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Use of optically stimulated luminescence detectors (OSLDs) is rapidly increasing in 

the area of in vivo dosimetry.  OSLDs are relatively new to the market compared to 

their main competitor, thermoluminescent detectors (TLDs).  Currently, not all 

characteristics of OSLDs have been fully investigated.  Landauer’s nanoDot OSLDs 

were used in conjunction with their MicroStar reader to ascertain a nanoDot’s ability 

to be reused.  Annealing an OSLD signal with heat has been documented to work 

well.  Due to the plastic casing on nanoDots, the high heat needed for annealing 

would destroy the OSLD.  For this reason, nanoDots need to be bleached with light if 

they are to be reused.  The strength of the light used was investigated by comparing 

the effects of bleaching with 15 W and 25 W lights.  OSLDs use light to read out the 

signal, so each reading depletes some fraction of the signal.  The rate of depletion per 

reading was looked at and compared to other data (Jursinic 2007).  Most importantly, 

the effects of accumulated dose on the sensitivity of OSLDs were explored.  This was 

done at different accumulated dose rates.   

Differences between the two wattages of light were found to play a minimal 

role on the total time needed for ample bleaching.  The loss of signal per reading of 

the nanoDot was determined to be 0.04% per readout, which closely agrees with the 

Jursinic paper (2007).  The sensitivity of the chip was shown to be stable up to 1080 

cGy of accumulated dose.  After this threshold point, the sensitivity of the OSLD 



 

 

decreases at a rate of 0.00456 cGy lost per cGy accumulated above 1080.  This can be 

used to make a correction that can be added to the dose read out in nanoDots with 

accumulated doses above 1080 cGy.  The use of the correction relies on the 

assumption that different OSLDs behave similarly under different accumulated dose 

rates and that differences in manufacturing between nanoDots are small enough to be 

negligible.   
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Efficacy of Reusing NanoDot OSL Dosimeters Using 

Optical Bleaching 

 

 

1 Introduction 

 

1.1 Statement of the Problem 

 

The advent of treatment planning systems and rapid development in 

computing power has had a great impact in the field of radiation therapy.  

Availability of sophisticated treatment planning systems and treatment 

algorithms allow for much more complex treatments, such as SRS/SBRT 

type high dose treatments and intricate head and neck treatments with 

excellent normal structure sparing.  Treatment complexity demands the use 

of in vivo dosimeters to monitor dose delivery.  Some well-known options 

for in vivo dosimeters include MOSFETs, diodes, and thermoluminescence 

dosimeters (TLDs). Within the last decade a more user friendly dosimeter 

has arisen in the field.  These dosimeters are optically stimulated 

luminescence detectors (OSLDs).  OSLDs have the advantages of being 

able to be read out quickly and read out multiple times.  These advantages 

are not shared with their close relative, the TLD.  TLDs are not without 

advantages of their own.  They have been around for many more years than 

OSLDs and their use has been characterized much more thoroughly.  They 

can also be reused, which can save a department time and money in not 

having to constantly reorder dosimeter chips.  This advantage is shared with 

OSLDs, but because OSLDs are relatively newer to the dosimeter market 

this trait has not been investigated fully.  The purpose of this thesis is the 
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help look into the feasibility of optically bleaching previously irradiated 

OSLDs and study the effect of accumulated dose on their sensitivity.   

There are some institutions that have already implemented optical 

bleaching of their OSLDs.  Initial experiments have shown that optical 

bleaching is a reasonable way to reduce a OSLDs signal, however the effect 

this has on sensitivity change has not been sufficiently investigated.  Studies 

so far have shown varying results, so the reuse of OSLDs in the clinic 

should be done very cautiously until there is more clarity on the subject.  

The aim of this study is to help design a clinically feasible method for 

optical bleaching and also to estimate the upper limit to the accumulated 

dose for OSLDs without changing their sensitivity.   

A 2008 paper by Yukihara and McKeever, “Optically Stimulated 

Luminescence (OSL) Dosimetry in Medicine” concluded by saying “the 

most outstanding problem is the lack of widespread agreement on best 

practices.”  If a clinic decides to implement the reuse of OSLDs through 

optical bleaching, the hope of this paper is that it will help that clinic to do 

so with as few errors as possible.  
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2 Background 

 

2.1 Interactions of 6 MV X-rays in Matter 

 

In this project 6 MV photons were used to irradiate a particular brand of 

OSLD called a nanoDot dosimeter (Landauer Inc., Glenwood, IL).  Effects 

of other particles and photons at different energies are outside the scope of 

this experiment.  The major intent here is to control as many variables as 

possible and find out what happens to OSLD sensitivity only as the 

accumulated dose to the chip is increased.  That said, the basic interactions 

focused on will be those of 6 MV x-rays.   

A medical linear accelerator (linac) actually generates a spectrum of x-

rays at different energies.  A 6 MV x-ray beam will have a most probable 

x-ray energy at about 1/3 of its maximum value, as can be seen in figure 1 

(Khan Section 3.6).  In this case the most probable energy is about 2 MeV. 
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Figure 1 Energy spectrum of 6 MV bremsstrahlung x-rays out of a linac 
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X-rays are a form of indirectly ionizing radiation.  The predominant type 

of interaction for 6 MV photons in tissue is the Compton interaction.  Figure 

2 shows the probability of different ionizing interactions at different 

energies depending on the atomic number of the absorber.  Since the human 

body is comprised of a majority percentage of water, the interactions that 

occur in water can be assumed similar to those that occur in the body.  The 

effective atomic number of water is 7.51 (Khan Table 5.1).  Ranging from 

the most probable energy to the maximum energy of a 6 MV beam, it is 

quite clear that Compton scattering is dominant throughout. 

   

  Figure 2 Relative areas of dominance for the three main ionizing interactions of photons in 

  matter (Knoll Section 5.3) 

A nanoDot chip is composed of an Al2O3 crystal doped with carbon, 

giving it an effective atomic number of, Zeff = 11.3.  The Zeff for water and 

nanoDots are close enough that they will mostly undergo similar 

interactions at therapeutic energies.  This assumption makes it much easier 

to predict the dose to water, i.e. the body.   

The effective atomic number can be approximated using equation 1 

(Khan Equation 6.4). 

𝑍𝑒𝑓𝑓 = √∑ 𝑎𝑖 ∗ 𝑍𝑖
2.94

𝑖
2.94

   (1) 

Here ai is the fraction of the element in the compound and Z is the atomic 

number of that element.   
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Using the Zeff in conjunction with figure 2, the dominant interactions 

that occur in nanoDots at therapeutic energies can be determined. 

The dominant effect, similarly to water, is clearly the Compton effect.  

It is important to keep in mind here that a 6 MV beam is actually a spectrum 

of energies.  While the average and maximum energies will undergo mostly 

Compton interactions, the lower energy spectrum of the beam will have 

some extra likelihood of undergoing photoelectric interactions. 

X-rays can form ionizing radiation in any of three primary ways: 

Photoelectric effect, Compton effect, and Pair production.  Figure 2 shows 

that Pair production happens primarily in high Z absorbers and at high 

energies, thus it is not of relevant concern for a low Zeff material for a 6 MV 

beam. 

The Photoelectric effect takes place when a photon transfers the entirety 

of its energy to an atom.  The atom dissipates the excess energy by releasing 

an electron.  All of the kinetic energy of the photon is transferred to the 

electron.  Thus the total energy of the released electron is, 

 𝐾𝑒 = ℎ𝑣 − 𝐵𝑒              (2) 

Ke is the kinetic energy of the released electron, hv is the energy of the 

incoming photon, and Be is the binding energy of the electron (Khan Section 

5.7). 

The electron released can be from any of the K, L, M, or N shells.  If 

the electron is released from an inner shell, an electron from an outer shell 

will fall into the more energetically favorable vacancy and release a 

characteristic photon or an auger electron.  In low Z absorbers the energy 

of this released radiation is significantly low that it is absorbed locally 

(Khan Section 5.7). 

The Compton Effect is the most prevalent way that therapeutic x-rays 

interact with tissue or tissue equivalent (similar Zeff) materials.  Like the 

photoelectric effect, the Compton Effect liberates electrons.  The difference 

is that the photon is scattered and only loses some of its energy to the 

released electron.  As a rule for the Compton interactions to take place, the 
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energy of the photon must be much larger than the binding energy of the 

electron.  The interaction between the photon and electron follows the laws 

of conservation of energy and momentum.  Using these laws, pertinent 

relationships between the angles of scatter and the energy imparted can be 

deduced.  The energies of the photon and electron are as follows, 

ℎ𝑣′ =
ℎ𝑣0

1+
ℎ𝑣0

𝑚𝑒𝑐2(1−cosθ)
    (3) 

𝐸 = ℎ𝑣0 − 𝐵𝑒 − ℎ𝑣′    (4) 

Here hv’ is the photon energy after the interaction, hvo is the incident 

photon energy, me is the rest mass of an electron, c is the speed of light in a 

vacuum, θ is the departure angle of the electron and E is the departure 

energy of the electron (Khan Section 5.8).   

The angles of departure for the electron and photon are related through 

equation 5, 

𝑐𝑜𝑡𝜃 = (1 +
ℎ𝑣0

𝑚𝑒𝑐2) ∗ tan (ϕ/2)   (5) 

ϕ is the angle of the scattered photon.  If the photon has a direct hit with 

the electron it will scatter at 180° and will impart the most energy to the 

electron.  If the photon interacts with a 0° scatter then the electron will be 

released at 90° with the least amount of energy possible (Khan Section 5.8).   

The difference in interaction probability between Compton scattering 

and the photoelectric effect arises is Compton scattering the incident photon 

is of a much higher energy and only interacts with free electrons.  Compton 

scattering only interacting with free electrons makes its probability of 

interaction independent of atomic number (Khan Section 5.8).  It is only 

dependent on the electron density of the absorbing material.  The electron 

density can be approximated through equation 6, where NA is Avogadro’s 

number, Z is the atomic number, and Aw is the atomic weight. 

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑔𝑟𝑎𝑚
=

𝑁𝐴

𝐴𝑤
𝑍    (6) 

The probability of interaction for the photoelectric effect is highly 

dependent on the atomic number of the absorber.  Its probability increases 

proportionally with Z3 of the absorber, however it also drops off 
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proportionally to 1/E3 of the photon (Khan Section 5.7).  The Z dependency 

happens because as Z increases there are more shells for the photon to 

interact with.  The inverse dependence on energy is not entirely constant in 

all cases.  As the photon energy increases to just above the K shell binding 

energy the photon is then allowed to interact with the K shell electrons and 

the probability of interaction spikes before continuing its 1/E3 falloff.  In 

the case of water in a 6 MV x-ray beam, the K shell energy is so low that 

the inverse energy dependence is assumed constant.   

As previously stated, x-rays are a form of indirectly ionizing radiation.  

Indirectly ionizing radiation is termed “indirect” because as it interacts it 

liberates directly ionizing particles, in this case electrons.  Electrons are a 

form of directly ionizing radiation, meaning they interact with matter 

through coulombic forces.  Freed primary electrons with ample energy can 

go on to ionize other atoms (Khan Section 5.1).  If a secondary electron is 

given enough energy from a primary electron it is called a delta ray, which 

deposits its energy at range through further ionizations of its own. 

Dose is deposited by electrons that are freed by x-rays.  As opposed to 

the collisional interactions electrons undergo, they can also release energy 

through bremsstrahlung radiation.  In this process the electrons interact with 

the electromagnetic field of a nucleus, which causes the electron to bend its 

path and lose energy in the form of electromagnetic radiation.  All of the 

energy or some fraction of the energy can be transferred from the electron 

into an x-ray.  An electron that only loses a fraction of its energy can 

undergo the bremsstrahlung interaction again (Khan Section 3.5).  The 

bremsstrahlung phenomenon is the reason why a 6 MV x-ray beam out of 

a linac head is not actually all at 6 MeV.  Electrons are accelerated and 

incident upon a target (usually tungsten), where they interact and release a 

bremsstrahlung spectrum with a most probable energy at about 1/3 Emax 

(figure 1).   

At high energies the effect of neutrons must be considered because at 

above 10 MeV, photons have enough energy to interact with the nucleus 
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and liberate neutrons (Khan Section 16.6).  The scope of this experiment is 

limited to 6 MV x-rays so the effect of neutrons is not a factor.   

 

2.2 Material Properties of OSLDs 

 

OSLDs have been around for many years.  Their initial uses were mainly 

concerned with ascertaining the age of certain radioactive samples in 

environmental dosimetry (Akselrod 1998, 2007).  Since its first use in 

environmental dosimetry there have been many advances to try and bring 

OSLDs into the realm of personal and in vivo dosimetry.  Some of the first 

materials used for OSLDs were the same as were used in TLDs (Yukihara 

2008).  It was noticed that certain TLD signals faded when exposed to light.  

It was then thought that light could be used to read out the stored signal 

instead of heat.  The problem with many of these detectors was that they 

were very sensitive to heat and would lose signal if stored at room 

temperature.  This was remedied by freezing the OSLDs in liquid nitrogen 

(McKeever 2001).  Besides inconvenience and expense, there were other 

drawbacks to this system, the main one being that the chips had to be 

carefully reheated to specific temperatures to be read out, a process that 

easily led to error (McKeever 1996, 2001).   

Eventually Al2O3:C was tested as an OSLD.  It had the benefit of not 

having as much temperature dependence, as well as having a high 

sensitivity and easy readout.  This is what commercial OSLDs are 

composed of today.   

In order to understand how Al2O3:C works one first must understand the 

basics of conduction and charge movement.  There are three general 

classifications of materials concerning their conductivity.  Conductors 

easily allow current to flow, while insulators resist the flow of current.  This 

has to do with the attachment of their valence electrons and the energy (band 

gap) they have to overcome to reach the conduction zone.  Conductors have 

energy bands that overlap.  Insulators have their valence band and 
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conduction band separated by a large gap.  Semiconductors exist in a state 

between conductors and insulators.  With a small energy input the electrons 

in the valence band can get excited enough to reach the conduction band 

and are then free to migrate throughout the material.  In general, the band 

gap separation in insulators is greater than 5 eV, while in semiconductors it 

is much less, around the order of 1 eV (Knoll Section 5.1).  

The excitation of an electron to the conduction band creates an electron-

hole pair.  The hole is representative of a net positive charge and is also 

mobile.  In a pure crystal with no impurities the electron and hole will 

eventually recombine.  Impurities are added to the crystal (in the case of 

Al2O3:C it is carbon) to trap either the hole or the electron before they can 

recombine.  The traps retain the charges they have caught until they are 

given sufficient energy to cause the charge to release.  Upon release, the 

charges become migratory again and can either fall back to the valence level 

and recombine or become trapped again.  Recombination results in the 

release of a photon or heat.  The released photon provides the readout signal 

that corresponds to the dose the OSLD received (Knoll Section 5.1).  

.  Release of photons through recombination is possible due to the presence 

of F-centers, which provide a location that allows electrons coming down 

from the conduction band to meet with holes.  F-centers are formed by 

vacancies on oxygen atoms in the Al2O3:C crystal.  Holes from the electron-

hole pair can be trapped at the F-centers making them F+-centers which 

readily accept electrons falling from the conduction band. 

𝐹 + ℎ → 𝐹+    (7) 

When an electron and an F+-center meet, the electron recombines with the 

hole and the F+-center returns to being an F-center.  The energy of 

recombination is transferred to the F-center which excites to a metastable 

state (F*) for a short period of time, approximately 35 ms.  As it de-excites 

it releases a 420 nm photon (Jursinic 2007).   

𝐹+ + 𝑒 → 𝐹∗ → 𝐹 + 420 𝑛𝑚 𝑙𝑖𝑔ℎ𝑡   (8) 
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Temperature generally plays a large role in exciting electrons across the 

band gap.  However, this effect does not play a big role in nanoDot detectors 

in the clinic.  Traps within the material are sufficiently deep that room 

temperature will not allow important trapped charges to escape (Jursinic 

2007).   

Some traps will release their charges at room temperature.  This is 

because there are three general levels of traps that exist in OSLDs: shallow, 

intermediate, and deep (Jursinic 2007).  Shallow traps require very little 

energy to release their charges.  Deep traps exist in an opposite state; they 

require great amounts of energy for the charges to become freed.  Shallow 

traps release electrons at room temperature.  This causes an exponentially 

decaying signal that fades by about 98% within 10 minutes (Jursinic 2007).  

It has become a standard protocol to wait a minimum of 10 minutes before 

reading the chips out so that these traps can adequately clear and will not 

contribute significantly to the dose readout.  Electrons caught in deep traps 

are stable and will not be released until temperatures of 900°C are attained.  

Charges caught here will not be set free even by light stimulation (Jursinic 

2010).  It is the intermediate traps that are stable at room temperature and 

can be read out optically.  These are the important traps that allow dose to 

be calculated.   

While the intermediate traps are deemed the important traps that make 

dosimetry possible, the other traps play a crucial role in the response of the 

readout and the potential for the chip to be reused.  Deep traps act as 

competitors with the other traps during irradiation.  Deep hole traps tend to 

decrease the sensitivity, while deep electron traps tend to increase the 

sensitivity (Yukihara 2003). Reuse of OSLDs requires accurate mapping of 

each chips dose history because of the competitive interplay between traps.  

Annealing the chips with heat would release deep traps, but it is not an 

option because they are encased in plastic that would melt at the 

temperatures required for charge release.   

 



11 

 

 

2.3 Readout Process 

 

 Shallow traps are self-releasing at room temperature.  Deep traps 

effectively never clear in a normal clinical setting.  The intermediate traps 

are cleared and read out with light.  A spectrum of light can be used to read 

the chips.  However, there are more effective wavelengths that clear traps 

more efficiently.  Blue light of a wavelength less than 500 nm proves itself 

best at releasing traps (McKeever 1996).  Unfortunately this light yields a 

background signal at about the same wavelength of the light signal that is 

to be collected. Light of wavelength higher than 500 nm is used instead.  It 

releases traps well and does not give a background signal that cannot be 

filtered out (Jursinic 2007). 

 Two methods are available to read out the signal on an OSLD.  In the 

first method, continuous wavelength readout, the OSLD signal release is 

activated with a continuous source of light.  The activation and readout 

occur at the same time.  The light from the recombination of the electron 

hole pair is of a lower wavelength than the activation light, allowing the 

activation light to be selectively filtered out.  NanoDots are read out with a 

MicroStar Reader (Landauer, Inc., Glenwood, IL) which uses the 

continuous wavelength method.  The filtration process used in continuous 

wavelength readout is not perfect, so a process called pulsed optically 

stimulated luminescence (POSL) was developed.  The POSL process 

involves shining the activation light only briefly (less than 35 ms), and then 

it is shuttered off.  While the activation light is off, the signal light is 

released and captured, eliminating the need for heavy filtration.  This 

process is repeated many times to get a signal that is strong enough.  POSL 

helps remove some of the noise inherent in the continuous readout method 

(McKeever 1996).  POSL is able to be exploited due to the latency between 

activation and emission of light from the F-center (equation 8).   

 The light output of the crystal is itself quite weak.  After emission, the 

light is collected by a photomultiplier tube (PMT) that converts the light to 
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an electrical signal and amplifies it.  The basic function of a PMT begins 

with a photocathode.  The photocathode is a photosensitive layer which 

converts incoming photons to electrons.  The incident photon is absorbed 

in the material, where its energy is transferred to an electron which is 

ejected from the material.  The electron must have sufficient energy so that 

it is able to escape the photocathode material.  The ejected electron loses 

energy to the photocathode from electron to electron interactions and from 

a work function that is necessary for an electron to escape from a material 

into a vacuum (Knoll section 2).   

 Generally, only a small amount of electrons are formed that escape the 

photocathode.  The quantity is small enough that any signal they give will 

be nearly undetectable. Electron multiplication is used as a process that 

amplifies the number of electrons, providing a detectable signal.  As 

electrons escape from the photocathode they are accelerated towards an 

electrode called the dynode.  The acceleration occurs because the dynode is 

positively charged to several hundred volts.  The energized electrons 

interact with the dynode and release secondary electrons.  The 

multiplication that happens in one dynode is not great because secondary 

electrons may not have much energy and can get absorbed. As shown by 

equation 9, the addition of several more dynodes will greatly increase the 

total number of electrons.  Electrons that do escape are accelerated again 

towards another dynode where the process repeats.  This happens several 

times until there is a large quantity of electrons.  The multiplication process 

can be defined quantitatively as, 

𝑔𝑎𝑖𝑛 = 𝛼𝛿𝑁    (9) 

 Where α is the fraction of electrons that are collected by the dynode, δ 

is the multiplication factor at each dynode, and N is the number of dynodes.  

With the multiplication process is finished, the electrons are collected at an 

anode.  The end result of the photomultiplication process is a large signal 

that can be detected and integrated to give a net charge (Knoll section 3).    
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2.4  OSLDs in the clinic 

 

2.4.1  Dosimetric Qualities 

  

 OSLDs are generally compared to TLDs for in vivo dosimetry because 

their applications are quite similar.  Other available in vivo dosimeters 

include MOSFETs and diode detectors (Jursinic 2007).  These have the 

major drawback of having to be connected via wires to some sort of reader.  

This makes them cumbersome and generally undesirable to use.  NanoDots 

are small and can easily be placed on a patient.  The entire nanoDot is in a 

1 cm x 1 cm light tight plastic case that is 0.2 cm thick.  Inside the plastic 

case exists the active layer, which has a 0.5 cm diameter and is 0.03 cm 

thick (figure 3).  

 

Figure 3  Example of a nanoDot used in this project. 

Other than being small and easy to place OSLDs have more traits that 

make them desirable for use in the clinic.  One beneficial feature of Al2O3:C 

dosimeters is their dose response, which is linear below 300 cGy.  This 

makes dose measurements in that range very easy and accurate.  Above 300 

cGy there is a slight supralinearity which necessitates a second calibration 

(Jursinic 2007).   

OSLDs are also dose rate and energy independent.  Viamonte et al 

(2008) showed that for a 6 MV beam the dose rate dependence does not 

change up to 600 cGy/min, which for classic linacs is about as high of a 

dose rate as is achievable.  Modern linacs now have flattening filter free 
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beams which drastically increase the dose rate.  It is hypothesized that the 

response will be linear here as well but this has yet to be verified.   

Energy independence is true only for energies above 60Co, this entails 

all energies available by conventional linacs.  At energies lower than 60Co, 

such as those seen in diagnostic imaging, OSLDs have an over response.  

This is expected because the mass absorption coefficient is higher at lower 

energies.  Recall that the photoelectric effect is relative to 1/E3, so is the 

energy decreases the probability of photoelectric interactions increases 

rapidly, which increases the total mass absorption coefficient.  At high 

energies the photoelectric effect becomes much less common and the 

Compton effect dominates.  The Compton effect is still dependent on 

energy but much less so than the photoelectric effect.   

 

  Figure 4  Changes in mass attenuation coefficient relative to water for energies of 10 keV 

  through 20 MeV. (Kerns 2010) 

Relative to the changes seen at low energies, the total mass absorption 

coefficient at high energies changes very little.  The over response at low 

energies is quite significant, 60% for 150 kV x-rays.  It rapidly increases 

from there to a 220% over response for 50 kV x-rays (Mobit 2006).  Even 

so, the over response can be corrected using figure 4 if the x-ray energy is 

known.  

Directionality with respect to the beam is not a significant factor for 

nanoDots either.  The response deviates most at orthogonal angles. The 

change in response is limited to no more than 2% and is not depth dependent 
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(Lehmann 2014).  This is a stark contrast to surface diodes which can lose 

up to 20% of their signal at orthogonal angles (Jursinic 2007).  

Unfortunately OSLDs do have a temperature dependence associated 

with them.  This is understandable because Al2O3
 was originally developed 

as a new TLD material (Yukihara 2008).  Luckily Al2O3:C dosimeters do 

not show a temperature dependence in the range that would be seen in the 

clinic.  From 10°C to 40°C their signal is constant.  In a clinical setting the 

temperature should never deviate outside of this range, so any temperature 

dependence in other ranges should not matter.  This is advantageous 

compared to other detectors such as diodes, which show a temperature 

dependence of 0.3%/°C in this range (Jursinic 2007). 

A key feature OSLDs have that TLDs do not is their ability to be read 

out more than once.  The heating process used in TLDs releases the signal 

entirely.  The readout for the nanoDots only releases charges from some of 

the traps, so there is a loss of signal with multiple readouts.  As shown later 

in this paper, for most clinical purposes the signal loss is negligible.  What 

is especially nice about their ability to be reread is that the signals keep over 

long periods of time (Jursinic 2007). 

 

2.4.2  Applied Use 

OSLDs can be used in any treatment to verify surface doses and provide 

a good means of confirmation for in vivo dosimetry.  In vivo dosimetry is a 

means of detecting errors in planning or delivery by recording the true dose 

delivered to a patient.  In vivo dosimeters are used to measure the actual 

dose in clinically relevant locations on the patient.  Use of OSLDs is highly 

prevalent in special cases such as total body irradiation (TBI) and total skin 

electron (TSE) irradiation because the doses in concern are primarily 

shallow.  Cases where pacemakers are involved should also be closely 

monitored.  Pacemakers are only designed to be able to handle a certain 

amount of radiation.  An OSLD on the surface above the pacemaker is a 

good way to keep track of its dose.  The Radiological Physics Center (RPC) 
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uses OSLDs for remote third party validation during commissioning of new 

machines.  Personal dosimetry has also found a use for OSLDs; in many 

cases they have replaced film badges.  They are an especially easy addition 

to a clinic if the nanoDot system is already in place because Landauer’s 

InLight personal dosimetry system uses the same MicroStar reader that the 

nanoDots do.  The InLight system can be used to find doses from diagnostic 

machines; however, one should be wary of the energy used because a 

correction factor must be applied to the chip to account for OSLD 

sensitivity change at low energies.   

 Due to their critical role in patient safety it is important that each chip 

be tested for its accuracy.  The Landauer nanoDot chips are screened for 

accuracy before they are shipped out.  Each chip is given a specific dose of 

1 cGy and then read out.  If the chip is more than 5% off it is discarded.  

Chips that pass are then bleached, making them ready for clinical use.  

These are referred to as screened nanoDots.  

Due to inconsistencies between manufacturing batches and even within 

individual batches the sensitivity of each chip can be different.  Landauer 

sells two kinds of nanoDot OSLDs.  General purpose nanoDot sensitives 

are assigned based on which roll of Al2O3:C they came from.  After each 

roll is made, sensitivity tests are run on it and that sensitivity is assigned to 

the entire batch for general purpose nanoDots from that roll.  Landauer’s 

screened nanoDots are individually tested for their sensitivity.  They are 

exposed to a NIST traceable 5 Rads from 137Cs, then compared to reference 

nanoDots of a very well-known sensitivity.  Once the chips individual 

sensitivity is known it is re-exposed and re-read as verification.  After 

exposure the chips are annealed to re-zero them (Ranger 2014). 

OSLDs read out with the MicrosStar reader are stimulated by green 

LEDs with a spectrum centered on 540 nm (Jursinic 2007).  One of two 

stimulation intensities is to be used.  A weak light source of 6 green LEDs 

is used for high doses. If the signal is weak all 38 LEDs are used.  The 

general switching point of the strong vs weak light is around 10 cGy.  The 
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stimulation lasts for about 1 second in order to get a good signal.  The 

advantage of having two stimulating intensities is that the MicroStar reader 

has a much broader range of doses it can accurately read.  Unfortunately, 

reading out with 38 LEDs causes the signal to fade much quicker making 

the nanoDot not as accurate when it is reread (Yukihara 2008).   

As mentioned before there are two calibration curves for different dose 

ranges, the cutoff being at 300 cGy.  This is toggled manually in the 

MicroStar reader software.   

The MicroStar reader operates using continuous wave light stimulation.  

This method is far simpler than the mechanics and circuitry necessary for 

POSL, making the MicroStar reader more portable and cheaper.  Hoya B-

370 filters are placed in front of the PMT and Melles Griot OG515 filters 

are used in front of the LEDs to help center the stimulation light spectrum 

(Yukihara 2008, Jursinic 2007).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5  Inside arrangement of how the MicroStar reader works. 

Recently OSL probes have become a new theoretical source of 

monitoring internal dosimetry.  The idea is that a small chip of Al2O3:C is 

coupled to a fiber optic cable.  The cable is small enough that it can be 

inserted into the body.  Upon irradiation there is a radioluminescence (RL) 

signal that is promptly emitted based on the recombination of electrons and 

holes that did not become stuck in traps.  This signal provides real time dose 
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rate information.  After irradiation the probe would still hold dose 

information from the charges that were caught in traps.  This could then be 

read out, yielding a total dose.  Fiber optic OSLDs are still a project in the 

research phase and are not yet clinically available (Yukihara 2008).  

Bleaching chips for use in the clinic has been a point of some contest.  

More studies are coming out showing it can be done, but not fully 

investigating the possible side effects.  There are many methods of 

bleaching chips, ranging from high wattage tungsten halogen lamps to room 

lights.  Jursinic et al. 2007, used a 150 W tungsten halogen lamp to bleach 

individual chips down to 2% of their original signal in mere minutes.  He 

also used a bright room light to reduce the signal to 3% in 2 hours.  Jursinic 

found that during the bleaching process some of the electrons cleared from 

intermediate traps fall back into shallow traps.  One should then be cautious 

if reading OSLDs out immediately after bleaching because the shallow traps 

would still be clearing, resulting in a higher signal than is true.  Ideally, a 

waiting period of 3 minutes in the dark should be given for a more accurate 

readout of bleached chips (Jursinic 2007). 
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3 Materials and Methods 

 

3.1 MicroStar Reader QA 

 

Quality assurance tests recommended by Landauer were performed 

daily on the MicroStar reader to ensure that it was functioning properly.  

The QA process involved a set of measurements that tested the performance 

of the PMT to known, stable signals.   

The process consisted of repeating three different measurements twenty 

times. The DRK, CAL, and LED positions on the MicroStar knob provided 

the signals for the three measurements.  The DRK signal is used to test the 

PMT under conditions where there should be no light.  The readout from 

the DRK measurement is essentially just noise and should be no greater 

than 20 counts for any of the 20 measurements.  The CAL measurement 

checks the PMT response to the exposure of a small amount of 14C.  Here 

the purpose is to expose the PMT to a constant signal that will not change 

throughout the twenty readings. The coefficient of variation for these 

twenty readings should be no more than 0.05.  The LED signal comes from 

shining the stimulating LEDs onto the PMT with the first filter in the 

MicroStar Reader retracted, as shown in figure 5.  In this case the coefficient 

of variation should again be less than 0.05 for the reader to pass.  The LED 

test is similar to the CAL test because the signal should be constant for each 

reading.  The difference between the LED and CAL tests is that there is 

more signal from the LED reading.   
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The completion of these three tests should ensure that the MicroStar 

Reader is consistent from day to day.  It is also important to note that the 

reader was given approximately 30 minutes to warm up.  Readings taken 

before a 30 minute warm up period will have higher coefficients of variation 

and tend not to pass the daily QA criteria.   

A new calibration curve was generated for the MicroStar Reader.  The 

rational that justified recalibration was that it would yield the most accurate 

results because MicroStar readings can drift over long periods of time, 

causing the old calibration to be slightly off.  The calibration was done using 

the recommended guidelines provided by Landauer.  Three different 

calibration curves were needed: linear low dose, linear high dose, and 

nonlinear high dose.  The linear low dose calibration was made from two 

points, 0 cGy and 10 cGy.  The average of three new nanoDot readings was 

used to get a number of counts at each dose.  A linear model was fit to the 

two points, which formed the new calibration curve for the low dose region 

(0-10 cGy).  A similar process was used in finding both of the high dose 

calibration curves.  The linear high dose calibration was made from the 

counts at 7 different dose points (30, 50, 80, 100, 150, 200, 300 cGy).  

Again, the count value at each point was found as the average of the 

readings from three identically irradiated nanoDots.  All 7 points were fit 

linearly to form the calibration curve from 10 to 300 cGy.  The data for the 

nonlinear calibration was created the same way as the linear calibration but 

with doses of 0, 50, 100, 500, 800, 1000, 1300 cGy instead.  A quadratic fit 

of the data formed the nonlinear calibration curve for the 300 cGy and up 

region.    

Landauer’s claim that screened nanoDots can be read out to within 5% 

accuracy was investigated.  Nine nanoDots were irradiated with 100 cGy. 

Each was read three times and averaged.  The coefficient of variation (CV) 

was found for each chip’s three readings.  The OSLDs were then bleached 

overnight and irradiated to 100 cGy again.  The same readout process and 

CV calculation was done for each chip.  This was repeated 20 times.  For 
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each repetition the CV of all 9 OSLDs was found using the average reading 

for each chip.  The CV between all nine chips used should be below 5% if 

Landauer’s claims are true.  The process was done 20 times to see if 

accumulated dose plays any role in the precision of the measurements.  The 

CV of individual chips should be much less.  These CVs were compared to 

the signal fading from multiple readouts to check that the signal lost from 

taking three readings is not an important factor. 

 

3.2 Signal Fading With Multiple Readouts 

 

Signal fading with multiple readouts has been documented in the past 

(Omotayo 2012, Jursinic 2007).  Omotayo et al. (2012) tested it in the low 

and high dose regions, illustrating the difference in signal loss when all of 

the LEDs are used and when only 6 of the LEDs are used. In this experiment 

signal loss was only investigated for high dose readouts (6 LEDs).  In this 

test a new chip from a TBI case was used.  After its initial three readings 

were recorded the OSLD was reread 43 more times.  A total of 46 readings 

was deemed enough to give thorough statistics.  The data was normalized 

to a corrected average which was found by increasing each reading by the 

amount of signal that was lost every time the chip was read out.  The amount 

of signal lost was based on the linear trend of the non-normalized data.  The 

normalized data was then graphed and fit linearly.  The linear fit was then 

confirmed with the statistical program, R 3.1.3.   

 

3.3 Signal Fading from Optical Bleaching 

 

The department of radiation oncology at OHSU has been collecting used 

nanoDots since it instituted an OSLD program. Years of collecting has 

resulted in many used OSLDs at varying doses that were available for use 

in this study.  The OSLDs had been sorted into different bins according to 
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the amount of dose they were irradiated with.  Bins were categorized by 50 

cGy steps.  The bin with the most OSLDs was the 100 and 150 cGy bin.  

Several hundred nanoDots in this group were selected to be bleached to 

background levels.  Prior to bleaching, 20 chips in the 100-150 bin were 

read out to make sure the chips were binned properly and that the signals 

had not reduced with time.  Background levels were determined by reading 

out new chips which had never been exposed to any dose.   

Used nanoDots were opened, exposing their active layer.  They were 

then placed on a decommissioned light box that was once used for viewing 

x-ray films.  The light box contained 4 15 Watt fluorescent lightbulbs.   

 

 

  Figure 6  Light box used for bleaching with a small sample of 3 nanoDots being bleached. 

 

Once all the chips were opened and placed on the light box it was turned 

on and all other lights were turned off.  A small sample of 5 chips were read 

out every few hours to monitor the signal decay.  Once these chips were 

reasonably close to background levels, the light box was turned off and all 

of the used chips were read out.  Many of these bleached nanoDots were 

used in later experiments.  After bleaching, readings from all of the used 

chips were averaged and compared to the background readings from new 

chips.  This gave an approximation of how long it would take to completely 

bleach a used nanoDot with about 100 to 150 cGy on it. 
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Fortunately most clinical cases involve doses that are orders of 

magnitude higher than the background level.  Considering that the chips are 

only guaranteed to be accurate within 5% a small signal on the chips of less 

than 1 cGy will not significantly affect high dose measurements.  Bleaching 

OSLD signals to background levels can take several days, so an experiment 

was devised to see if overnight bleaching can make significantly low 

nanoDot signals.  Groups of two OSLDs were irradiated to doses of 300, 

500, 1000, 1500, and 2000 cGy, then were bleached overnight to see if they 

would drop below 1 cGy.  During bleaching the nanoDots were read out 

and recorded at 0, 1, 2, 3, and 17 hours.  The 17 hour dose readouts were 

analyzed to see if the residual signal would be low enough to allow for reuse 

without further bleaching.  The results were also plotted to provide a visual 

of how the dose dropped off.  

A lower signal on a bleached chip is preferable, so an experiment was 

done to see if stronger lights led to faster bleaching times.  It has been shown 

that bleaching with different lights does not always produce the same 

effects (Omotayo 2012).  Bleach times for a 15 Watt fluorescent light and 

a 25 Watt fluorescent light were compared.   

 

  Figure 7 Two different lights used for bleaching.  The 15 W light is on the left.  The 25 W light 

  is on the right.   
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12 groups, each containing three used chips, were bleached using the 15 

W light.  An identical 12 groups of three chips each was formed to be 

bleached using the 25 W light.  The 12 groups were distinguished from one 

another by the amount of irradiation the OSLDs in the group had received.  

Group one’s OSLDs had been irradiated from 0-50 cGy.  Group two’s 

OSLDs had been irradiated from 100-150 cGy.  Groups 3-12 contained 

OSLDs that had respectively been irradiated to the following doses: 200-

250, 250-300, 300-350, 350-400, 500-550, 600-650, 650-700, 700-750, 

800-850, and 950-1000 cGy.  Due to a lack of chips in the 800-850 range, 

only two were used in that group.  The residual dose on each chip was read 

out at particular points during the bleaching process.  The specific readout 

times were at 1, 2, 3, 5, 8, 12, and 25 hours.  A graph comparing dose vs 

bleach time for the 15 W and 25 W lights was made for each group. The 12 

graphs were compared to see if the starting dose on the OSLD made any 

difference between the two light sources.   

 

3.4 Sensitivity Change from Accumulated Dose 

 

The final experiments performed were designed to study how the 

sensitivity of the nanoDots changed with accumulated dose.  Bleached 

nanoDots with a previous dose history of 100-150 cGy were used.  In the 

first experiment 4 groups of 9 chips each were irradiated to particular doses 

of 50, 100, 200, or 500 cGy.  After irradiation all the chips were given at 

least 10 minutes for the shallow traps to clear before the doses were read 

out and recorded.  The chips were then opened and placed on the light box 

to bleach overnight.  To ensure that the chips were amply bleached they 

were all read out again once the bleaching process was concluded.  The 

chips were then irradiated again to the exact same dose as before.  Post 

irradiation they were read out, bleached overnight, and read out again.  The 
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irradiate-read-bleach-read process was repeated multiple times, with each 

successive irradiation contributing to each chips overall accumulated dose.    

The OSLDs were irradiated with both a Varian Trilogy and an Elekta 

Versa HD.  The reason two machines were used was because the Varian 

Trilogy was decommissioned before all the data was taken, necessitating a 

transfer to the Versa HD.  This should not pose a problem as both machines 

were commissioned using the TG-51 protocol to give 1 cGy/MU at dmax, as 

well as have similar mean energies and attenuation and scattering 

properties.  The similarity was verified by comparing a nanoDot irradiated 

under the same circumstances on each machine.  The two nanoDots were 

shown to have matching readouts.  Both machines also underwent regular 

monthly and daily QA throughout the entire process.   

The 9 nanoDots in each group were irradiated at the same time.  The 

chips were placed in a square around the center of the beam.  Solid water 

was used to hold the chips at dmax (1.5 cm) with 14.5 cm of backscatter.  

 

  

  Figure 8 Setting up for irradiation.  9 nanoDots resting on a 1 cm slab of bolus. 
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 The SSD was set to 100 cm and the field size was set to 10 cm by 10 

cm.  To help alleviate the uncertainties that come with air gaps, a water 

equivalent bolus replaced the two sheets of solid water that were in contact 

with the nanoDots.   

 

 

  Figure 9  Final setup for irradiation.  The 9 nanoDots are under 0.5 cm of bolus and 1 cm of 

  solid water.  The farmer chamber can be seen at a depth of 10 cm, with 6 cm of backscatter.  

  The nanoDots and the chamber are in the middle of a 10 x 10 cm field.  The setup has an SSD 

  of 100 cm. 

 

A Wellhofer farmer chamber was placed at a depth of 10 cm with the 

active portion of the chamber in the center of the beam.  The Wellhofer 

chamber was connected to a PTW Unidos E electrometer that supplied 300 

Volts to the ion chamber and read its signal.  The signals from each group 
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were compared with each other after irradiation to make sure the output of 

the linac was consistent. 

Graphs of accumulated dose vs OSLD response were made for each 

group.  Some of the graphs were split at specific points into two sections 

depending on how much dose they had accumulated.  The first section is of 

a region of stability where the sensitivity of the nanoDots does not change.  

The second section is a region where sensitivity of the nanoDots decreases.  

The graphs for both regions were fit with a simple linear regression model 

and tested against a null hypothesis that there was in fact no slope associated 

with the region, H0 = 0.  In R this test gives the same results as an ANOVA 

F-test.  A Residuals vs Fitted plot was produced to test that the linearity 

assumption of the data was met and that the data maintains a constant 

variance.  A Normal Q-Q plot gave a visual interpretation of the normality 

of the data as well as its linearity.  These statistical tests were used to ensure 

that the simple linear regression model was a good fit to analyze the data 

with.  All statistical tests were run in R 3.1.3. 

Another experiment compared new and used nanoDots to verify the first 

region has a flat response, i.e. no sensitivity change in the chips.  New chips 

were tested against used chips with a dose history of 150 cGy that had been 

bleached to background.  A percent agreement between bleached used chips 

and the new chips was calculated under 5 different clinical circumstances.  

In all cases the new and used chips were placed as close to the center of the 

same field as possible and irradiated at the same time.  The field was always 

big enough that the nanoDots were assumed to be in an area with a flat dose 

profile.  Also the energy of each beam was 6 MV for photons and 6 MeV 

for electrons.  The first comparison mimicked a TBI case.  7 bleached and 

3 new OSLDs were placed at the surface of a solid water phantom at a 

distance of several meters, then irradiated with 500 MU.  A TSE case was 

simulated using a 25 cm cone with 5 bleached and 3 new OSLDs.  The 

OSLDs were irradiated with 350 MU at a large (about 2 meters) SSD.  Two 

more setups were prepared using electrons.  Both were given 100 MU, had 
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a 10 cm cone, an SSD at 100 cm, and 10 cm of backscatter.  Each also used 

5 used and 2 new nanoDots.  The difference between the two setups was 

the depth of the nanoDots in solid water.  One irradiation had the nanoDots 

at the surface, while the other had the nanoDots at a dmax of 1.3 cm.  The 

last setup was for photons in a 10 cm x 10 cm field, at 100 cm SSD, with a 

depth of 5 cm, with 10 cm of backscatter.  2 new chips and 5 bleached chips 

were irradiated with 100 MU. 

A final comparative setup was used to test new chips against bleached 

used chips from both the region of stability and the region of sensitivity 

change.  A total of 20 chips were used, 9 bleached chips with an 

accumulated dose of 2150 cGy, 9 bleached chips with and accumulated 

dose of 150 cGy, and 2 new chips.  The chips were set up in a 4x5 square 

in the middle of a 10 cm x 10 cm, 6 MV beam at dmax (1.5 cm) in solid water 

with 10 cm of backscatter.  The phantom surface was set to 100 cm SSD 

and irradiated with 200 MU.  New and 150 cGy accumulated dose chips 

were compared using a percent difference calculation.  A percent difference 

between the new chips and the 2150 cGy accumulated dose chips was also 

calculated.  A final comparison was done to see if the slope in the region of 

sensitivity could accurately predict the true dose.  The slope and cutoff point 

necessary to make a correction factor were selected based off the average 

of the 100, 200, and 500 cGy accumulated dose data sets.  The correction 

factor was made by multiplying the slope by the dose accumulated over the 

cutoff point.  The absolute value of the correction factor was added to the 

read out value to get the corrected dose.   The new corrected value was 

compared to the dose readout from the new chips via percent difference.   
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4 Results 

 

4.1 MicroStar Reader 

 

The daily QA results for the MicroStar reader were within tolerance 

every day.  The DRK counts were always under 20 and the CAL and LED 

CV was always under 0.05. 

The three calibration curves discussed earlier and used throughout this 

project are shown in figures 10, 11, and 12.  Figure 10 is the low dose linear 

calibration that is only valid to 10 cGy.  Figure 11 is the high dose linear 

calibration which is usable from 10 to 300 cGy.  Figure 12 is the high dose 

nonlinear calibration that should only be used for doses above 300 cGy. 

 

Figure 10  Low dose linear calibration for the MicroStar reader.  Used for readings between 0 

and 10 cGy. 
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  Figure 11  High dose linear calibration for the MicroStar reader.  Used for readings between 

  10 and 300 cGy. 

 

Figure 12  High dose nonlinear calibration for the MicroStar reader.  Used for readings above 

300 cGy. 

 

For the tests which looked at the CVs of individual OSLDs and groups 

of OSLDs, the CV between the three readings for individual chips was 

almost always below 1.5%.  Only 6 out of 180 individual OSLD readings 

had a CV above 1.5%.  The average of all 180 individual OSLD CVs was 

0.64%.  The CV among 9 different chips was considerably higher, but 

always remained below 5%.  The average CV over all 20 irradiations was 

2.7%.  The CV was not seen to change in relation to accumulated dose. 
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4.2 Signal Fading With Multiple Readouts 

 

 The normalized data from 46 sequential readings of the same chip are 

as shown in figure 13.  The initial dose to the chip was 257 cGy.  The 

equation of the regression line is 𝑦 = −4.199 ∗ 10−4𝑥 + 1.0004.  The 

implication of the slope is that for each reading there is a 0.04% loss of 

signal.  The trend was tested for its fit to the linear regression model.  The 

p-value of the regression was 4.756*10-8, which is indicative of a significant 

trend.   

   

  Figure 13  Signal depletion over a total of 46 readings of the same nanoDot. 

 

4.3 Signal Fading from Optical Bleaching 

 

The first optical bleaching test was to determine how long it would take 

for 100-150 cGy chips to bleach to background.  The average background 

was determined to be 0.017 cGy based on the readings of 10 new nanoDots 

that had not been irradiated at all.  Figure 1 shows the average decay curve 
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from bleaching 5 OSLDs in the 100 to 150 cGy range under a 15 Watt lamp.  

After 48 hours of bleaching, the 5 selected chips were read out and 

averaged, showing residual dose of 0.026 cGy.  The rest of the chips 

(around 100) were also read out.  Their average was also 0.026 cGy.   

 

   

  Figure 14  Optical bleaching of 100-150 cGy nanoDots over 48 hours. 

 

48 hours of bleaching was enough to get the residual signal to be almost 

as low as background.  However, it was presumed that a residual dose below 

1 cGy would not significantly affect the results of nanoDots being irradiated 

to high doses.  Figure 15 shows how the signal decays over the course of 

17 hours for chips with 300, 500, 1000, 1500, and 2000 cGy on them.  After 

a 17 hour overnight bleach session, all chips read out less than 1 cGy, with 

the low dose chips being well under 1 cGy.  Both the 2000 cGy and 300 

cGy chips lost 99.9% of their accumulated dose over the course of the 17 

hour bleach.      
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  Figure 15  Signal depletion of nanoDots with different initial doses. 

 

An experiment comparing the effects of bleaching with 15 W or 25 W 

of light was executed for 12 groups of chips with different accumulated 

doses.  Figures 16 through 18 depict some of the data comparing the 15 and 

25 watt light bleaching times.  The title of each graph tells range of the 

initial dose the nanoDots had received prior to bleaching.  There were a 

total of 12 graphs made, however only three are shown because many of the 

responses were similar.  The 0-50 cGy and 100-150 cGy plots were similar 

in that they showed no bleach time difference between lights (figure 16).    

The 800-850 cGy and 950-1000 cGy plots showed that the 25 watt light 

was more effective at clearing the dose on the nanoDots (figure 18).  All of 

the rest of the plots clearly showed that the 15 watt light was better at 

annealing the OSLDs (figure 17). 
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  Figure 16  Difference between different light sources for 100-150 cGy nanoDots. 

   

   

  Figure 17  Difference between different light sources for 600-650 cGy nanoDots. 

 

   

  Figure 18  Difference between different light sources for 950-1000 cGy nanoDots. 
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4.4 Sensitivity Change from Accumulated Dose 

 

The last series of experiments were designed to see how the OSLD 

response changed with accumulated dose.  Figures 19 through 22 are 

boxplots made from the raw results using dose accumulation rates of 50, 

100, 200, and 500 cGy respectively.  The plots visually illustrate how the 

OSLD sensitivity changes with accumulated dose. 

   

  Figure 19 Sensitivity change every 50 cGy from 200 to 1150 cGy accumulated dose 

   

  Figure 20  Sensitivity change every 100 cGy from 250 to 2150 cGy accumulated dose 
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  Figure 21  Sensitivity change every 200 cGy from 350 to 3950 cGy accumulated dose 

 

Figure 22  Sensitivity change every 500 cGy from 650 to 3150 cGy accumulated dose 
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The plots shown in figures 20, 21, and 22 all show a trend of general 

flatness in the beginning then turn downwards with a slight negative slope.  

These three graphs were each split into two sections.  Separate graphs were 

made of each section.  The split point was where the trend changed from 

flat to downward sloped.  The plot that was made from 100 cGy irradiations 

had a split point at 750 cGy.  The plot that was made from 200 cGy 

irradiations had a split point at 1350 cGy.  The plot that was made from 500 

cGy irradiations had a split point at 1150 cGy.  Plots 24 and 25 respectively 

show the 100 and 200 cGy irradiation graphs before the cutoff point, the 

area where there is no downward trend.  There is no plot of the first section 

of the 500 cGy irradiation graph (before the cutoff point) because there is 

not enough data before the 1150 cGy cutoff point to make a statistically 

relevant plot. Plot 23 is the same as plot 19, i.e. made from 50 cGy 

irradiations except it shows each data point, not a boxplot.  It shows the 

same area of flatness that is seen in figures 24 and 25 because the 

accumulated dose was never high enough to reach a definitive cutoff point.    

 

  

Figure 23  Range where there is no change in sensitivity due to accumulated dose using 50 cGy 

irradiations 
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Figure 24  Range where there is no change in sensitivity due to accumulated dose using 100 

cGy irradiations 

 

Figure 25  Range where there is no change in sensitivity due to accumulated dose using 200 

cGy irradiations 
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Each plot was fit with a regression line.  The line was then tested for its 

fit. The slope of each line and its p-value predicting its abandonment of the 

null hypothesis is listed in table 1. 

 

Graph Slope P-value 

50 cGy -0.0007 0.0586 

100 cGy 0.00217 0.28 

200 cGy 0.0028 0.0821 

Table 1  The p-values are given for the respective slopes of each graph before the cutoff point.  The 

high p-values indicate insignificant evidence of any nonzero slope. 

A similar process was done with the other (visibly sloped) half of the 

100, 200, and 500 cGy graphs.  The downward trend was plotted and fit 

with a regression line.  Figures 26, 27, and 28 show the three plots. 

 

Figure 26  Range of sensitivity change due to accumulated dose using 100 cGy irradiations 
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Figure 27  Range of sensitivity change due to accumulated dose using 200 cGy irradiations 

 

Figure 28  Range of sensitivity change due to accumulated dose using 500 cGy irradiations 
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Again, each regression line was tested against a null hypothesis of 

having a zero slope.  The results are shown in table 2.  The 100 cGy graph 

includes data only after 750 cGy accumulated dose.  The 200 cGy graph 

includes data only after 1350 cGy accumulated dose.  The 500 cGy graph 

includes data only after 1150 cGy accumulated dose.   

 

Graph Slope P-value 

100 cGy -0.00329 2.78*10-7 

200 cGy -0.00417 8.98*10-12 

500 cGy -0.0062 8.97*10-2 

Table 2  The p-values are given for the respective slopes of each graph after the cutoff point where 

the trend can visibly be seen to get steeper.  The low p-values indicate significant evidence of a 

nonzero slope. 

Steps were taken to make sure that the statistical tests were valid, 

allowing the data to be fit linearly.  Figure 29 shows a Residuals vs Fitted 

and a Normal Q-Q plot for the high dose end of the 200 cGy plot.  The other 

plots were also tested this way to check for statistical validity.  There were 

none that showed deviance from the four linear model requirements: 

linearity, normality, constant variance, and independence.   

 

 

Figure 29  Plots that help prove the validity of the statistical tests run on the data.  The result giving 

proof that the accumulated dose plots have zero slope regions and regions with a significant 

downward trend. 
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New OSLDs and used OSLDs with an accumulated dose of 150 cGy 

were compared in various clinical settings.  Table 3 shows the percent 

difference between the new and used chips in a TBI case, TSE case, electron 

surface case, for electrons at dmax, and for photons at 5 cm.   

 

Case TBI TSE Electrons, 

dmax 

Electrons, 

surface 

Photons, 

5 cm 

% 

Difference 

1.138 0.417 1.132 1.014 0.607 

Table 3  The percent difference for each clinical case is between new nanoDots and used nanoDots 

with 150 cGy of accumulated dose. 

One last test was performed to see how a correction would work on 

used OSLDs with 2150 cGy of accumulated dose.  These chips were 

compared to new chips and chips with 150 cGy accumulated dose.  After a 

200 cGy irradiation the 150 cGy dose chips and the new chips were 

measured and averaged to yield 202.93 and 202.424 cGy respectively, a 

difference of only 0.2%.  The average reading of the chips with 2150 cGy 

accumulated dose was 188.7 cGy.  Using the average slope and cutoff point 

from plots 34 through 36, the OSLD reading was corrected to be 194.5 cGy.  

The percent difference of the 2150 cGy chips from the new chips before 

correction was 6.8%, but was lowered to 3.9% upon correction.   
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5 Discussion 

 

5.1 MicroStar Reader 

 

The calibration was necessary to ensure that the most accurate readings 

were taken.  Recommendations on how often calibrations are needed in the 

clinic can be found in the MicroStar reader user’s manual. 

Landauer promised that the accuracy of their OSLDs is within 5%.  The 

2.7% CV seen proves that their OSLDs are well within that limit.  The lower 

CV seen in the individual chips shows that there is less deviation within 

individual OSLDs.  The deviation within three readings of individual chips 

was high enough above the signal fading with multiple readouts that the 

method of averaging three readings can still be considered the best practice.  

 

5.2 Signal Fading With Multiple Readouts 

 

The 0.04% loss of signal per reading is very similar to what is seen in 

the literature.  Jursinic et al. and James Keller’s PhD thesis showed a signal 

loss of 0.05% for every reading.  The value seen here may not match exactly 

with Jursinic’s and Keller’s, however in a clinical sense the values are for 

all intents and purposes, identical.  Usually only three readings are taken 

when a nanoDot is read.  In this case the results show there would be a 

negligible signal loss.  Some extenuating circumstances might require more 

readouts.  In these cases, signal loss from even as many as ten readings 
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would still be less than the deviation from individual readings.  Low dose 

readings using all 38 LEDs were not tested here but the signal loss is 

expected to be much more pronounced.   

 

5.3   Signal Fading from Optical Bleaching 

 

It was deemed that 48 hours was a practical bleaching time to approach 

background levels.  The true background from new chips is 0.017 cGy.  The 

results of used 100-150 cGy OSLDs after 48 hours of bleaching showed 

between 0.02 and 0.03 cGy of residual dose.  This is not quite at the true 

background level; however, between 40 hours to 48 hours of bleaching time 

the nanoDots only lost 0.01 cGy.  If the signal decay curve from bleaching 

is exponential as it appears, then it would take much longer to get to true 

background levels.  Any readings from new and used nanoDots would be 

comparable because the difference between them would be lost in any 

clinical dose given to the chips.  Keller’s paper states that after 72 hours of 

bleaching, the residual dose on the nanoDots fell below 0.02 cGy.  If this is 

the goal then it seems attaining true background is possible, it would just 

take at minimum an extra day of bleaching.   

It turns out that the starting dose has an effect on the length of time it 

takes to bleach nanoDots (figure 15).  OSLDs with a higher dose on them 

are cleared faster, but without a longer bleach time they do not catch up to 

the chips with a lower dose.  Over the same bleach time the difference 

between high and low dose chips becomes smaller.  As shown in figure 15, 

after 17 hours all nanoDots are below 1 cGy regardless of initial dose.  At 

this point the largest difference between chips is 0.626 cGy.  In many cases, 

this difference will be insubstantial and either chip could be used in future 

cases.  If it is crucial that the dose be as low as possible then one might 

consider measuring all chips out after bleaching to ensure they are within 

tolerance.  If there are many chips with the same initial dose being bleached, 

then reading a small sample will be effective at approximating the post-
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bleach dose to the whole group.  If it can be assumed that in most clinical 

situations a nanoDot will see between 20 and 1500 cGy, then an overnight 

bleach will reduce the dose on the chip to low enough to be clinically useful 

the following day.  The range of 20 to 1500 cGy is because more than 20 

cGy is needed so a residual dose of 1 cGy on the chip is under 5% of the 

total dose.  Less than 1500 cGy is necessary because the MicroStar reader 

is not made to record accurately beyond this point (Ranger 2014).  The 20 

cGy lower limit is an extreme, generally you would want a more thorough 

bleaching if doses this low are expected.  It should be noted that one should 

use their own discretion in any situation, there is no golden rule for a 

practical bleaching time.  The data presented is helpful in determining 

reasonable bleach times for different uses.  It should also be noted that 

simply subtracting an old dose from a new dose is not recommended.  The 

Keller paper shows that uncertainty in the reading rises quickly as more 

subtractions are made.   

Comparing bleach times of a 15 watt lamp to a 25 watt lamp showed 

some unexpected results.  It was hypothesized that a higher wattage would 

result in faster bleaching times because there would be more light to release 

the charged particles from their traps.  It does not seem like the relationship 

is so direct, a result corroborated by Omotayo (2012).  All the graphs except 

the extreme high dose ones (800-850 cGy and 950-1000 cGy) and extreme 

low doses (0-50 cGy and 100-150 cGy) show that the 15 watt lights were 

more efficient at releasing the charges held in the intermediate traps and 

brought the signal on the OSLDs down quicker.  The low dose graphs 

showed that there was no difference in bleach times between the two graphs, 

while the 800-850 cGy and 950-1000 cGy graphs showed the opposite, that 

the 25 watt light is more efficient.  This could indicate that higher doses 

respond better to higher wattage light.  More research is needed before that 

conclusion can be made with confidence.   

The results could also be from a difference in the wavelength of the two 

different lights.  As mentioned in the background section, specific 
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wavelengths of light interact better than others.  This possibility of the two 

lights giving off different energy spectra is backed up by the color 

difference that can be seen between the two lights in figure 7.  It would be 

worthwhile to purchase a luminance meter and spectrometer to measure the 

intensity and energy differences between the two lights.  The absolute 

intensity and energy spectrum of the lights could provide the evidence 

needed to figure out what exactly is going on in this situation.   

Regardless of what is happening in the chips that were bleached with 

different lights, these differences are relatively insubstantial.  In a clinical 

setting both lights are shown to work.  The percent of the signal lost from 

the initial to final dose will be lowest for the chips with lower doses on 

them. Looking at a low dose group, the 100-150 cGy chips lost 99.953% of 

their dose when the 15 watt light was used, as compared to 99.949% when 

the 25 watt light was used.  Either way, most of the dose will be removed 

from the nanoDots irrespective of the light used.  In most cases the extra 

time it would take to remove the additional 0.004% off the dosimeter would 

not be necessary, as this small difference would easily be lost in the noise 

from other uncertainties in reading the nanoDots.   

Jursinic et al. (2007) used a 150 watt tungsten-halogen light that was 

focused with a light guide down to a 4 mm diameter circle.  This is about 

the size of the active area of a nanoDot, so with Jursunic’s method only one 

nanoDot can be bleached at a time.  He was able to deplete 98% of the signal 

in 45 s.  This is much faster than the lights used in our experiments, however 

his method is impractical in a clinical setting where many nanoDots need 

to be bleached at a time.  Bleaching many OSLDs one at a time requires 

dedicated man-hours whereas the system here can be left alone once started.  

A larger 150 watt system is not practical because the heat could melt the 

plastic on the nanoDot.  Large batch bleaching is regulated to lower wattage 

lights for this reason. 
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5.4 Sensitivity Change from Accumulated Dose 

 

After a certain accumulated dose, the sensitivity of the nanoDots begins 

to change.  The crossover point where this change occurs is not the same 

for all graphs.  The graph of accumulated dose from 50 cGy irradiations 

showed no point at which the sensitivity of the chips lowered.  This is 

because the accumulated dose was never high enough to reach the area 

where the downward trend began.  From one accumulated dose to another 

there is some variability.  This is because only 9 chips were used for each 

accumulated dose level so in a statistical sense the results might not always 

appear normal.  Noting that, the last few levels of accumulated dose do seem 

to have a downward slope, however there are not enough to draw a 

conclusive trend, more dose levels are needed.   

Table 1 shows how the first section of the 50, 100, and 200 cGy 

irradiation accumulated dose graphs is flat.  The p-values are all above the 

normal α-value rejection point of 0.05.  Some of the values are quite close 

to this point though, which gives weak evidence that there could be some 

non-zero linearity.  Also, the two graphs with the lowest p-values, 50 cGy 

and 200 cGy, have opposing slopes.  This lends faith to the argument that 

there is no significant slope in the area before the sensitivity change.  

Table 2 sums up figures 26, 27, and 28.  The three slopes seen are all 

quite close.  The slope of the 500 cGy graph (figure 28) is slightly higher 

than the other two.  This could be because there is not as much data.  More 

data could lead to a less steep trend that agreed more with the other two.  As 

it stands the associated p-value does show that there is definitely a non-zero 

slope.  The other two p-values in table 2 show even more evidence for a 

non-zero slope.  This is because there are many more points in these 

datasets.  The slope of the graph with 200 cGy irradiations is slightly steeper 

than the 100 cGy irradiation graph, however the crossover point begins later 

which helps to offset the difference between the two graphs when it comes 

to actually correcting a nanoDot reading.   
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The Yukihara paper (2003) also showed change in sensitivity at 

accumulated doses between 10 to 20 Gy.  The Akselrod paper (2007) 

confirms this, showing a sensitivity decrease at around 10 Gy.  The decrease 

in sensitivity is attributable to the competition between deep hole traps, 

deep electron traps, and F and F+ centers.  Deep electron traps act as 

competitors with the intermediate traps.  As deep electron traps fill there 

becomes less competition and the sensitivity increases.  Deep hole traps act 

in an opposing manner.  Filled deep hole traps compete with F+ centers for 

the capture of electrons.  Electrons caught in a filled deep hole trap only 

release heat, causing an effective loss of signal.  As ionization continues 

and more holes are caught in the deep hole traps, there become less holes 

that can be used to create F+ centers (equation 7).  In this way, as the deep 

hole traps fill there will be less F+ centers, meaning there is less 

recombination that results in light, thus causing a loss in sensitivity 

(Yukihara 2003).   

At doses below the crossover point, there are still enough holes not 

captured by the deep hole traps that the creation of F+ centers and their 

return to being F centers through capture of an electron is more or less in 

equilibrium.  Above the threshold dose the balance shifts to where there are 

less F+ centers available for recombination (Yukihara 2003), resulting in the 

loss of sensitivity that is seen in figures 26, 27, and 28.  

In a clinical setting the difference in slopes and cutoff points seen 

between the graphs complicates the ability to find a correction factor.  In 

order to correct for a reading, only one slope and one cutoff point can be 

selected, not all of them can be used individually.  Averaging the three 

cutoff points and three slopes incorporates all the data into one model.  This 

was shown to work better than using the data from any one of the individual 

graphs (see last paragraph in this section).  The averaging method is 

practical because we cannot say definitively if one accumulated dose 

dataset is more accurate than another.  The datasets most likely differ 

because there is a possibility of inherent dissimilarities between individual 
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OSLDs based on manufacturing environment.  Averaging the 100, 200, and 

500 cGy accumulated dose datasets gives the highest probability of limiting 

corrections that would be too extreme.  The average of the three cutoff 

points is 1080 cGy, which agrees well with the literature (Jursinic 2007, 

Yukihara 2003).  The average of the three slopes is 0.00456 cGy lost per 

cGy accumulated.  This method of averaging can only be used if the rate at 

which a chip accumulates dose is not believed to be a factor.  

The important take away from this experiment is that in all cases there 

is no statistically relevant sensitivity change before an accumulated dose of 

around 1080 cGy.  Chips can be bleached to this level without concern as 

to whether the results will be accurate.  After this point the readout can be 

corrected.  The best slope to use would be the average slope of 0.00456.   

The results for the comparison between new and used chips in different 

clinical settings (table 3) illustrates that there is no significant difference in 

readout.  All percent differences were well below the 5% margin of error 

allowed by the screened nanoDots.  All the OSLDs used started with 150 

cGy of accumulated dose and ended well below 1080 cGy of accumulated 

dose.  This result reflects only on chips that are below the crossover point 

where the sensitivity of the chip has not been shown to change. 

The experiment done to validate the use of a correction factor on 

OSLDs with an accumulated dose above the cutoff point showed that a 

correction factor is useful but less accurate.  The nanoDots that had been 

used to make figure 20 (Effects of Accumulated Dose from 100 cGy 

Irradiations) were used again in conjunction with new chips and chips that 

only had an accumulated dose of 150 cGy.  As expected the 150 cGy used 

nanoDots and the new nanoDots were in great agreement.  The 2150 cGy 

used nanoDots were not in agreement with the new nanoDots, there was 

over a 5% discrepancy between readings.  After adding a correction factor 

to the 2150 cGy used nanoDot readings that discrepancy was brought to 

below 5%.  Although this is theoretically acceptable there was still a 3.9% 

difference, a difference much higher than seen for used nanoDots below the 
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cutoff point of 1080 cGy, thus use of a correction factor is not as reliable a 

method for reusing OSLDs.  In this case the average slope and cutoff point 

were used to make the correction factor.  This result is better than if the 

individual graphs were used.  If the slope and cutoff point from the 100 cGy 

accumulated dose plot was used there is a 4.2% difference.  If the slope and 

cutoff point from the 200 cGy accumulated dose plot was used there is a 

4.7% difference.  In this case the best way to correct for the sensitivity 

change is clearly with the averaged data, not the data from individual 

accumulated dose plots.   
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6 Conclusion 

 

6.1 Clinical Application 

 

Repeated readouts of the same chip resulted in comparable findings to 

that found in the literature.  The minimal loss of signal is not a significant 

concern in a clinical setting.  Such small losses are minor when juxtaposed 

with the 5% accuracy of the nanoDot OSLD.  Standard practice is to take 

three readings and average them to get a final result.  This practice still 

holds because the average coefficient of variation for readings of three is 

well over the total signal loss of 0.12%.  If for some reason many readings 

need to be taken, a correction for signal loss should be considered. 

Bleach time should vary from clinic to clinic depending on how much 

time can be allotted to processing the OSLDs.  A longer bleaching time is 

always recommended to err on the side of caution.  48 hours is an ample 

bleaching time to reduce the dose to background levels.  This is the time 

that should be used in most cases.  If however a shorter bleaching time is 

necessary, an overnight bleach of 17 hours will reduce chips exposed to any 

dose under 2000 cGy to less than 1 cGy.  NanoDots bleached for a shorter 

time are suitable for reuse, just should not be used for low dose 

measurements.   An easy method used to attain 48 hour bleach times is to 

collect the used OSLDs throughout the week and bleach them over the 

weekend.  It is good practice to read a sample of the bleached OSLDs to 

verify ample bleaching has occurred.   
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The wattage of the light used does not seem to have a clinically 

significant effect if normal light box strengths are used (between 15 and 25 

watts).  Higher and lower wattages were not tested and cannot be concluded 

on.  While there were differences between the 15 and 25 watt lights, the 

final difference between the two was insubstantial over a 25 hour bleach 

time.  

General reuse of OSLDs appears to be an acceptable practice, however 

there are some caveats.  It is important to keep track of the total dose 

accumulated on each chip.  This can be approximated by binning the 

OSLDs into groups of about 50 cGy.  This suggestion only allows the user 

to know the accumulated dose to the nearest 50 cGy.  In almost all cases 

this is acceptable as the greatest possible discrepancy is 0.2 cGy (slope of 

0.00456 times an accumulated dose of 50 cGy).  If an OSLD is being used 

where this discrepancy is too high then an OSLD well under the 1080 cGy 

threshold should be used.  This recording process is relatively easy and 

gives a good estimation of the total accumulated dose on the chip.  OSLDs 

with an accumulated dose under 1080 cGy can be reused without a 

correction factor.  OSLDs with an accumulated dose over 1080 cGy that are 

being reused should use a correction factor to rectify for the loss of 

sensitivity, though it should be noted that the error from using a correction 

factor is larger. 

The loss of sensitivity seems to be linear up to about 40 Gy.  Anything 

beyond 40 Gy cannot be confirmed by these experiments.  There is evidence 

seen in the Jursinic 2010 paper and the Keller paper that at some point 

between 40 and 60 Gy the OSLDs regain their sensitivity.  For this reason 

it is not recommended that OSLDs be reused beyond an accumulated dose 

of 40 Gy.  After this point, correcting for the sensitivity changes becomes 

much more complicated and this paper has no documentation of the extent 

of the changes here.   
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6.2 Future Considerations 

 

Looking to the future there are several questions that could use 

addressing.  The first would be whether or not UV light has the potential to 

release deep traps.  This notion has been suggested (Yukihara 2003) but 

further evidence of its effectiveness is needed before its use can be 

implemented clinically.  The benefit of clearing deep traps would be the 

potential for little to no sensitivity change as the accumulated dose 

increases.  Lights of higher and lower wattage should also be investigated 

to see if there is a dependence on wattage and where it might occur.  

Additional data would be useful in finding a more accurate universal 

slope of the sensitivity change.  This would potentially eliminate any 

discrepancy between the slopes and cutoff points that are seen here.  

However, differences in OSLD batch might be large enough as to make a 

standard slope and cutoff point impossible for highly accurate 

measurements (Yukihara 2003).  The difference in slopes and cutoff points 

seen here could also hint at the possibility of some minor dose rate 

dependence.  If that is the case, more data with different accumulated dose 

rates would be useful to characterize it.   

Lastly, the experiments here were all run at 6 MV.  OSLDs have been 

seen to be energy independent at therapeutic energies (Kerns 2010, 

Yukihara 2008), so it would seem like energy would not be a factor in 

bleaching and reusing the chips.  However the complex interplay between 

traps leads to uncertainties in the continuation of this assumption to reused 

OSLDs.  It could be that higher energy radiation affects traps differently.  It 

would not be difficult to use a similar setup with different energies to 

quantify any role energy dependence might play.   
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