counts as a function of the radiation

dose.

2.3 Minimum detectable dose (MDD)

The minimum detectable dose (MDD) of a detector

system is affected by the signal-to-noise ratio. The noise

depends on the standard deviation of the noise signal.

Another important factor is the sensitivity of the detection

system to the desired signal. Here, the dose signal is cal-

culated as the area under the RCW signal according to the

RCW-OSL method discussed above. We can therefore

determine the MDD using a method developed by Rawat

et al. [23], which uses the integrated area under the CW-

OSL wave, according to the following equation:

where r is the standard deviation of the background noise

counts for the integration time t, 3r indicates that the MDD

is evaluated within a 99.7% confidence level, and U stands

for the stimulation intensity in mW/cm2. In our experiment,

the noise and RL/OSL signals are almost constant over

time. Hence, the standard deviation (r) of the background

noise counts was calculated during a relatively long period

(2 min). The integration time can be chosen freely, as long

Fig. 4 Schematics of a the reading mode and b the routine CW-OSL

mode

MDDðlGyÞ ¼ 3rðcountsÞ
IntegratedCW-OSL signal per unit dose at givenU ðcounts=lGyÞ ;
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as the background signal is subtracted from it. The stim-

ulated power U used in this study is 478 mW/cm2.

The noise signal contains several components, which

can be measured separately. We assume that the noise

components are mutually independent, so the standard

deviations (r) of each component satisfy the following

relations:

r ¼
ffiffiffiffi

D
p

; ð1Þ

RL ¼ RL0 � b1; ð2Þ

D RLð Þ ¼ D RL0ð Þ þ D b1ð Þ; ð3Þ

S ¼ b0 � b; ð4Þ

D Sð Þ ¼ D b0ð Þ þ D bð Þ; ð5Þ

BCosl ¼ b2þ RLþ S ¼ b2þ RL0 � b1þ b0 � b; ð6Þ

D BCoslð Þ ¼ D b2ð Þ þ D RL0ð Þ þ D b1ð Þ þ D b0ð Þ þ D bð Þ:
ð7Þ

Here, b1 is the noise signal of the stem effect and the

equipment in the radiation field (without illumination,

without a crystal sample, with radiation); RL0 is the RL

signal of the crystal samples before the noise signal is

subtracted (without illumination, with crystal samples, with

radiation); RL is the net RL signal of the crystal sample;

b is the noise signal of the equipment (with illumination,

without radiation, without crystal samples); b0 is the noise

signal of the equipment (with illumination, without radia-

tion, with crystal samples); S is the noise signal of the

crystal samples caused by the illumination; b2 is the noise

signal of the stem effect and the equipment in the radiation

field (with illumination, without crystal samples, with

radiation); and BCosl is the total OSL background signal of

the crystal samples during normal operation (with illumi-

nation, with radiation). D is the variance of these signal

data; because we assume that the different signals are

mutually independent, the variance of the total signal can

be calculated by adding those of each component.

Fig. 5 Diagram of the signal

strength relationships among the

different signals as a function of

time: a background (BC) signal,

b stem effect signal, c signal

strength, stem effect, and

RL ? Stem signal, d signal

strength and background,

Stem ? BC,

RL ? Stem ? BC,

OSL ? RL ? Stem ? BC

signal (Color online)

Fig. 6 Absorption intensity of an Al2O3:C single crystal and an

Al2O3 single crystal (Color online)
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3 Results and discussion

During laser stimulation, luminescence is observed in

the irradiated sample because trapped electrons are delo-

calized and recombined at luminescence centers. This

unique luminescence property is found in very few mate-

rials, and the most well-known of which is Al2O3:C. Fig-

ure 6 shows the optical absorption spectrum of an Al2O3:C

single crystal, together with that of an Al2O3 single crystal

for reference. The measuring equipment was a SolidSpec-

3700. Although the undoped Al2O3 single crystal shows no

clear absorption peaks across the entire tested range, the

Al2O3:C single crystal shows a strong absorption band at

204 nm and a weaker absorption band at 257 nm. Both the

location and shape of these absorption bands are consistent

with other research results [24–26], confirming the suit-

ability of our Al2O3:C crystal for use as a dosimetric

material. The 204-nm absorption peak is caused by F

centers, which correspond to electron transitions from the

1S level to the 1P level [27]. The main luminescence signal

at 410 nm is also emitted from this center [27–29], whereas

the 257-nm peak is caused by F?-center absorption, which

corresponds to electron transitions from the 1A level to the

1B level [30]. These results indicate the important role of C

in the formation of an effective luminescence center.

Figure 7 shows a time series of the RL and OSL counts,

which were acquired with a time step of 1 s period over a

total time of 8 h. The interval time between each period

and excitation laser to stimulate the OSL is constant. The

background signal has already been subtracted from the

values displayed in the graph. The trends of both the RL

and OSL are constant over time. The average value of these

data points does not change with time under these condi-

tions. Therefore, average-value curves can be used to

represent the mean values of the RL and OSL counts. The

average values for the RL and OSL counts are 1.56 9 102

counts/s and 6.7 9 101 counts/s, respectively. Overall, the

entire data set can be fitted by a straight line, with the data

points evenly distributed on both sides. In other words, the

RL and OSL counts do not change with time but maintain

an almost constant average value when the stimulating

light is off and on, respectively. This phenomenon is dif-

ferent from the results obtained by Polf et al. [31], who

used a high dose rate ranging from 10 to 34 mGy/s with

beta particles as the radiation source. In another study [30],

the experimental curve of counts over time showed an

initially increasing trend that reached saturation. It took

longer to reach equilibrium than we found in this study. In

our test, we used a lower dose rate of 3.81 9 102 lGy/h
and a gamma-ray radiation source, which led to a different

accumulation effect. The different results may be due in

part to the different radiation source, and the time required

to reach equilibrium is probably influenced by the radiation

dose rate. The continuous high-power exciting laser can

effectively remove the accumulated dose over time under

this low-dose-rate condition, which makes the average

Fig. 7 RL and OSL counts.

a RL counts over 8 h, b RL

background signal for 2 min,

c OSL counts over 8 h,

d average OSL background

signal for 2 min
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luminescence signal suitable for many types of low-dose-

rate radioactive source monitoring in real time.

Figure 7b, d displays the background signals of the RL

and OSL counts, respectively. The background of the RL

can be measured in a single operation. Therefore, we can

obtain a simple description of the data point itself. Con-

versely, the background of the OSL consists of several

components that must be measured separately. Therefore, it

is not easy to display it in Fig. 7d. The standard deviation is

calculated by considering all the effects discussed in the

previous sections. We can deduce that the average values

of the RL and OSL counts can be expected to remain

constant for a virtually infinite time under these radiation

and excitation light conditions. This result allows us to

develop a simple radiation dose algorithm using the RL/

OSL signal.

Now we find the relationship between the radiation dose

and the equipment readout. The radiation dose can be

calculated from the radiation time using the calibrated

value of 3.81 9 102 lGy/h from the 137Cs source. The

total counts of the RL/OSL signals can be found by cal-

culating the areas under the average-value curves for a

given time. Figure 8 shows the total count–dose curves of

the RL and OSL signals. The graph shows a linear corre-

lation between the total counts and the radiation dose.

Because the integration was performed using the average

values of the RL and OSL counts, the curve shape is

expected to remain the same if the total count–dose curve

is extended indefinitely. This relation is consistent with

previous research results on OSL, which, however, showed

a saturating dose limit. This is because the conventional

CW-OSL reading mode excites the material using a laser

after irradiation, so the dose is saturated after a long radi-

ation time. Conversely, no saturation effect is observed in

the RCW-OSL reading mode. The reason may be the

strong excitation power density of 478 mW/cm2, which

continuously excites trapped electrons away from defect

centers.

Next, the MDD is calculated for these radiation and

measuring conditions. When the RL counts are used as the

characteristic radiation dose, r is 16.7, and the integrated

counts per lGy are 2385.7, so the MDD is

2.1 9 10-2 lGy, whereas in the case of the OSL counts,

the MDD is 3.17 9 10-1 lGy.
In our reading mode (RCW-OSL), RL and OSL are

emitted simultaneously. In order to further improve the

signal-to-noise ratio and reduce the MDD, an attempt is

made to combine the RL and OSL counts to characterize

the radiation dose. Figure 9a shows that the total RL ?

OSL counts are also uniformly located near the average-

value curve, which can thus be used to index all the data

points. This result is in agreement with the individual RL

and OSL counts. Figure 9b displays the RL ? OSL total

count–dose curve, which has a larger slope than the RL and

OSL dose–response curves. However, it can be extended

for an indefinite time as well. For the RL ? OSL counts,

the minimum detectable dose is 5.7 9 10-2 lGy.
Although the net effective signal increases, the standard

deviation of the background signal interferes with the OSL

background, which moves the MDD to an intermediate

value between the RL and OSL values.

A conventional CW-OSL reading process was also

performed with our RCW-OSL reading system. Our

dosimeter probe was inserted into the radiation field for 1 h

without illumination. Then, the dosimeter probe was

exposed to the exciting laser to read the luminescence

signal in the routine CW-OSL mode. Figure 10 shows the

count attenuation curve, which reveals exponential decay

toward the background level after 2 min with no plateau at

the beginning. This indicates that there is no saturation

effect after 1 h of exposure. The attenuation coefficient is

Fig. 8 Count–dose curves of RL and OSL (Color online)

Fig. 9 Combined RL ? OSL a counts versus time and b total counts

versus dose (Color online)
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influenced by both the experimental conditions and the

material properties of the dosimeter. This signal also

includes short- and long-duration components, and the

curve’s shape is in agreement with other results from the

literature. The curve exhibits a sharp peak during the first

few seconds; this is caused by the laser opening time,

which cannot be accurately controlled. This means that the

actual laser opening time occurred during the first second,

when the counter was counting. The first count is 16,406,

and the second count is 35,764; the number of counts in the

first second should be much larger than this value. How-

ever, this error can be corrected to achieve a higher degree

of accuracy. This demonstrates that our home-built RCW-

OSL reading system can also effectively work using the

conventional CW-OSL mode.

Exposure of an Al2O3:C single crystal exposed to sun-

light for one day resulted in a luminescence signal. This

means that sunlight can erase the radiation dosimetric

information and generate new dosimetric information for

this detector material. This phenomenon has been previ-

ously reported by West et al. [32]. In the RCW-OSL mode,

when the radiation source is closed and the exciting green

light is on, the OSL decreases abruptly, soon approaching

the background level. This indicates that the reading laser

itself (478 mW/cm2) can effectively bleach the remaining

luminescence centers, although a small amount of the long

luminescence component remains. To clear these signals

completely before reusing the device, a separate 420 nm

blue light photobleaching process should be used.

4 Conclusion

A home-built RL/OSL dosimetric real-time reading

system (RCW-OSL system) was developed, which can

measure the radiation dose over a long time in a low-dose-

rate 137Cs c field. The equipment is compact and light-

weight, making it easy to carry and suitable for monitoring

a stationary radiation source such as the 137Cs source used

in this paper. The optical fiber structure and dosimetry

probe design can help improve the signal-to-noise ratio,

enhance the power density (478 mW/cm2), and enable

simple changes in the detection material. A simple radia-

tion dose algorithm was developed, which uses the average

values to quantify the RL/OSL signal and determine the

MDDs of the RL signal, OSL signal, and RL ? OSL sig-

nal, whose experimental values were 2.1 9 10-2,

3.17 9 10-1, and 5.7 9 10-2 lGy, respectively. This fast
algorithm can be easily used to determine the radiation

dose. Future work will be focused on studying the dose-rate

dependence and evaluating real-time monitoring of

charged particle radiation doses. Through continuous

improvement, this system may be used to obtain a real-time

radiation dose meter suitable for a wide range of

applications.
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