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Abstract. An innovative multichannel fibre-coupled OpticalStimulated Luminescence (OSL) dosimeter is
proposed for on-linén vivo quality assurance in Radiation Therapy (RT). SrA&ID4:C fibre crystals (TLIgy)
are used as OSL detectors, incorporated into aedygadiation-resistant and radiation-transparest. dbre
sensor design. The temperature and fading depees@fi@©SL fibre sensors and stabiliycumulated dose have
been tested with a X-ray generator. Predosed O8&ose tested at Institut Gustave Roussy (IGR) shamod
repeatability in multichannel operation. Sensoibeation and depth-dose measurements with eletteams have
been performed with a Saturne 43 LINAC in referenoaditions at CEA-LNHB (ionizing radiation refei@n
laboratory in France). The difference between dietbrdoses measured by OSL and an ionization chawdeer
within + 0.9 % (for a dose of about 1 Gy) despitualinear dose response. Finally, a single caldmaurve was
used for all beams as energy independesadectron energy was found in the range [9 MeVME3/]. Angular
independence was found as well in the range [(”], wBen the OSL sensor is equipped with its bolus.

KEYWORDS: Optically Stimulated Luminescence (OSL), Fibre optics, in vivo dosimetry, Radiation
Therapy.

1. Introduction

Principles of OSL are now well known [1]. It is shkly related to thermoluminescence (TL) except
that electrons stored within the material are ddaby light (laser) instead of by heat. OSL dosiyne

is investigated at CEA LIST (Saclay, France) sih884. Two generations of OSL systems have been
developed in the purpose of a remote OSL dosimadrgn optical fibre link [2].

The first generation system (OSL 1) relied on AlkatEarth Sulphide (AES) materials, stimulated by
infrared laser light. The OSL is in the red parthud visible spectrum. The corresponding absorption
in silica fibres is ~10 dB/km enabling remote opieraup to several hundreds of meters. The OSL |
system did not provide tissue-equivalent dose nreagent and its dose range was [1 mGy, 10 Gy]. It
was well suited to dismantling applications becanfsés unique feature of remote dose monitoring
inside narrow pipes and tanks and was widely usedEA and AREVA NC (Marcoule, France).
The second generation system (OSL II) relies omida crystals, stimulated by a green laser light.
The OSL is in the blue part of the visible spectrirhe corresponding absorption in silica fibres is
~80 dB/km and the practical fibre length is thustnieted to several tens of meters. The OSL lleyst
was investigated for radiation protection applcasi that require a limit in dose detection bettant
some UGy and may involve a compensation technifiethe tissue response.

The work described in this paper is done within Bwgopean Project MAESTRO, dedicated to the
development of technologies and cancer treatmettinigues in Radiation Therapy (RT). The
MAESTRO Project is managed by the CEA LIST and imes several cancer research institutes and
hospitals among which the Institut Gustave RoukSRR], as centre of expertise.

’ Presenting author, E-mail: sylvain.magne@cea.fr
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Worldwide, the estimated number of new cancer caaeh year is expected to rise from 10 millions
in 2000 to 15 millions by 2020. Within the Europdanion, it is over 1.5 million new cancer cases
that are diagnosed every year. Therefore, combatinger is a major societal and economical issue
for developed countries. About 60 % of all cancatignts are treated totally or partially by RT. Mos
RT treatments involve photon and electron beamseated by linear accelerators (LINACs). The so-
called conformal RT and Intensity-Modulated RT (IMRimprove the conformity of the dose
distribution to the tumour leading to a reducededmssurrounding healthy tissues and critical osgan
In return, it brings additional complexity and pessing time in the dosimetry because of high-dose
gradients and more complex ballistics.

Treatment Planning Systems (TPS) are used to plartreatment. Accidents in Radiation therapy
have been associated with the incorrect use of BPJalse dose measurement during its
commissioningln vivo dosimetry will become a legal requirement in Feamcorder to provide a true
check of the absorbed dose actually delivered.uBeeofin vivo dosimetry will be mandatory by 2011

in order to deliver radiation therapy treatmentscdrding to the Code of Practice (CoP) IAEA TRS-
398 [3], the difference between planned and dedidetoses must remain within typically 2 to 3 %. If
the difference exceeds 5 %, the reasons for diao@pmust be investigated and the patient treatment
not initiated.

In vivo dosimetry is traditionally provided by ThermoLumgtent Dosimeters (TLDs), Metal-Oxide
Semiconductor Field-Effect Transistor (MOSFETS) RiM-junction-type diodes. Howevein vivo
OSL dosimetry with AlO5:C crystals is recently gaining acceptance fromntteglical community [4-
7]. As a matter of fact, dosimetric-grade alumingstals (grown in reducing atmosphere in the
presence of carbon) is one of the leading dosimetaterial owing to its high sensitivity. Recent
clinical investigations were conducted with InLifhtDot dosimeters (associated to the microStar
reader) or Luxél” film dosimeters, collected after irradiation arghssto Landauer Inc. (Glenwood,
IL) for readout. A readout does not bleach the film. only removes a small part of the data) that can
be stored and read at a later date. However, riicaliconditions, medical physicists want to saneet

in collection procedure and get absorbed dose idatediately available after treatment in order to
provide suitable action in case of abnormal dodieatg. The real-time monitoring of the cumulated
doses may be also mandatory for specific treatn{ergsTotal Body Irradiation) and may be obtained
from real-time OSL or radioluminescence (RL) 0f@d:C crystals.

Therefore, the OSL Il system of the CEA LIST hasrbepgraded into a multichannel version in the
purpose of performing on liria vivo dose verification during Radiation Therapy treattae

2. Description of the OSL system

2.1 OSL fibre sensors

An OSL fibre sensor consists of an optical fibrelea Figure 1. OSL sensors for RT (CEA LIST)
with a SMA connector at one end and a moulded
cylindrical epoxy head (@ = 6 mm) at the other (Fig

1), rigidly fixed onto the cable extremity that pgots
the crystal (@ = 1 mm, 1 mm long) affixed near
end of a silica fibre (@ = 0.6 mm) and provides
stable coupling of light. TLE, alumina fibre crystals
purchased from Ural State Technical Universi
(Ekaterinburg, Russia) were used. The sensors igxhi
circular symmetry along the fibre/crystal axis.

Al,05:C OSL fibre sensors are radiation-transparent énmaih polymers) and do not involve any
metallic part. They are compatible with vivo applications (small [mm size]), non-toxic, chenfiica
inert and sterilizable), electromagnetic-immuna] arhibit low energy and angular dependences.
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2.2 Multichannel OSL reader

Several research groups have investigated fibrarggsolutions for on-line remote dose measurement
in RT, mostly with A}Os:C crystals [1, 8-11]. The main innovation desaililire this paper lies in the
multisensor capability of our OSL fibre reader ipapose of cost-effectiveness (improvement of the
cost/sensor figure) [10] and easier data acquisdiad archiving. Furthermore, the RL signal may be
also measured during irradiation from one or migdtigensors (time-sampling by the optical switch).
The OSL/RL sensor, linked to a fibre cable, thusvjgtes a real-time estimation of the dose rate (or
cumulated dose) during treatment and on-line esitmaf the dose after treatment. The objective is
to provide an accurate, cost-effective, efficient aeliablein vivo dosimetry to fulfil the quality
assurance in RT while keeping operational costsratisonable level.

Finally, in the context of an ever-increasingigure 2: Multichannel OSL reader (CEA LIST)
complexity of the radiation treatments, the

purpose is also to save time in calibration
maintenance, taking advantage of both radi
hardness and material stability of the OSL se
relaxing the need for frequent recalibrations.

The OSL reader is built in a 19-inch enclos
(6U) that includes a 16-channel optical fik
switch actuated by a stepper motor, an opti
case and power/USB electronics [10] (Fig. 2).

The multichannel OSL reader is linked to a laptgpam USB connection and handled through
dedicated software written in LabViéwits basic scheme is based upon previous work(gig] 3).

Figure 3: Basic scheme of the multichannel OSL reader o0BA LIST
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Since the decay time of the RL signal is much lorigan the LINAC pulses (~ 32 ms compared to
some Ws), a gating circuit may be inserted betwleemmplifier-Discriminator and the Counter (Fig.
3) in order to remove Cerenkov pulses from fibfstefn effect”) by time discrimination. Fortunately,
the amount of Cerenkov light is small compared ko(R5 %) and so the “dual fibre method” is also
often used. It consists in having two fibers indide same cable. One fibre is mounted onto theosens
head and collects the RL (and Cerenkov light) wthikeother is left unconnected and only collects th
Cerenkov light. The signal from the sensor fibréhen subtracted to that of the unconnected one.

After irradiation, each OSL sensor is remotely siated using a CW-Diode-Pumped Solid-State
(DPSS) laser (@ 532 nm, 200 mW) and bleached faxause. The reader works in the Continuous-
Wave (CW) modeife. CW-OSL). The OSL stimulation is triggered by ancélemagnetic shutter
once the switch has moved from its reference psith the selected output. The OSL (@ 410 nm) is
then collected by the optical fibre, separated bgichroic beamsplitter, filtered and eventually
detected by a photomultiplier (PM) in photon-coogtmode.
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The counting error due to counter dead time (20shapout 0.2 % at 2 Gy. Prior to any calculations,
the recorded counting rate is corrected for deaw tinfluence. Then, the background signal is
averaged from the latest portion of the OSL sigaatl subtracted from the raw signal. The
background is due to dark counts in the PM tubeeiiect filtering of the laser light and also
fluorescence of the OSL crystal (metal impuriti€s*() and deep-trap charges). The corrected signal
is then integrated and multiplied by a calibratimefficient to provide the absorbed dose. The error
OSL measurement is due to counting statisticsN)L/background and temperature corrections. The
integration usually runs until the OSL signal ge&dl below 0.1 % of the integral.

The bleaching time Jldepends mainly on laser wavelength and powerhidiiger the laser power, the
lower Ty). To a lesser extent, it also depends on dose Hithieer the dose, the higheg)T The
integration time Tis chosen identical to,Tin order to improve the reproducibility of OSL dat
(integration of the whole OSL decay curve). Theetifyy for background correction usually lasts
some seconds. The OSL readout time<TT, + Ty is ~ 20 s for a stimulation intensity of ~ 25
mW/mn?. The total readout time is 4 minutes for 12 sesisget compatible with the treatment
protocol. The limit in dose detection is ~ 1 mGy.

The OSL response (Gy/cts) also depends on lighsinéssion along the measurement chain from
sensor to PM. Anomalies in light transmission oride operation are unlikely to occur with our OSL
system but nevertheless have to be taken seriouslymedical application. Consequently, a self-
checkup of every critical device (laser, PM, ogtmaitch) is done before use. Two photodiodes are
inserted into the case. A reference photodiode toimnlaser power and provides both check of laser
status and reference for calibrating the measuregtain. A fluorophore is placed inside the unit,
located nearby a temperature sensofydfPtand connected to one output of the optical switth
outputs are left free for use). The calibrationttod measurement chain is obtained by dividing the
photomultiplier output (cts/s) by the voltage of tieference photodiode.

Finally, the OSL dosimeter is safe when used pigpétowever, eye safety is also a matter of
concern in case of abnormal use. The return siginatodiode monitors the laser signal brought back
by the fibre and checks the integrity of the opgtmannection in order to switch the laser beamiroff
case of disconnection.

3. Preliminary tests (X-ray generator)

Temperature, fading and stability tests have begfopned in laboratory with a X-ray generator (80
kV) equipped with a dedicated lead cell rigidlydik onto its mainframe. OSL sensors are inserted
inside a steel cylinder (@ = 2 cm) enabling tighd aeproducible positioning under the photon flux.

3.1 Temperature dependence of OSL signal

The temperature of a dosimeter is likely to chadeeending on its placement on the patient’s body.
We investigated the temperature dependence of tharid OSL measurements (Fig. 4). An OSL
sensor was permanently fixed inside the cylinded &mperature-stabilized. Irradiations were
performed in less than one minute so that the sdéapwperature was kept constant (thanks to thermal
inertia of the cylinder).

The temperature coefficient of the RL signal is .280%.K*. The temperature coefficient of OSL

depends on whether OSL stimulation is done immebljiatfter irradiationi(e. at same temperature)

or at room temperature (@ 20°C) after sensor thezateon. In the first case, the temperature
coefficient is 0.3 %.K while it is 0.16 %.K in the latter.

The effect of temperature cannot be neglected vpleeforming on-line OSL dosimetry with TLsE
crystals. In practice, however, a reference tempazaof 28 °C £+ 2 °C is usually taken as surface
temperature and the uncertainty in dose measureaserio temperature fluctuations is ~ £ 0.6 %.
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3.2 Fading of OSL signal
The time delay between irradiation an

Figure 4: Change in OSL and Rls sensor temperature
ghormalized to mean values at 20°C)

OSL readout may change considerapty

according to the protocol of medica

physicists. We conducted a fading tes

at 20 °C for a constant irradiation tin
of 20 sec (0.3 Gy). The time delg
between the end of irradiation a
onset of OSL readout was adjuste
between 5 seconds and 2 hours.
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Jursinic [5] observed a similarFigure 5: Fading of the OSLvs time delay between end of

fading with InLight™ dosimeters irradiation and onset of OSL readout.

(Landauer Inc.) but als
observed a transient signal which

decays away in a few minutges _ 330

after irradiation and recommendgs
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crystals, indicating that stab
OSL readouts may be obtain
immediately after irradiation.
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3.3 Expected sensor lifetime

A “survival test” was performed at CEA LIST LNHB thia GammacCell irradiatof°Co source, dose
rate ~ 177 Gy/min). The dose fraction started & 69 and was multiplied by a factor of 2 after each
series of 4 (4 x 500 Gy, 4 x 1 kGy, 4 x 2 kGy, etiter each dose fraction, the OSL sensor was
removed from the irradiator and connected to thé @&der for bleaching and OSL testing. After
laser bleaching, a constant test dose (0.8 Gy) dwlisered to the OSL sensor with the X-ray
generator. Fig. 6 shows the evolution of the O$jnai for a constant test dose (delivered throughout
the experiment) with respect to cumulated dose.r&dethis experiment until a cumulated dose of 64
kGy was reached. The experiment was stopped beaddaek of availability of the irradiator. The

OSL sensor survived the test and is likely to wéhd a higher dose.
This experiment shows that théigure 6: OSL responsgscumulated dose (“survival test”)

lifetime of an OSL sensor

exceeds 3  years under
continuous use (assuming ar =z
average annual dose rate of ~ 202
kGylyear). Furthermore, its =
response is  stable  with %
cumulated dose (within £ 2 %), 2
r

thus relaxing the need fg
frequent recalibrations.

[
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4. Repeatability of the OSL responses dose

The repeatability of OSL sensor response has beastigated at IGR using a Varian Clinac 2300
LINAC (6 MV photon beam, field size (FS): 10 x 1% Source-Surface Distance (SSD) = 1 m), see
Fig. 7. The OSL reader is located in a control rqaext to the irradiation room) and fibre cables ru
through the wall (length: 28 m). The repeatabitifyOSL data depends both on the stability of the
OSL sensowsdose and stability of the optical measurementrctraginly the optical switch).

4.1 Stability of the OSL sensor’s responses dose Figure 7: Placement of the OSL

We observed that both OSL and RL responses weregaiga Sensor under the LINAC beam
with respect to cumulated dose ([0 - 100 Gy]) ie early use (Varian Clinac 2300) [courtesy IGR]
of the sensor. The RL decreased with cumulated dbseeas—
the OSL increased in a significant proportion (~%0 This
unstable behaviour is not due to change in lighipting as it
would affect both signals in a similar way. It isedto the
cumulative filling of deep traps that are not eragtby optical
stimulation [13-14]. The sensor response eventuatiihes a
steady-state values cumulated dose once deep traps are filled
We have thus pre-irradiated four similar OSL sessander
increasing radiation predos€¥Qo source) in order to che¢k
for a possible correlation between repeatabilitd @nedose
#4: 250 Gy, #3: 500 Gy, #2: 750 Gy and #1: 1 kGy.

4.2 Repeatability in multichannel operation

A repeatability test at constant dose fraction (GyY) was
realized with the four predosed sensors fixed polgstyrene
(PS) block and inserted into a groove filled withx(see inset
Fig. 8). The sensors were covered by a 2 cm-thiglslgb (at
Omay- Fig. 8 shows the repeatability of the OSL (betw®.6
% and 1.3 %Yyscumulated dose that demonstrates the stabilit
of both predosed sensors and optical switch.

This result shows that the minimum predose requiselgss
than 250 Gy. It is done once and for all, and wdaddncluded
in the manufacturing process, prior to sensor caiion.

Figure 8: Repeatability test in multichannel operation (Asses placed in the LINAC field, see inset)
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5. Evaluation of OSL fibre sensor with electron bems

5.1 Irradiation protocol

The treatment protocols with electron and photoani®e Figure 9: OSL sensor with PMMA bolus

are different, due to different interactions invedivwith

matter. Since the sensors are placed onto thenpatje
skin, the protocol with electron beams involvesMiMA
(plexiglass) bolus (see Fig. 9). The bolus shiiis depth
of maximum dose onto the skin to minimize placement
induced errors (small dose gradient). Its thickness
depends on electron energy (21 mm for 12 MeV).

5.2 Angular (in)dependence

The sensor orientation is likely to change withigure 10: Placement of the OSL sensor onto
respect to irradiation beam depending on the sen$@ phantom surface and rotation along z-axis

placement along the patient's body. We have
investigated the angular response of the OSL sensg
equipped with its bolus and placed onto the surfac
of a water phantom (30 x 30 &nmdepth = 15 cm)
Let x be the beam axis and z the axis parallel
gravity, the phantom was rotated with respect t
beam axis within the (x-y) plane [z-axis] (Fig. 10) ‘
The OSL sensor was placed along z-axis and alor
y-axis. The irradiation conditions were kept consta |
and done with a Saturne 43 LINAC of the CEA LI
LNHB (Laboratoire National Henri Becqueel
primary dosimetry standard laboratory in France.

We did not observe any change in dose measurerag¢he gphantom was moved between [0, 45°] for

both planes (x-y) and (x-z) (Fig. 11). This indegi@emce was checked for 12 MeV and 18 MeV.

Figure 11: Angular independence of the OSL sensor equippdditgitbolus
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5.3 Calibration and energy (in)dependence

Calibrations and Depth-Dose (DD) measurements werge with a Saturne 43 LINAC, according to
CoP TRS-398 [3] that involves a water cube phangide length: 30 cm, wall thickness: 4 mm), FS=
10 x 10 cri and SSD = 1 m. The dose rate was 200 MU/min (2r@y/ at reference depth .
Three reference energies were used (9, 12 and 18.Me

A single OSL sensor (#3) was used for the experina@d connected to output #1 of the optical
switch. The head of the OSL sensor was insertedfiaad into a PMMA tube (d = 13 mm) and
immersed inside water. This sensor arrangementpheaed vertically (transverse to the beam) and
located on the horizontal central beam axis.

Calibrations were made with an ionizatiofigure 12: Dose response of TLOSL sensor

chamber (IC) calibrated by the CEA LI

T

LNHB. The sensor was placed a for all

beams [3].Fig. 12 shows the OSL dafe
obtained for a dose up to 3 Gy. Th
a

calibration curves show  subline
behaviour typical with TLEy alumina

crystals [14]. Each curve may be simp

modelled by a second-order equation:

1x108

800x10°

9 MeV

12 MeV
18 MeV
Line of linearity P

600x10° ~

400x10%

OSL Signal (cts)

200x10% 7

aD?-sD+1, =0 (1)

0 - T T T T T T
where ‘s’ is the slope (in cts/Gy)esl is 0.0 05 1.0 15 20 25 ]33-0 35
the integrated OSL signal (cts) and ‘@’ ose (Gy)
the second-order coefficient (in ctsARy

The line of linearity is the derivative of the dalktion curve (at D = 0 Gy).

[]

The (physical) solution of (1) is: D (Gy) = zi_[l— 1-%} 2)

a S
The observed change in slops electron energy is very small (x 0.25 %) and tkeosd-order
coefficients do not depend on electron energy withe experimental uncertainties. Indeed,atthe
average electron energies impinging onto thgAtrystal are about 6.5, 5.3 and 4.3 MeV for 18, 12
and 9 MeV respectively. By virtue of the smallne§she ALO; crystal (mm) with respect to particle
ranges (cm), the dose is mostly deposited by elsstcoming from crystal surroundings (polymers,
water) according to Bragg-Gray principle. The doserection factor R,03/Dwater involves relative
mass collision stopping power of 8; to that of water (ESTAR database,
www.physics.nist.gov/PhysRefData/). A rough estgnahows that its energy dependence is indeed
very small (= 0.2 % in the same energy range).|llstrate this, only one —energy independent- fit
curve is used in the fit of the OSL response in ER)(s = 278.10cts/Gy and a = 22.5.1Cts/Gy).

5.4 Depth-dose measurements

The sensor arrangement was moved inside the vadtag the central beam axis, at different depths
according to electron energy. Integrals of OSL algiwere then converted in absorbed doses using
equation (2) and compared with reference dose (#lajaFig. 13 shows the fairly good agreement (+
0.9 %) between measured and reference depth-dtséodahe three reference energies.

The OSL sensor, PMMA tube and water phantom haee b@delled with the MCNP5 code (Monte-
Carlo N-Particles, Los Alamos National LaboratdA). Since the detection volume (fjris smalll
with respect to accelerator and cube phantom,dhgatation time may take hours or days depending
on accuracy. In order to save calculation time, tH¢AC beam was modelled by three simplified
phase-space files involving a parallel electromieamitting from a homogeneous square field of 10
x 10 cnf. Gaussian distributions in energy were adjustdit xperimental data in the deepest part of
the DD curve. E is the average energy and a, tl#hvaf the distribution. The Full-Width at Half-
Maximum (FWHM) is 2.alln2. The *f8 mode (p, €) was used.
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Figure 13: Depth-dose curves and comparison to MCNP modellioggach nominal energy of the
LINAC beam (field size: 10 x 10 ¢nGaussian distribution: a) E =8 MeV, FWHM = 2[IeV; b) E
=10.4 MeV, FWHM = 2.66 MeV; ¢) E = 16 MeV, FWHM55 MeV)
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6. Conclusion

In the context of an increasing demand for qualggurance of the dose in RT,®@4:C-based OSL
film dosimetry is gaining wide acceptance among icadhysicists in the purpose of performiimg
vivo dose measurements. However, on-linevivo dosimetry is requested for by the medical
community in order to provide a quick assessmerdativered doses and to take suitable action in
clinical conditions. AJO;-OSL fibre sensors are potentially attractive fos ppurpose.

In the purpose of cost-effectiveness and easiea tandling, the CEA LIST has designed an
innovative multichannel OSL fibre reader. Tigpalumina fibre crystals were used as OSL detectors.
The sensing head of the OSL sensor is rigidly figatb the fibre cable and shows a high mechanical
stability. It isin vivo compatible, radiation-transparent and radiatigistant (dose > 60 kGy).

The fading of OSL signal is small (~ -1 % per dexaand no transient effect is observed, enabling
prompt OSL readouts after irradiation. A reprodieieadout procedure would reduce fading-induced
uncertainty. OSL also depends on both irradiatiod atimulation temperatures. The sensitivity is
minimum (0.16 %.K) when OSL stimulation is done at constant tempeeafThe repeatability of the
OSL dosimeter mainly depends on stability of botedpsed OSL sensors and measurement chain
(mainly the optical switch). It was evaluated ireqatinical conditions at IGR under multichannel
operation (4 sensors) with photon beams. It isfatiory (between 0.6 % and 1.3 %) and not affected
by repeated connections & disconnections. The tapiity was also evaluated using high-energy
electron beams in reference conditions. Sensombredibon and depth-dose measurements were
performed with a Saturne 43 LINAC at CEA LIST LNHBalibration curves show a sublinear
behaviour accurately fitted by an energy-indepehdenond-order equation (in the range [9 MeV-18
MeV]) since the energy dependence is very smalD.@g5 %) in this energy range. The difference
between absorbed doses measured by OSL and tre4®.9 % for 1 Gy. Finally, the OSL fibre
sensor equipped with its bolus is insensitive tputar variations in the range [0°, 45°].

All these results confirm that AD;:C OSL fibre sensors and multichannel reader agbrbave great
potential for achievingn vivo on-line dosimetry in RT. Further tests in pre-dah conditions at IGR
facilities, checking the compliance of the systemd aoftware with respect to medical specifications,
will be reported.

Besides Radiation therapy, this instrumentation mlag be used in many other applications such as
radiology in medicine, nuclear industry (dismargliof nuclear installations, monitoring of nuclear
waste repository sites and installations, nucleactor monitoring {power plants and submarinest), o
process controls (food irradiation, composite mateuring, density analysis, etc).
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