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[57] ABSTRACT 

A bimodal method for determining an unknown absorbed 
dose of radiation. An irradiated material is illuminated with 
ultraviolet or visible light and the luminescence which is 
emitted from the material is detected. The illuminating light 
is pulsed, with pulse widths varying from 1 ns to 500 ms. 
The luminescence emission from dosimetric traps is moni
tored after a delay following the end of the illumination 
pulse. The integrated luminescence signal is related to the 
initial absorbed dose of radiation and thus may be used to 
calculate the unknown absorbed dose after calibration. In a 
first mode, the material is completely detrapped-that is, all 
the dosimetric traps are emptied by the illumination beam. 
In a second mode the number of illumination pulses, each 
being followed by the time delay and by periods during 
which the luminescence signal is detected, is selected such 
that only a portion of the radiation-induced luminescence 
from the material is extracted. 

14 Claims, 6 Drawing Sheets 
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the total luminescence output in general depends on the total 
amount of light delivered to the luminescent material. 

METHOD FOR DETERMINING AN 
UNKNOWN ABSORBED DOSE OF 
RADIATION USING OPTICALLY 
STIMULATED LUMINESCENCE 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

It is thus an object of this invention to provide a method 
for achieving fast measurements with high sensitivity over a 

5 wide dynamic range of radiation doses without encountering 
significant background signal interference or stimulation 
light leakage. 

The present invention was partially supported through a 
grant from the National Science Foundation, grant #EHR-

10 
9108771. The government may have rights in this invention. 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of copending U.S. 15 

provisional application Ser. No. 60/004,140, filed on Sep. 
22, 1995. 

REFERENCE TO MICROFICHE APPENDIX 

Not applicable. 

BACKGROUND OF THE INVENTION 

1. Technical Field: 

20 

This invention relates generally to luminescence tech- 25 

niques for radiation dosimetry, and, more specifically, to 
rapidly determining an unknown absorbed dose of radiation 
using optically stimulated luminescence. 

2. Background: 

Following its first demonstration as a dating tool by 
Huntley et al.,1 optically stimulated luminescence (OSL) has 
developed into a popular technique among the geological 
dating community for the determination of equivalent doses 

30 

in natural materials. The utility of the technique relies on the 35 
fact that the thermoluminescence (TL) signal from many 
natural materials is sensitive to light, and exhibits such light 
sensitive effects as light-induced fading, and phototrans
ferred TL (PTTL). By exploiting this light sensitivity one 
can examine not only the loss of TL as a function of light 40 
exposure, but also one can monitor the luminescence emit
ted during light exposure, and use this luminescence signal 
as a dosimetric probe. 

The application of OSL in personal and environmental 
dosimetry has been much less frequent. Although most of 45 

the popular TL materials exhibit light-induced effects there 
has been little exploitation of this as a dosimetric tool.2 The 
main problem in OSL dosimetry arises from using a high 
intensity laser to stimulate an irradiated sample of a lumi
nescent material compared to the very low intensity of 50 

luminescence that is to be detected from the material. Even 
the best interference filters and mirrors, like notch filters in 
combination with glass filters, partially transmit the intense 
laser light, and this leakage of stimulation light can be 
stronger than the OSL intensity by several orders of mag- 55 

nitude. 

SUMMARY OF THE INVENTION 

The present invention encompasses measuring the opti
cally stimulated luminescence generated from a luminescent 
material having a relatively long lifetime of luminescence 
using short pulses of laser light stimulation and measuring 
luminescence only between pulses of light stimulation and 
after a certain delay following the stimulation pulse. 

High efficiency and fast luminescence measurements of 
radiation doses over a wide dynamic range are achieved by: 

( a) quickly reaching a high population of excited state 
luminescence centers in an irradiated detector material 
using a sequence of pulses from an illumination beam 
(light pulses from a laser or flash lamp); 

(b) keeping this high population of excited states for a 
long enough time to let a photodetector (particularly a 
PMT) relax after the illumination ( or stimulation) 
pulse; 

(c) measuring the OSL, induced by radiation, between 
illumination pulses with high efficiency, defined as a 
high luminescence yield with a low background signal 
and a small loss of luminescence signal during the 
pulse of illumination and during the PMT relaxation 
time; and 

(d) adjusting the illumination (laser) power and the num
ber of illumination pulses to perform dose measure
ments in the dynamic range of at least seven (7) orders 
of magnitude and to prevent the saturation of the 
photodetector and/or photon counting system. 

One aspect of the invention is a method for determining 
the absorbed dose of radiation from aluminum oxide mate
rials based on the observation of optically stimulated lumi
nescence from this material following exposure of the 
material to ionizing radiation. The method involves illumi
nating the irradiated material with ultraviolet or visible light 
of variable wavelength in the wavelength range 250 nm to 
800 um, and detecting the luminescence which is emitted 
from the material. The luminescence emission may be of 
variable wavelength, in the wavelength range from 250 nm 
to 800 nm. The illuminating light is pulsed, with pulse 
widths varying from 1 ns to 500 ms. The luminescence 
emission is monitored after a delay following the end of the 
illumination pulse. The integrated luminescence signal is 
related to the initial absorbed dose of radiation and thus may 
be used to calculate the unknown absorbed dose after 
calibration. 

The preferred method is bimodal in nature. An irradiated 
sample of a luminescent material, such as aluminum oxide, 
is mounted in the path of an illumination beam. The sample 
has a plurality of lattice defects and impurities which act as 
traps and luminescence centers. The lifetime of the lumi-

60 nescence centers is at least 15 µs and the sample has a 
radiation-induced absorption within the wavelength range of 
stimulation of the traps of interest (the so-called "dosimetric 
traps"). The illumination beam is pulsed for a period of time 
that is at least 10 times smaller than the lifetime of the 

OSL measurements may be performed in two basic 
configurations-continuous wave ( cw) or pulsed. In cw 
measurements, the luminescence is continually monitored 
during optical stimulation until all of the trapped charge is 
depleted. In existing pulsed OSL measurements, the lumi
nescence is detected during the stimulating light pulse. 
However, existing methods for measuring OSL during con
tinuous wave or pulsed light stimulation suffer from signifi
cant background signal interference caused by stimulation 65 

light leakage. Decreasing the stimulation light intensity 
results in longer data acquisition time requirements because 

luminescence centers. It is important that the photon flux 
(photons/second/cm2

) of the illumination beam be insuffi
cient to heat the luminescent material to a temperature above 
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power or constant laser energy. The data illustrated were 
taken with a laser power of 237 mW. Data taken with 
constant energy (0.237 mJ) gave identical results. 

FIG. 4 is a graph expressing POSL after a dose of 30 µGy 

that which would cause thermal quenching of the lumines
cence centers nor above that which would cause the thermal 
emptying of the dosimetric traps (so producing thermolu
minescence of the material). Irridation of the luminescent 
material induces coloration of the material and creates in the 
material a radiation-induced ability to absorb certain wave
lengths of incident light. This phenomena can be observed 

5 of 137Cs at room temperature, using "Mode II". The accu
mulated counts from the first 10, the second 10 and the third 
10 laser pulses are shown, as a function of time after the 
laser pulse. The background signal from an unirradiated by monitoring the amount of light absorbed by the irradiated 

material as a function of the wavelength of the incident 
illuminating light. In the present invention it is important 

10 
that the wavelength of the illumination beam be within the 
wavelength range of this radiation-induced absorption abil
ity. It is also necessary that the chosen wavelength does not 
produce photoionization of, or luminescence from, unirra
diated material. A luminescence signal emitted from said 
luminescent material is detected with a photodetector after a 
time delay following the pulsing of the illumination beam. 
The luminescence signal being emitted is of a wavelength 
different from the wavelength of the illumination beam. The 
time delay serves the purpose of allowing the photodetector 

sample is also shown. 
FIG. 5 is a graph expressing the dose dependence of the 

POSL signal, measured using "Mode II", as a function of 
absorbed dose (from either 90Sr/'0Y or 137Cs sources). The 
dashed line gives the line of linearity. 

FIG. 6 is a graph expressing the normalized decay of the 
15 POSL signal versus the total number of laser pulses, for 16 

different samples. Inset: the same data for a pre-selected 
subset of samples, chosen on the basis of the similarity in the 
FWHM of the TL peak. 

to relax after the stimulation pulse. 20 

In a first mode, the sample is completely detrapped-that 
is, all the traps are emptied by the illumination beam. The 
number of illumination pulses, each being followed by the 
time delay and by periods during which the luminescence 
signal is detected, and the total illumination light energy is 25 

selected such as to completely, or almost completely, extract 
all radiation-induced luminescence from the sample. 

Absorbed dose re-estimation is available when the system 
is operated in a second mode. In this mode the number of 
illumination pulses, each being followed by the time delay 30 

and by periods during which the luminescence signal is 
detected, is selected such that only a portion of the radiation
induced luminescence from the sample is extracted, the 
amount of the illumination light energy being precisely 
measured and determined in order to perform two or more 35 

measurements on the same sample after the same irradiation. 
In either of the two modes, the luminescence signal is 

compared with calibrated luminescence signals attributable 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

Before explaining the present invention in detail, it is to 
be understood that the invention is not limited in its appli
cation to the details of the construction and arrangement of 
steps illustrated herein. The invention is capable of other 
embodiments and of being practiced or carried out in a 
variety of ways. It is to be understood that the phraseology 
and terminology employed herein is for the purpose of 
description and not of limitation. 

In general, an irradiated sample of an acceptable lumi-
nescent material, such as aluminum oxide, is mounted in the 
path of a beam ofultraviolet or visible light ( the illumination 
beam). The illumination beam may vary in wavelength from 
250 nm to 800 nm. The illumination beam is pulsed, with 
pulsed widths varying from 1 ns to 500 ms. Although the 
emission from the sample can be detected simultaneously 
with the illumination using filters to discriminate between 
the illumination light and the emission light ("filter" mode; 
Mode I, FIG.2), the preferred embodiment of this invention to known doses of irradiation in order to determine the 

unknown absorbed dose of irradiation. 
In one aspect of the preferred bimodal method, two or 

more illumination beams having different wavelengths are 
pulsed to stimulate two or more sets of other traps having 
different optical depths. 

40 is to monitor the emission light after the end of the illumi
nation period, with or without using filters ("non-filter" 
mode; Mode II, FIG. 2). 

In another aspect of the preferred bimodal method, the 45 

intensity of the illumination beam is adjusted commensurate 
with the dose range being studied in order to achieve a 
dynamic range of absorbed dose of at least seven (7) orders 
of magnitude. 

The integrated luminescence emission, integrated over a 
predefined period ranging from nanoseconds to seconds, can 
be calibrated by irradiating the material to different known 
doses of ionizing radiation and monitoring the luminescence 
intensity that results from the radiation exposure. Unknown 
doses of radiation may therefore be determined from a 
comparison of the luminescence emission from the unknown 
dose with that which results from the calibrated exposures. 

The method works in the following way: Irradiation 
excites free electronic charge carriers ( electrons and holes) 
in the material. The free charge carriers become trapped at 
lattice defects (traps or luminescence centers) within the 
material. The lattice defects may be pre-existing (impurities, 
vacancies, interstitial ions, and complexes of these) or may 
be created by the radiation itself. The trapped charge is 
localized at the defects for time periods varying from 
seconds to years, depending upon the temperature. The 

A better understanding of the invention and its objects and 50 

advantages will become apparent to those skilled in this art 
from the following detailed description, taken in conjunction 
with the attached drawings, wherein there is shown and 
described only the preferred embodiment of the invention, 
simply by way of illustration of the best mode contemplated 55 

for carrying out the invention. As will be realized, the 
invention is capable of modifications in various obvious 
respects, all without departing from the invention. 
Accordingly, the description should be regarded as illustra
tive in nature and not as restrictive. 60 stable trapped charges (i.e. at other defects) when stimulated 

via the absorption of light, are freed from the traps and 
recombine with charges of opposite polarity at the lumines
cence centers. This results in the emission of light from the 
sample. The intensity of the light emitted is proportional to 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic of a pulsed-OSL (POSL) system. 
FIG. 2 is a timing diagram for the POSL measurements 

illustrating two possible modes of operation. 
FIG. 3 is a graph of efficiency data (expressed as the ratio 

IiI1 ,) as a functions of pulse width, for either constant laser 

65 the initial dose absorbed. 
This invention utilizes several new features not previously 

exploited in other similar applications published in the 
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literature. These include: (a) the use of pulsed illumination 
to release trapped charges from defects followed by a short 
delay before measuring the emitted light; (b) the use of 
multiple wavelengths to select different groups of dosimetric 
traps; and (c) the use of laser beams of different powers to 5 

extend the dynamic range. 

Existing similar technology uses either: 

6 
the excitation beam one can selectively free charges from 
different defects (traps). Wavelengths in the range 400 nm to 
550 nm are used to empty charges from the so-called 
"dosimetric traps" and light in the wavelength region from 
250 nm to 400 nm is used to empty charges from the 
so-called "deep traps". Thus, by illuminating an irradiated 
sample to say 500 nm light, one may read the luminescence 
signal due to the release of the charge from the "dosimetric 
traps" only. A subsequent second illumination with light of 

(i) Continuous illumination of the irradiated sample with 
the simultaneous detection of emitted light using filters 
to discriminate between the illumination light and the 
emitted light; or 

10 say 400 mm will result in the ability to read the lumines
cence signal caused by the release of trapped charge from 
the "deep traps". Each signal may be calibrated and used to 
evaluate the absorbed dose. A second method to re-read the (ii) Radiophotoluminescence (RPL), where pulsed illumi

nation of photosensitive defects raises these defects 
into an excited energetic state, which is followed by the 

15 
realization of the excited state, along with the subse
quent emission of light. The photosensitive defects are 
radiation-induced. 

(iii) Laser heated thermoluminescence (TL), where an 
intense pulse of laser light is absorbed by either the 20 
luminescent material or by a substrate and, as a result, 
the luminescent material is heated to produce TL. 

(iv) Pulsed OSL with simultaneous measurement of 
luminescence, where the sample is pulsed with a stimu
lating light source and the luminescence is measured 25 

during the stimulation phase. 
The advantages of the new proposed pulsed illumination 

over the continuous illumination are: (a) the intense laser 
pulse allows fast dose measurement by achieving a high 
population of excited states of the luminescence centers (by 30 

charge transfer and recombination) during the pulse and 
acquiring the emission light with a high signal-to-noise ratio 
between the pulses of illumination; (b) the amount of charge 
released depends upon the width of the excitation pulse and 
the intensity of the illuminating light. For certain illumina- 35 

tion conditions the illumination does not free all charges 
from the defects. A proportion of the trapped charge popu
lation only may be released. This gives the ability to 
re-illuminate the samples and to monitor the emission mul
tiple times. This in turn gives the ability to "re-read" the 40 

dosimeter if necessary; ( c) in contrast, by using high illu
minating intensities, all of the trapped charge population 
may be released within a fraction of a second. This gives the 
ability to read the dosimeter very quickly and creates the 
ability to read many thousands of dosimeters within a short 45 

time frame; ( d) the use of filters is not required in the 
non-filter mode. This enhances sensitivity. The invention 
produces sensitivity increases over conventional thermolu
minescence dosimetry by factors up to 100; and ( e) the laser 
power may be adjusted to the level most appropriate to the 50 

range of absorbed dose, thereby increasing the dynamic 
range of the measurement. 

absorbed dose using dual wavelength illumination is accord
ingly provided. 

Existing patents and scientific publications disclosing 
OSL systems, especially systems used in radiation imaging, 
focus on the usage of luminescent materials with very short 
luminescence lifetimes on the order of 1-10 µs. Short 
luminescence lifetime for radiation imaging is a very impor
tant requirement, needed to minimize the data acquisition 
time per one image constructed from about 1 million pixels. 
If one uses only one laser pulse per image pixel and a data 
acquisition time on the order of 3 luminescence lifetimes (30 
µs), the total time needed per image is about 30 seconds. 

As opposed to radiation imaging, in personal and envi
ronmental dosimetry applications it would be advantageous 
to utilize a luminescent material having a luminescence 
lifetime sufficiently long to allow one to measure lumines
cence between pulses of light stimulation and achieve fast 
measurements with high sensitivity over a wide dynamic 
range of radiation doses. 

Markey et al., in the publication Time-Resolved, Optically 
Stimulated Luminescencefrom a-Al2 0 3 :C, Radiat. Meas. 
Vol. 24,5 (set out verbatim in the provisional application 
from which this application claims the benefit, the same 
being incorporated by reference herein) describe some of the 
basic properties of pulsed-OSL (POSL) methods. These 
earlier studies were followed up and investigation continued 
into the POSL signal as a functions of stimulation pulse 
wavelength, power and duration. Hereinbelow, the low-dose 
capability and the dynamic range of the present invention is 
demonstrated and the flexibility afforded by this measure
ment technique in dosimetry applications is discussed. 

a-Al2 0 3 :C is an extremely sensitive TL material,3 but 
suffers from two potential problems which hinder its routine 
use in some thermoluminescence dosimetry (TLD) 
applications, including laser-heated TL. Firstly, the TL sig
nal suffers from thermal quenching in which the lumines-
cence efficiency is reduced as the temperature is increased. 
Secondly, the TL signal is extremely sensitive to light. As 
with other materials the light sensitivity is apparent as 
light-induced fading of the TL signal and in the manifesta
tion of PTTL, but, in addition, a light-induced generation of 
the TL signal can be observed if an unirradiated sample is 
exposed to UV light.3 The latter is due to excitation of 
charge carriers from intrinsic defects ( e.g. F-centers4

). The 
high TL sensitivity of this material, coupled with the strong 
light-induced fading, highlights this material as a candidate 
for development in OSL dosimetry. OSL methods are espe
cially appropriate for this material because, by avoiding the 
need to heat the material, one also forestalls the problem of 
thermal quenching. Consequently, Markey at al. demon
strated that the OSL from a-Al2 0 3 :C, when stimulated with 

RPL differs from the present invention in that release of 
trapped charges from the defects does not take place (i.e., 
ionization does not occur) and thus a different physical 55 

process is being exploited. In the RPL technique, pulsed UV 
excitation produces intracenter luminescence even in unir
radiated samples. The radiation-induced signal is observed 
only on the tail of the luminescence decay. This results in a 
low signal-to-noise ratio and a correspondingly high detec- 60 

tion threshold for the absorbed dose. The proposed method, 
which utilizes optical stimulation of materials with trapped 
charge carriers and their transport to luminescence centers, 
does not produce luminescence of an unirradiated detector 
and has a very low dose detection threshold. 65 the 514 nm line from an Ar-ion laser, can be used for 

ultra-low dose measurements and highlighted the potential 
for dosimetry. 

The present invention also utilizes different wavelengths 
in the illumination beam. By using different wavelengths in 
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Experiments conducted demonstrate that by using pulsed
OSL (POSL) with a-Al2 O3 :C detectors, light output several 
times higher than the TL output can be achieved. Depen
dencies of the POSL signal on the dose of irradiation, and 
the parameters of laser stimulation (wavelength, power, 5 
pulse duration) are presented and discussed hereinbelow. 
The conclusion is made that POSL, using a-Al2 O3 :C is a 
very sensitive, fast and flexible technique for use in dosim
etry. 

8 
F-center lifetime) and the second had a temperature
dependent time-constant varying from 400 to 5000 ms. The 
temperature-dependent component was phosphorescence 
due to shallow traps.5

•
7 

As noted above "Mode II" was the normal mode of 
operation at low doses. In this mode, the luminescence 
emitted during the laser pulse was "lost". Therefore, the 
most efficient procedure is to minimize light lost during the 
pulse and maximize the light collected after the pulse. By 

EXPERIMENTS 
1. Experimental Details 

A schematic of a pulsed optically stimulated lumines
cence (POSL) measurement system is shown in FIG. 1. The 
system 2 includes: an Ar-ion laser 4; a beam splitter 6; a 
power meter 8; shutters 10 and 12; filters 14 and 16; a 
cryostat 18; a temperature control system 28 for cooling the 
sample 20 with liquid nitrogen or for heating sample 20; a 
photomultiplier tube (PMT) 22; a high voltage input 24 to 
the PMT 22; a photon counter 26; and a personal computer 
30. In the design shown the POSL is monitored in "trans
mission geometry" in which the POSL is detected from the 
opposite side of the sample from which it is stimulated. This 
allows for an efficient light-collection geometry. However, 
the sample can also be mounted in "reflection geometry" in 
which the light is collected from the same side as it is 
stimulated without any loss of generality. Furthermore, the 
sample can be either heated, or cooled with liquid nitrogen. 
Measurements over a wide temperature range (100 K to 600 

10 letting I1 be the integrated light emitted during the pulse, 
and, I2 be the integrated light emitted after the pulse, it is 
necessary to investigate which combination of pulse width 
and laser power will maximize the ratio IiI1 . Assuming a 
constant rise and decay constant of 35 ms, a simple analysis 

K) are possible. A cw Ar-ion laser (6 Wall lines) was used 

15 reveals that short pulses of high power light will lead to the 
largest values for I2 /11 . To prove this consideration, experi
mental data were collected using "Mode I" in which we 
could measure both the build-up and the decay signals. The 
duration of the laser pulse was varied from 1 to 40 ms and 

20 was controlled in this instance using the acousto-optic 
modulator. The data were acquired using a La Croy digital 
oscilloscope. FIG. 3 shows the variation of the measured 
ratio I2/I1 , as a function of pulse width. The data was taken 
either under conditions of constant power, or constant 

25 energy. Identical results were obtained in each case. The 
ratio represents the efficiency of the POSL process when 
measured in "Mode II" and the data support the theoretical 
considerations described above. 
2. Results and Discussion 

as a light source for stimulation of the luminescence from 30 

the irradiated samples. Computer-controlled shutters pro
vided a pulse of stimulation light on to the sample, and also 
opened the PMT for measurement of the emission, either 
during or after the laser pulse. The number of pulses can be 
controlled using, for example, an electronic shutter, a 35 

mechanical shutter, a beam polarizer or a liquid crystal 
modulator. Alternatively, the laser light could be switched 
using an acousto-optic modulator. By varying the power of 
the laser the POSL signal could be monitored over seven 
decades of dose. The apparatus also allowed for back-to- 40 

back comparisons of the POSL sensitivity with that of TL 
and phototransferred TL (PTTL, also known as cooled 
optically stimulated luminescence, COSL6

). Depending on 
the conditions of measurement, the POSL was found to be 

a. Wavelength Dependence, Filtering and Background 
The dependence of the POSL output on the wavelength of 

the stimulating light was investigated previously using the 
different lines available from the Ar-ion laser.5 The intensity 
of the POSL signal was observed to monotonically increase 
with decreasing wavelength. A weak, broad selectivity was 
noticeable near 470 nm, and this may be of the same origin 
as the high selectivity stimulation band measured by 
Springis et al.8 

The wavelength dependence of the PTTL signal resulting 
from the transfer of charge from the main dosimetric trap to 
shallow traps, also indicates a monotonic growth of effi
ciency with decreasing wavelength over this same wave
length range.9 One can conclude that blue light ( <500 nm) 
is more efficient for OSL production than green light (e.g. 

up to 10 times more sensitive than either TL or COSL. 45 the main 514 nm line from an Ar-ion laser). However, the 
use of shorter wavelength light also produced a background 
POSL signal from unirradiated a-Al2 O3 :C. The background 
signal is in the same wavelength region as the POSL signal 

In the experiments, two different modes of operation were 
realized, as illustrated in FIG. 2. In "Mode I" the POSL 
signal was monitored during and after the pulse of illumi
nation. To separate the stimulation light from the emission 
light two 420 nm interference filters were used in front of the 50 

PMT. This mode was used primarily for high dose measure
ments and kinetic analysis of the POSL process. Leakage of 
light through the filters made it difficult to use this mode to 
investigate signals of low intensity and to perform low dose 
measurements. 

and thus it could not be removed using filters. Therefore, in 
almost all of our dosimetric measurements we used the 514 
nm line-which is also the strongest line from the Ar-ion 
laser. The lower efficiency for green light was compensated 
by the higher power, in addition to having a lower back
ground signal and a lower dose threshold. A 514 nm inter-

55 ference filter was used to separate the 514 nm line from the 
other, unwanted components from the laser. In "Mode II" the PMT was closed during illumination and 

data acquisition was initiated 20 ms after closure of the 
shutter. Only a broad-band filter centered at 400 nm was 
needed in this mode of operation. Use of this measurement 
mode resulted in a decrease in both the background signal 
and the minimum measurable dose. In both modes of 
operation the decay of the luminescence "afterglow" (after 
the end of the laser pulse) was monitored using photon 
counting with a gate time from 1 to 10 ms, and a 2 ms dwell 
time between gates. The afterglow decay was observed to 
have at least two decay constants.5 The first had a 
temperature-independent time-constant of -35 ms (i.e. the 

A 5-58 filter, with a maximum transmission at approxi
mately 400 nm, was used to eliminate another source of 
background from unirradiated detectors-namely, that con-

60 nected with traces of Cr impurity. The emission spectrum of 
this background signal was detected using a spectrograph 
and an EG&G optical multichannel analyzer. The back
ground spectrum was found to match that of the R-line at 
694 nm from Cr3+ions. The same system of shutters that was 

65 used for the POSL measurements was used to protect the 
spectrometer from the laser light. With this arrangement the 
delay between the "stimulation" and the "emission" shutters 
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was 20 ms, thus the fact that the Cr3+R-line, which has a 4 
ms lifetime, can be observed in these measurements indi
cates that the source of this signal is energy transfer from 
F-centers to the Cr3 +ions. This probably occurs through 
re-absorption of the 420 nm F-center emission by the Cr 
absorption band at 410 nm. 330 nm F+-center emission, 
which has a lifetime <7 ns10

, could not be measured using 
this arrangement. 

b. Dose and Power Dependence 
As a result of the above optimization efforts, doses as low 

as 5 µGy from a 137Cs source could be measured using only 
10 laser pulses. FIG. 4 shows some relevant data for a dose 
of 30 µGy. The dose response was found to be linear from 
5 µGy to 100 Gy and is shown in FIG. 5. To cover this range, 
using only the photon counting mode of the PMT, the laser 
power was changed twice (from 2.85 W, to 0.6 Wand to 0.1 
W) with the highest power being used for the lowest doses. 
The possibility of controlling the laser power adds flexibility 
to this dosimetric technique and increases the dynamic range 
to 7--8 decades. The POSL signal was found to be linear with 
laser power up to 2.85 W. Saturation was not reached with 
the laser powers available with the current system. 

c. Time Dependence 
Two types of time dependence were investigated: the 

decay of the luminescence after the laser pulse (afterglow 
decay), and the decay of the of the POSL signal as a function 
of the number of laser pulses (trap depletion). As discussed 
in the earlier study5 the former has two components-a 
"fast", temperature-independent component with a lifetime 
of -35 ms, and a "slow" temperature-dependent component 
with a variable lifetime from 400-5000 ms. The latter 
component is phosphorescence resulting from retrapping of 
the charge carriers by shallow traps (specifically, those traps 
responsible for TL peaks at 265 K and 310 K 5

•
7
), and the 

variation of its decay time can be attributed to variations in 
the concentrations of the different shallow traps contributing 
to the signal. Elevating the temperature of the POSL mea
surement to 335-375 K results in an approximately two-fold 
increase in the POSL sensitivity. The cause of this is 
discussed in detail elsewhere 7 , but it can be very useful for 
practical dosimetry systems since it results in a higher 
intensity and a shorter data acquisition time. An additional, 
relevant observation is that the ratio of the "fast" to the 
"slow" component was found to be dependent upon the 
wavelength of the stimulating light. The intensity of the 
"fast" component was found to increase with respect to that 
of the "slow" component with an increase in laser wave
length. 

The decay of the POSL signal as a function of the number 
of laser pulses is shown in FIG. 6. These data are important 
for an estimation of the optimum parameters for a practical 
OSL dosimetry system and for developing an algorithm for 
routine dose assessment. These measurements can also be 
used to evaluate the required optical bleaching time and 
laser power for zeroing the POSL signal when heating of the 
detector is not desirable ( e.g. when using plastic 
dosimeters). The decay rates of 16 different, a-Al2 O3 :C 
samples were measured as a function of the number of laser 
pulses. 

10 
sample to sample. It was determined that the POSL decay 
rates were correlated with the shape (i.e. FWHM) of the 
main 450 K TL peak from the same samples. This was found 
to vary by up to 50% (from 50 to 75 K). The longer decay 

5 constants correspond to a wider TL peak. Detectors pre
selected by the shape of the TL peak were found to have 
approximately the same decay curve-as illustrated in the 
inset to FIG. 6. A wide TL peak may be an indication of a 
wide spread, or distribution, of thermal activation energies 
for the production of TL. Correspondingly, one might also 

10 
expect a wide distribution in optical trap depths. Thus, the 
observed longer decay of the POSL signal may be a result 
of a smaller efficiency of depletion of the deeper traps using 
514 nm laser light. In support of this it was observed that 
when shorter wavelength light was used ( 454 nm), at the 

15 same laser power, the depletion rate was faster. From the 
isochronal annealing experiments, and from PTTL 
measurements9

, it was estimated that, at 514 nm, less than 
1 % of the POSL signal originates from the detrapping of 
charge from deep traps. The deep traps may be probed by 

20 using shorter wavelengths9
• 

d. Comparison with TL and COSL 
Back-to-back measurements of the intensity of the POSL, 

TL and COSL were made keeping the sample, absorbed 
dose, and optical arrangement the same. A 90Sr/90Y dose of 

25 68 mGy was given to the sample. For the POSL measure
ment a 514 nm laser pulse of 79 mW at 30 ms was used, with 
a photon counting gate time of 4 ms and a dwell time of 6 
ms. For TL the heating rate was -1.0 K/s, and for COSL the 
heating rate was - 1.5 K/s. In both cases the same gate and 

30 dwell times were used. The ratio of the total accumulated 
counts for these measurements was POSL/TL/COSL =3.5/ 
1.0/0.5. Thus, the POSL measurement was observed to be 
3.5 more sensitive than the TL measurement, and 7 times 
more sensitive than the COSL measurement. The TL mea-

35 surement in particular is dependent upon heating rate, due to 
the thermal quenching properties of the luminescence.3 
Furthermore, the POSL measurement was not optimized in 
terms of pulse width, as described in the discussion of FIG. 
3. Despite these limitations, the comparison illustrates the 

40 greater intrinsic sensitivity of POSL compared to these other 
measurement techniques. These differences in the sensitivi
ties of the three types of measurement can be understood 
from a consideration of the accepted models for these 
processes, as described by Batter-Jensen and McKeever. 2 

45 3. Conclusions 
The use of pulsed OSL from a-Al2 O3 :C has been shown 

to be a viable dosimetric tool. Sensitivities greater than those 
of TL and COSL have been observed and doses low enough 
for personal dosimetry and environmental dosimetry can 

50 easily be measured. Since the POSL readout method is 
all-optical, and is intrinsically fast and sensitive, its intro
duction opens several potential applications not possible 
with conventional TL dosimetry. For example, smaller 
amounts of detector, ultra-thin layers, rapid throughput of 

55 large numbers of dosimeters, use of plastic dosimeters, short 
exposure times, multiple dose assessment, and dose
imaging. The flexibility afforded by the use of different laser 
powers, pulse widths and wavelengths indicates that POSL 

Isochronal annealing experiments showed that if the 60 

POSL is measured after an irradiated sample has been 
preheated to a given temperature a major decay step is 
observed in the temperature range in which the main TL 
peak (i.e. the "450 K" peak) occurs. This indicates that the 
POSL signal being measured is a result of the optical 65 

emptying of charge from the main dosimetric trap. However, 
the decay rates observed in FIG. 6 vary considerably from 

can be developed into a very versatile dosimetric system. 

Other Parameters and Requirements 

Following the collection of the above data, other param
eters and requirements were discovered in the course of 
developing the present invention. 
1. Lifetime of the Luminescence Centers 

It has been discovered that the luminescent dosimetric 
material must have a lifetime of the luminescence centers 
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longer than 15 µs. This requirement results from following 
considerations: 

12 
centers being determined by measurement of the intensity of 
optical absorbtion at 205 nm and 255 nm, respectively. 
6. F Center Luminescence Lifetime 

35±5 ms of lifetime is the characteristic lifetime of F 
(a) From experiments using a flashlamp it was experi

mentally determined that the relaxation time of the 
PMT after the laser pulse is from 5 to 30 µs. 

(b) The pulse duration for the lasers and flash lamps is not 
longer than 10 µs; 

5 center luminescence Al2 O3 . This lifetime matches well with 
general requirements of the described method. 

( c) To achieve a high efficiency of data acquisition the 
"dead-time" needed to perform a stimulation (laser) 
pulse and PMT relaxation, during which time the 
luminescence is not measured, should not be longer 
than 10% of the time period between pulses of stimu
lation. 

Whereas, the present invention has been described in 
relation to the drawings attached hereto, it should be under
stood that other and further modifications, apart from those 

10 shown or suggested herein, may be made within the spirit 
and scope of this invention. 

(d) The shortest "dead-time" can be estimated for 10 ns of 15 
laser pulse and 5 µs for PMT relaxation as equal to 
approximately 5 µs with 5/0.1=50 µs period between 
pulses of stimulation. As a result, the maximum rep
etition rate of stimulation pulses is estimated as 20,000 
Hz. This is the maximum possible repetition rate. 20 

( e) Due to the exponential decay of luminescence between 
pulses of stimulation, the period of time between pulses 
should not be longer than three lifetimes of lumines
cence. Three lifetimes corresponds to 95% of total light 
output between pulses. The opposite requirement to the 25 

lifetime is: it should be at least 1/3 of the shortest 
possible time period between pulses of stimulation and 
can be estimated as 50/3=16.6 µs. 

(t) in the most difficult case of a long stimulation pulse 
and large relaxation time of the PMT, the minimum 30 

time period between pulses can be estimated as (30+ 
10)/0.1 =400 µs. This corresponds to 2500 Hz of 
repetition rate and a minimum lifetime of luminescence 
decay of 400/3=133 µs. 

2. Radiation-Induced Absorption 
It is also necessary that the radiation-induced absorption 

of the luminescent dosimetric material, within the wave
length range of stimulation, be sufficiently high. 
3. Pulsing of Illumination Beam 

35 

It is important to pulse the illumination beam for a period 40 

of time that is at least 10 times smaller than the lifetime of 
the luminescence centers. One tenth of a luminescence 
lifetime corresponds to about 9.5% of the total luminescence 
to be lost during the stimulation pulse. To achieve a high 
efficiency of measurement the pulse duration and the "dead- 45 

time" for data acquisition must be minimized. 
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What is claimed is: 
4. Wavelength of Laser Stimulation The preferred wave
length of laser stimulation is within the wavelength range of 
the radiation-induced absorption ability of the luminescent 
dosimetric material. In the case of anion-deficient, Al2 O3 , a 
wide radiation-induced absorption band between 300 and 
600 nm is observed, and wavelengths withi this range may 

1. A selectively bimodal method for determining an 

50 unknown absorbed dose of radiation using optically stimu
lated luminescence from a suitable luminescent material, 

be used for optical stimulation. 
The wavelength of light stimulation is also chosen in such 

a way that there is no photo-ionization of the unirradiated 55 

detector. For anion-deficient Al2 O3 , photo-ionization causes 
a signal that is indistinguishable from a radiation-induced 
signal. This takes place at same wavelengths of stimulation 
shorter than 300 nm. Photoionization causes a background 
signal that is not related to the radiation dose that has to be 60 

measured. 
5. Concentration of F Centers 

A concentration of F centers of 1016-1018 cmr-3 and a 
concentration of F+ centers of 1015-1017 cmn-3 are preferred 
because among all crystals that were investigated, crystals 65 

with these defect concentrations exhibit the highest sensi
tivity in OSL measurements, the concentrations of these 

comprising: 
(a) mounting an irradiated sample of said luminescent 

material in the path of an illumination beam, said 
sample having a plurality of lattice defects and impu
rities acting as dosimetric traps and luminescence 
centers, said sample having a lifetime of luminescence 
centers of at least 15 µs and having a radiation-induced 
absorption ability; 

(b) pulsing said illumination beam for a period of time 
that is at least 10 times smaller than said lifetime of said 
luminescence centers, the wavelength of said illumina
tion beam being within the wavelength range of the 
radiation-induced absorption ability of said lumines
cent material and being unable to produce photoion
ization of unirradiated luminescent material, the photon 
flux density of said illumination beam being insufficient 
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(b) said illumination beam wavelengths are in the range of 
300-600 nm. 

to heat said luminescent material to a temperature 
above that which would cause thermal quenching of 
said luminescence centers or that which represents 
thermal emptying of said dosimetric traps, leading to 
thermoluminescence of said luminescent material; 

5. The method according to claim 3 further comprising 
controlling the number of said pulses with an electronic 

5 shutter, mechanical shutter, beam polarizer or liquid crystal 
modulator. (c) detecting a luminescence signal from said luminescent 

material with a photodetector after a time delay fol
lowing said pulsing of said illumination beam, said 
luminescence signal being emitted at a wavelength 
different from the wavelength of said illumination 

10 
beam, said time delay serving the purpose of allowing 
said photodetector to relax after said pulsing; 

(d) in a first mode, choosing the number of illumination 
pulses, each being followed by said time delay and by 
periods during which said luminescence signal is 

15 detected, and choosing a total illumination light energy 
sufficient to completely, or almost completely, extract 
all radiation-induced luminescence from said sample, 
or alternative!; 

( e) in a second mode, choosing the number of illumination 
pulses, each being followed by said time delay and by 20 

periods during which said luminescence signal is 
detected, sufficient to extract only a portion of said 
radiation-induced luminescence from said sample, the 
amount of said illumination light energy being pre
cisely measured and determined in order to perform 25 

two or more measurements on the same said sample 
after the same irradiation for the purpose of absorbed 
dose re-estimation; and 

(f) in either of said modes, comparing said luminescence 
signal with calibrated luminescence signals attributable 30 

to known doses of irradiation in order to determine said 
unknown absorbed dose of said irradiation. 

2. The method according to claim 1 wherein: 
(a) said luminescent material comprises crystalline anion

deficient aluminum oxide with an F-center concentra- 35 

tion of 1016-1018 mc-3, giving rise to optical absorp
tion at 205 nm, an p+ _center concentration of 1015 

- 101 7 

cm-3, giving rise to optical absorption at 255 nm, and 

6. The method according to claim 1 wherein the intensity 
of said illumination beam is adjusted appropriate to the dose 
range being studiedkin order to achieve a dynamic range of 
absorbed dose of at least seven (7) orders of magnitude. 

7. A selectively bimodal method for the determination of 
an unknown absorbed dose of radiation using optically 
stimulated luminescence from a suitable luminescent mate
rial having luminescence centers with a lifetime longer than 
15 µs, comprising: 

(a) mounting an irradiated sample of said luminescent 
material in the path of an illumination beam; 

(b) stimulating luminescence from said irradiated sample 
using a light pulse from said illumination beam; 

(c) after a delay period between the end of said light pulse 
and the start of measurement, measuring the lumines
cence generated from said luminescent material to 
obtain a luminescence signal and either completely 
extracting all radiation-induced luminescence from 
said material or extracting only a portion of said 
radiation-induced luminescence, said light pulse and 
said delay period being of a combined duration shorter 
than said lifetime of said luminescence centers; and 

( d) comparing said luminescence signal with calibrated 
luminescence signals attributable to known doses of 
irradiation in order to determine said unknown 
absorbed dose of said irradiation. 

8. The method according to claim 7, wherein said illumi
nation beam has a wavelength in the range of 250---800 nm. 

9. The method according to claim 7, wherein said light 
pulse has a width between 1 ns and 500 ms. 

a luminescence lifetime at room temperature of 35±5 
ms; and 

(b) said illumination beam has a wavelength in the range 
of 300-600 nm. 

10. The method according to claim 9, wherein said light 
40 pulse has a width at least 10 times shorter than said lifetime 

of said luminescence centers. 

3. The method according to claim 1 wherein two or more 
different illumination beam wavelengths, but still within the 
wavelength range of radiation-induced absorption ability of 45 

said luminescent material, are pulsed to stimulate two or 
more of said traps having different optical depths in said 
luminescent material. 

4. The method according to claim 1 wherein: 
(a) said luminescent material comprises crystalline anion- 50 

deficient aluminum oxide with an F-center concentra
tion of 1016-1018 cm-3

, giving rise to optical absorp
tion at 205 nm, an p+ _center concentration of 1015-1017 

cm-3
, giving rise to optical absorption at 255 nm, and 

a luminescence lifetime at room temperature of 35±5 55 

ms; and 

11. The method according to claim 7, wherein said 
lifetime of said luminescence centers is 355 ms. 

12. The method according to claim 7, further comprising 
successively pulsing said illumination beam and integrating 
said luminescence signal for comparison with integrated 
luminescence signals attributable to known doses of irradia
tion. 

13. The method according to claim 12, wherein the period 
of time between successive pulses is not longer than three 
times said lifetime of said luminescence centers. 

14. The method according to claim 12, wherein the 
maximum repetition rate for successive pulses does not 
exceed 20,000 Hz. 

* * * * * 


