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“This is the goal: To make available for life every place

where life is possible. To make inhabitable all worlds as yet

uninhabitable, and all life purposeful.”

(HERMANN OBERTH, Man Into Space, 1957)
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CHAPTER 1

INTRODUCTION

1.1. Brief space flight history

On October 4, 1957 world’s first artificial satellite of Earth, Sputnik I was
successfully launched in the former Soviet Union. Sputnik I orbited the Earth in 96
minutes, weighted 83.6 kg and spent three months in orbit. Only one month later, on
November 3, the second former Soviet Union’s satellite was launched. Sputnik II
weighted more than six times the weight of Sputnik I and had on board the first ever
passenger to fly in space, the famous dog Laika.

The first United States (US) Earth satellite, Explorer I was designed and built by the
Jet Propulsion Laboratory and it was launched from Cape Canaveral on January 31, 1958.
Explorer I is responsible for one of the first important discoveries by satellites, the
existence of the Van Allen Belts (charged particles trapped in space by the Earth’s
magnetic field). During only a four months period the whole history of human
exploration changed, marking the beginning of the space exploration era and the first
steps in conquering outer space.

The next task for the space exploration was to fly humans onboard spacecrafts. In
1923, Hermann Oberth was the first to mathematically predict that rockets could fly a
human into space. Born in Transylvania in 1894, Hermann Oberth, the founding father of
rocketry and space travel, wrote in his first book ‘By Rocket to Interplanetary Space’
published in 1923 that:

“These I wish to prove in this book:



1. At the present level of science and technology it is possible to build machines

which can climb higher than the Earth’s atmosphere.

2. With further improvements these machines can reach such speed that if left in

space they will not fall back to Earth but will be able to resist the pull of gravity.

3. These machines can be built so that men can go up in them (probably without

danger to their bodies)” (Walters, 1962).

The first manned space flight took place almost forty years after Hermann Oberth’s
predictions. The first man to orbit the Earth was the cosmonaut Yuri Gagarin, on April
12, 1961. He flew aboard the Russian spacecraft Vostok — I during a flight trip of almost
two hours. Since then, manned flights have been performed on a regular basis during
several US and Russian programs such as Mercury, Gemini, Soyuz, Apollo and the Space
Shuttle Program. As a great accomplishment of the US Apollo program, on July 16, 1969
the astronauts Neil A. Armstrong and Edwin E. Aldrin were the first men to walk on the
Moon. Between 1961 and 1995, one hundred manned flights took place, with over four
hundred astronauts and cosmonauts spending a total of almost one thousand days in
space’.

Another important task for space exploration was to focus on long duration missions.
The former Soviet Union launched in 1971 the world’s first manned space station, Salyut
I. This was followed by the launch of the US Skylab in 1973 and the Soviet Union MIR
space station in 1986.

Today, the International Space Station (ISS) built by the collaboration of 16 nations,

represents a state of the art orbital construction project that is continuously developed and

"Document found on the NASA webpage (February 2004)
http://www-pao.ksc.nasa.gov/kscpao/factoids/hundtoc.htm




improved in order to simulate a natural habitat for up to seven astronauts and cosmonauts
and to accommodate research facilities to help us understand better the space
environment. The construction, development and maintenance of the International Space
Station required almost 40 space flights to Low—Earth Orbit (LEO) over the last five
years and more than 50 spacewalks.

While aboard ISS or during possible interplanetary flights (trips to the Moon or Mars)
the space crew has to overcome a series of engineering and life support challenges.
Besides the engineering challenges that would make possible interplanetary flights (i.e.
developing advanced propulsion systems, telecommunication systems and software data
acquisition programs), there is a variety of human adaptation issues to such long space
flights. Along with the human behavior and performance, food and nutrition, bone loss
and psychological factors, one of the great difficulties that need to be overcome is the

biological effect of space radiation on humans.

1.2. Space radiation fields and their influence on the human body

The radiation levels in LEO are much higher that those encountered on Earth, which
is protected by its atmosphere and magnetic field. The radiation exposure in LEO
depends on a series of factors such as shielding, inclination of the orbit, altitude, mission
duration and the time when the mission occurs during the solar cycle. The radiation
environment in space is a complex variety of charged particles: galactic cosmic radiation
consisting of high-energy protons, alpha particles and heavy ions that originate outside
our solar system with an energy spectrum peaking at 1GeV; medium energy protons (<

250 MeV) and electrons (< 6 MeV) trapped in the Earth’s magnetic field, and solar



particle radiation consisting of medium energy protons with a small alpha particle and
heavy ion component (Benton and Benton, 2001). The charged particles can interact with
the spacecraft walls and the space crew suits, creating secondary particles that will
contribute to the total radiation exposure of the astronauts.

Particles such as y-rays, X-rays and charged particles that are capable of ionizing the
matter through which they pass have the generic name of ionizing radiation. A measure
of the interaction of ionizing radiation with matter is the absorbed dose, defined as the
energy imparted to matter per unit mass at a point (Attix, 1986). The SI unit for the
absorbed dose is the Gray (Gy).

1J
D|l,=—=1G 1.1
[ ]S[ 1 kg Y (L.1)

_dE
dm

D
In equation (1.1), D is the absorbed in a specific medium, dE represents the mean
energy deposited per unit mass in a volume dV and dm represents the mass of the
medium in the volume dV' . The time derivative of the absorbed dose is called absorbed
dose rate and represents the change in the absorbed dose in the time interval df. The SI

unit for the dose rate is expressed in Gy/s.

 _dD

a@ _1Gy
Todt

D, ], = 1 (1.2)
S

In equation (1.2), D, is the dose rate, dD represents the change in the absorbed dose

during the time interval dr .

The interaction of the charged particles with biological systems can result in damage
to the biological cells due to the high local concentration of the absorbed energy. A
charged particle passing through tissue can produce a high ionization density region

along its track damaging the DNA structure near the particle path. The damage in the



DNA may interfere with the reproduction and the survival of the cell. Therefore, there are
several possible biological effects of the ionizing radiation on the human cells. In some
cases, the cells are damaged by radiation, but they are fixed by the repair mechanisms of
the human body and still function properly. If the repair is not perfect, the result is an
altered cell that can influence other cells by increasing the probability of cancer. For large
radiation exposures, the cell may be prevented from reproduction or even killed. If an
organ or tissue loses its function as a consequence of the radiation-induced cell killing,
the effect is called deterministic. Deterministic effects occur above a threshold dose,
increase in severity and occurrence with increasing dose, and may appear early or late
after irradiation. Disregarding large solar particle events, the probability that the radiation
in LEO can induce early deterministic effects (i.e., acute effects) is small. Late
deterministic effects, such as damage to the skin and different organs (i.e., cataracts,
damage to the bone marrow, malfunctions of lungs and kidneys) may appear above a
threshold dose (NCRP, 1989 and NCRP, 2000).

The major risk concerning the radiation exposure in LEO comes from late cancer and
hereditary effects. A radiation-altered cell may reproduce itself and result in a series of
modified cells, a multiplication process that may lead to cancer. In addition, the altered
cell may incorrectly transmit genetic information to the descendents of an exposed
individual, giving rise to hereditary effects. These late effects are called stochastic
effects. Stochastic effects are random effects and their probability of occurrence in an
exposed population is proportional to the absorbed dose.

As already mentioned, the radiation field in LEO is a mix of charged particles. The

quality of the radiation is characterized by the linear energy transfer (LET) defined as the



mean energy lost per unit particle track length in a material. The linear energy transfer
has units of keV/um. Different types of radiation have different biological effects on the
human body. This is taken into consideration by weighting the absorbed dose by a factor,
called the quality factor, related to the quality of the radiation. The corrected absorbed
dose is called the dose equivalent and is defined as:

H= j O(L) D(L) dL (7], = 1172 =18y (1.3)

In equation (1.3), H is the dose equivalent, Q(L) is the quality factor for a specific LET
and D(L) is the absorbed dose (defined at a specific point in tissue) from a radiation with

linear energy transfer between L and L+dL. The SI unit for the dose equivalent is the
Sievert (Sv).

The International Commission on Radiological Protection (ICRP 60, 1991)
recommended the following LET dependence of the quality factor. It can be noticed in

Figure 1.1 that QO has a constant value of one for LET <10 keV/um and a strong

dependence for LET >10 keV /um .
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Figure 1.1. The quality factor dependence on the LET in keV/um based on the ICRP

(1991) recommendation



The ionizing radiation and can be categorized in low-LET radiation for LET < 10
keV/um (i.e., gamma rays, X-rays and electrons) and high-LET radiation with LET > 10
keV/um. (i.e., alpha particles, heavy ions and neutrons). The biological effects of the
low-LET radiation are different from those of the high-LET radiation. Low-LET
radiation exposure can cause single and double strand breaks in the DNA, with the ratio
between the single strand and the double strand being higher than after a high-LET
radiation exposure (NCRP, 1989). Also, the cell probability to auto repair is higher
following a low-LET radiation compared with a high-LET radiation.

Considering the complexity of the space radiation and its biological effects, detailed
studies are needed in order to create a valid radiation protection program for astronauts in

Low-Earth Orbit.

1.3. Radiation protection measures for astronauts in LEO

Extended studies have been made to investigate and monitor the biological effects
induced by space radiation in order to design an appropriate radiation safety program for
astronauts and cosmonauts (Badwar, 1997, NCRP, 2000 and NCRP, 2002). The
management of the radiation program in LEO involves the “As Low As Reasonably
Achievable (ALARA)” principle. For space radiation protection, ALARA has the
purpose of “balancing the mission objectives with practical dose reduction steps” as
defined by the National Council on Radiation Protection and Measurements (NCRP)
(NCRP, 2002). The NCRP also recommended that the dose limits for astronauts should
include the cumulative dose from space flights during the astronauts’ career, the dose

received from astronauts’ mission duties (i.e., extravehicular activity — EVA) and any



other occupational doses received prior to their astronaut career, disregarding the dose
received during medical treatment and from the background radiation on Earth. The
recommended career dose limits for males and females of different ages are given in
Table 1.1 (NCRP, 2000). The total detriment is obtained by adding to the 3 % lifetime
risk of cancer mortality (Table 1.1) an additional 0.6 % of nominal detriment for both

heritable and nonfatal effects, with a total detriment of 4.2 %.

Table 1.1. Ten-year career limits based on 3% lifetime risk of fatal cancer

AGE AT EXPOSURE (y) FEMA(ES)DOSE MAL(I;VI?OSE
25 04 0.7
35 0.6 1.0
45 0.9 1.5
S5 1.7 3.0

In July 2003, the Bioastronautics Office of the NASA Johnson Space Center
combined their efforts with the National Space Biomedical Research Institute to develop
a baseline document called “Bioastronautics Critical Path Roadmap” (BCPR). One of the
main tasks of BCPR is to ensure human survival in space (i.e., the ability to stay healthy
and safe) during and after long-term missions to Low-Earth Orbit and beyond (BCPR,
2003). When assessing risk, the BCPR considers not only the health, safety and
performance of the crewmembers during flight and immediately following the flight, but
also the possible late health effects that may occur during the crewmembers’ retirement.

The BCPR prioritized the risks of adverse effects from exposure to the space



environment considering three main parameters: the likelihood of the risk occurrence, the
consequences of the risk and the overall mitigation status of the risk. The prioritized
space radiation risks for a balanced program are presented in Table 1.2 (BCRP, 2003).
The dose assumptions made in compiling Table 1.2 are the ten-year career limit dose

values based on the 3% lifetime risk of fatal cancer presented in Table 1.1.

Table 1.2. The BCPR prioritized space radiation risks for a balanced program

RISK CATEGORY RISK TITLE RISK AREA

Carcinogenesis caused by
radiation
Late degenerative tissue
effects (i.e., non-cancer
Red 1 mortality, cataracts and Radiation effects
central nervous system
effects)
Synergistic effects from
exposure to radiation
Early or acute effects

Radiation effects

Radiation effects

from exposure to Radiation effects
radiation
Yellow 2 Radiation effects on
fertility, sterility and Radiation effects
heredity

In Table 1.2, Red 1 is defined as “high likelihood, high consequence risks with low risk
mitigation and Yellow 2 is defined as “high likelihood/moderate consequence or moderate
likelihood/high consequence risks with higher risk mitigation status”. As presented above
(Table 1.2), several radiation effects (i.e., carcinogenesis, cataracts and central nervous
system effects) are categorized as “Red I — High Likelihood, High Consequence Risks
with Low Risk Mitigation Status” (BCRP, 2003).

According to BCRM, the low risk mitigation status parameter indicates that



substantial research is needed to lower the risk, emphasizing once more the importance of

investigating the space radiation and its biological effects on the human body.

1.4. Space radiation detectors

The relative biological effects of the different space radiation components depend on
a series of factors such as the duration of the mission, the flight altitude and the shielding
provided by the spacecraft. Due to the variety of space crew routine activities inside and
outside the ISS and Space Shuttle (i.e. spacewalks), there is a need to monitor the
individual radiation exposure of the crewmembers, besides recording the radiation at a
specific location inside the spacecraft.

There are several types of radiation detection devices currently used to measure the
radiation exposure in LEO. Portable or fixed area monitor devices are used to measure
the radiation at a specific location inside or outside the station, while personal dosimeters
are carried by each crewmember to monitor their individual radiation exposure. From the
operational point of view, the radiation detectors can be categorized as active detectors
and passive detectors. The active detectors are used to measure the dose in real or near-
real time and the currently used active detectors on ISS include tissue equivalent
proportional counters (TEPCs), solid-state detectors (SSDs) and ionization chambers. A
TEPC is a gas chamber detector that measures the energy deposition by charged particles
(i.e., electrons, protons and heavy ions), photons and neutrons in a volume of tissue
comparable to the dimension of a nucleus of mammalian cells. TEPCs can provide

information about the absorbed dose (D) and the absorbed dose rate (D, ) and use the so

called lineal energy to give information about the radiation quality as a substitute for
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LET. The lineal energy was defined as the ratio between the energy deposition in a given
volume by a single event and the mean chord length of that volume. The value of the
mean lineal energy is often considered to be numerically equal to LET (NCRP, 2002).
Solid-state detectors are sensitive only to charged particles and they measure the energy
deposition by a charged particle in a medium. They can provide real-time information
about LET, absorbed dose and absorbed dose rate. The NCRP recommends that SSDs
should be used to measure the LET spectra inside and outside ISS. During solar particle
events it is important that an electron sensitive active device, such an ionization chamber,
should also be used outside the station to monitor the change in the electron flux.
Considering their relatively complex electronic nature, all active detectors can be used
only as area monitor detectors.

Passive detectors can be used as personal dosimeters or area monitoring dosimeters
and include thermoluminescent detectors (TLDs) and plastic nuclear track detectors
(PNTDs). By interaction with a PNTD such as PADC/CR-39" (i.e. polyallyl diglycol
carbonate), a charged particle deposits energy in the material along the particle track.
This damage trail in the PNTD can be investigated by chemical etching procedures and
can give information about the linear energy transfer and the dose. The plastic nuclear

track detectors are sensitive to the high-LET radiation (i.e., LET =5 keV/um) and have a

reduced sensitivity to the low-LET radiation (Benton and Benton, 2001).
Thermoluminescence detectors are detectors that emit light while heated, if

previously exposed to ionizing radiation. The luminescence output is proportional to the

dose deposited in the detector. Thermoluminescence detectors are mostly sensitive to the

low-LET radiation for LET <10 keV/um and Q =1, and exhibit a strongly decreasing
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luminescence response with increasing LET for LET >10 keV/um for which Q = Q(L).

Currently used TLDs on the Shuttle and ISS are LiF:Mg,Ti and CaF,:Tm. One
disadvantage of using TLDs is the complexity of analysis due to the specific heating
requirements. The possibility of using an optically stimulated luminescence dosimeter
(OSLD) in LEO was advanced by the NCRP (NCRP, 2002). The optically stimulated
luminescence (OSL) signal is obtained from an irradiated OSL material during its
stimulation with light. One of the advantages of using OSLDs (instead of TLDs) would
be the possibility of providing all optical, small, and lightweight, low-power OSL readers
to be used on the Shuttle or ISS so that the astronauts could read their own dosimeters
during long duration flights. An example of OSL dosimeter is Al,O3:C that gained
recognition in 1999 when Landauer Inc. developed the Luxel personal dosimeters (i.e.,
Al,O;5:C used in OSL mode). This device currently represents 25% of the approximately
five million personal dosimeters being used in radiation working environments
throughout the world (Better-Jensen et al., 2003).

The complexity of the space radiation environment requires several types of passive
dosimeters to be used simultaneously in order to measure the absorbed dose as accurately
as possible and over as wide a range of LET as possible. The National Council on
Radiation Protection and Measurements (NCRP) recommended in 2002 that:

“A measurement package consisting of a thermoluminescent dosimeter (TLD) or
optically stimulated luminescence dosimeter (OSLD) for measurement of the low-LET
component, and a stack of plastic nuclear track detectors (PNTD) to determine the high-
LET component should be used for passive personal dosimetry in the complex radiation

field experienced in space” (NCRP, 2002).
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The objective of this work is to investigate the feasibility of using Al,Os3:C, in
optically stimulated luminescence mode, as a personal dosimeter for astronauts. The
space radiation environment is a complex variety of charged particles, making it
imperative to study the luminescence response of the proposed OSL material (Al,03:C)
to several charged particle fields.

During the last four years, the optically stimulated luminescence response of
ALO;:C dosimeters was investigated using several exposures to both low and high-
energy heavy charged particles at the Pelletron facility at the Universidad Nacional
Auténoma de México (UNAM), Mexico City, and the HIMAC facility at the National
Institute for Radiological Sciences in Chiba, Japan. The investigated materials were also
exposed to space radiation fields as part of the STS-105 Space Shuttle mission project.
The results of these exposures will be presented and discussed in detail, together with the

necessary theoretical background.
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CHAPTER 2

THE SPACE RADIATION ENVIRONMENT IN LOW-EARTH ORBIT

2.1. Space radiation fields

The radiation spectrum in Low-Earth Orbit consists of several types of charged

particles: protons, electrons, alpha particles and heavy ions (up to uranium Z =92). The

main sources of radiation in LEO are:

1. Galactic cosmic rays (GCR) that contain mainly protons with small helium, heavy
ions and electron components. The GCR energy spectrum peaks around 1GeV.

2. Van Allen Belts (i.e., trapped protons and electrons in Earth’s magnetic field) that
contain medium energy protons (up to 250 MeV) and electrons with energies up
to 6 MeV (Benton & Benton, 2001).

3. Solar particle radiation has a significant contribution to the radiation environment
in LEO when very large solar particle events occur and consists mostly of low
energy protons and electrons.

4. Due to the interaction of the cosmic rays with the spacecraft walls, secondary
charged particles (i.e., both electrically charged and neutrally charged — neutrons)
are created and they are contributing to the overall crew radiation exposure.

In order to maintain an operational radiation safety program for astronauts in LEO (i.e.,
ALARA - as low as reasonably achievable), a series of decisive parameters need to be
considered. Thus, a good study of the space radiation environment together with the
biological impact of its different components is needed. The provided shielding inside

and outside the space station (i.e., spacecraft walls, space suit) also plays an important
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role. Also, the prediction, duration and severity of solar particle events (SPE) are
important. All of these factors are considered when assessing radiation risk limits for

astronauts in LEO.

2.1.1. Galactic cosmic rays

Galactic cosmic rays (GCR) are charged particles that originate outside our solar
system. Victor Hess discovered the GCR in 1912 during a high-altitude balloon
experiment and he was awarded the Nobel Prize (1936) for his discovery. He noticed that
an electroscope discharged faster with increasing altitude and he attributed this
observation to a radiation source entering the Earth’s atmosphere “from above” (Mewald,

1996). Galactic cosmic rays consist of 98 %nuclei (i.e., protons and heavy ions) and
2 % electrons and positrons. The nuclear component contains about 87 % protons,

12 %helium ions and 1% heavy ions (Simpson, 1983). The GCR spectrum contains

particles with energy values between 1MeV/n up to10' MeV/n.

Galactic cosmic rays are one of the most important radiation sources outside our
solar system. The distribution of GCR throughout the interplanetary space is isotropic in
nature and therefore it is hard to predict their origin. One of the first hypotheses related to
the origin of the GCR was that the particles already present in the interplanetary medium
interacted with the wave shocks from a supernova producing cosmic rays. New theories
suggest that the cosmic rays are produced and accelerated through the interstellar space
by supernova remnants (SPN), such as the Crab Nebula. This theory is based on the
observation of the synchrotron radiation emitted by cosmic ray electrons spiraling around

the magnetic field lines of the SPN (Simpson, 1983). Nevertheless, the question still
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remains whether the source of GCR lies either inside or outside our solar system, or
maybe a mixture of both.

The measured relative abundance of elements from hydrogen to nickel in galactic
cosmic rays (relative to silicon) was measured and compared with the solar system
abundances for the same nuclei. This comparison is represented in Figure 2.1 (Simpson,
1983). It can be noticed that there are important differences in the elemental abundance
between the solar system matter and the source matter of GCR, indicating that one of the

probable sources responsible for the GCR production lies outside our solar system.
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Fig. 2.1. The GCR abundances from H to Ni (black circles) compared to the solar system

abundances (black crosses) (Simpson, 1983)

Galactic cosmic rays are also affected by Earth’s magnetic field that provides a
significant shielding for the spacecraft while in Low-Earth Orbit. The Earth’s magnetic

field lines are parallel to the Earth surface at the Equator and point toward the Earth
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surface at the poles. Therefore, a space vehicle in LEO passing near the South and North
Pole would receive a large amount of GCR, while passing near the Equator region the
GCR would decrease. When high-energy GCR interact with the Earth atmosphere
secondary particles (i.e., pions, muons, neutrinos and gamma rays) are produced that
contribute to the total background radiation on Earth. Nevertheless, the incidence of these
high-energy GCR is pretty small, thus their overall contribution is insignificant.

The GCR flux in Low-Earth Orbit is modulated by the solar activity. GCR with
energies smaller then 1GeV/n exhibit a decrease in their flux due to interactions with the
solar wind. When the solar activity is low the solar wind decreases. The GCR flux
reaches its maximum value for solar minimum, whereas in the case of the solar maximum
the flux is at its lowest value. The flux of the elements that contribute the most to the
GCR (i.e., protons, helium, oxygen, and iron), for both solar minimum and solar

maximum, is shown in Figure 2.2 (Benton & Benton, 2001).
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Figure 2.2. The flux dependence of some of the main GCR elements (H, He, O and Fe)
on solar activity (Benton & Benton, 2001)
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The GCR spectrum has also an “anomalous” component that causes an increase in
intensity with decreasing energy. Anomalous cosmic rays are electrically neutral particles
from outside our solar system and consist mainly of He, N, O Ne and Ar. Their intensity
is influenced by the solar modulation, varying two orders of magnitude over the solar
cycle. Due to their low energies (energies too small to penetrate the spacecraft’s
shielding), the anomalous cosmic rays are not expected to contribute to the overall

astronaut radiation exposure.

2.1.2. Trapped particles in the Earth’s magnetic field

As already mentioned in Chapter 1, the Explorer I mission in 1958 brought its
contribution to space radiation science by the discovery of the trapped radiation belts.
Van Allen discovered the Earth’s trapped radiation belts, using a Geiger counter that
detected unexpected anomalies in the fluence of energetic charged particles. At about
500 km altitude the counter’s rate was thirty counts per second (the usual count expected
from the cosmic rays), but at about 2000 km altitude the detector indicated zero counts
per second. The experiment was repeated during the Explorer III mission, when an
increase of the count rate to the maximum, followed by a zero counts per second reading
was observed repeatedly. Van Allen suggested that the detector was actually saturated by
the large number of detected particles, indicating zero counts per second as a result of this
saturation. Also, he suggested that the large flux of particles was trapped by the Earth’s

magnetic field forming the so-called Earth’s trapped radiation belts.

Radiation belts are mainly composed of protons and electrons, but they also contain
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some energetic ions such as helium, carbon and oxygen. The trapped electrons have an
insignificant contribution at low altitudes (i.e., smaller than 700 km) and do not pose a
threat for astronauts. Thus, for a spacecraft in LEO, the main contribution to dose rate
comes from the trapped protons. The trapped protons flux is influenced by both the solar
activity and by altitude. At a fixed altitude the proton fluxes (i.e., measured in terms of
dose rate) decrease as the solar activity increases, whereas at constant solar activity the
trapped protons dose rate increases almost exponentially with altitude (Badhwar, 1997).
Charged particles trapped in the Earth’s magnetic field have a helical motion around
the geomagnetic field lines that consists of a sliding motion along the field lines and a
bouncing motion along a line between the trapped particle’s mirror points (Hess, 1968).
In addition to the helical motion, there is also a longitudinal drift around the Earth, with
electrons drifting East and protons West. The South Atlantic Anomaly (SAA) region (i.e.,
South Pacific region where the spiraling protons get closer to Earth than usual) is an
important source of radiation exposure for crewmembers whose spacecrafts are traveling
at low orbit inclination and low altitude (NCRP, 1998). Such spacecraft (i.e., the Shuttle
and ISS) can pass through the SAA region and receive their maximum exposure to
trapped protons. At solar minimum, for ISS and MIR usual orbital inclination of 51.6°
and altitude of approximately 400 km, almost half of the ionizing radiation comes from

SAA trapped protons, while the other half comes from GCR (Badhwar, 1997).

2.1.3. Solar particles radiation

Solar particles consist of protons, electrons and a small component of heavy charged

particles up to iron. Due to the high relative abundance and their high energies, solar
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protons are the most relevant to the crew’s health. Large solar particle events (i.e.,

energies larger than 10 MeV and fluences greater than 107 part/cm?) are considered to be
the most dangerous for astronauts in LEO. Such large SPEs are rare and only a few can
be expected per solar cycle (Badhwar, 1997). Currently, there are no available methods to
predict the magnitude and the occurrence of these large events. Nevertheless, their
frequency can be related to the solar activity, thus improving the chances of forecasting
SPE. One of the orbital satellites used to try to predict solar particle events is the
Geosynchronous Orbit Earth Satellite (GOES) that provides a continuous monitoring of
the proton flux. Once a solar flare occurred, is much easier to predict the following flare.
Thus, one approach in predicting a SPE is to look at the characteristics (i.e., amount and
types of radio emissions) of recent solar flares in order to determine the occurrence and
the maximum fluence rate of the next SPE. A schematic SPE time-intensity profile at

1AU (i.e., astronomical unit) is shown in Figure 2.3 (Shea & Smart, 1990).
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Figure 2.3. Time-intensity profile of a solar particle event at 1 AU (Shea & Smart, 1990)

There is a time difference between the onset of the SPE and the detection of the first solar
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particles. After this delay time, the flux intensity is observed to increase exponentially up
to a maximum value, followed by a slow decay back to the background. For large SPE,
such the October 1989 event, an additional peak can arise due to the interplanetary shock
waves produced by coronal mass ejections (Benton & Benton, 2001). For protons with
energies of 10 MeV, the delay time is typically 15 hours with a range of 15 minutes to 60
hours (Shea & Smart, 1990). For larger events, the rise time to the maximum of the solar
particles flux can be of the order of days. The total duration of an SPE event can last
from hours to weeks. The provenance of the SPE was subjected to various speculations
over the years. Initially, it was assumed that the solar flares were the source of the
energetic particles observed in space. An increase in the SPE fluence rate was observed
in correlation with the solar flare events, but only half of the solar proton events could be
directly correlated with the solar flares (Smart & Shea, 1997). The second hypothesis
suggested that the energetic particles observed in space are the result of acceleration
associated with the interplanetary shocks generated by fast coronal mass ejections
(Reames, 1995). It has been proved that both assumption are correct and that indeed,
there are two types of solar particle events, ones produced by impulsive solar flares and
others associated with large coronal mass ejections (CMESs). The first category of SPE is
characterized by large electron fluxes, small fluences and they are short-lived (i.e., order
of hours). The second type of SPE (i.e., associated with CME) consists of large proton
fluxes with large fluences and they can take place for a few days.

The energy spectra of some of the major solar particle events over the last four solar
cycles are shown in Figure 2.4 (Benton & Benton, 2001). One of the most intense SPE

events occurred between October 19 and November 10, 1989 when the protons reached
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1AU (i.e., astronomical unit) after 10 days. The second most intense SPE took place in

August, 1972 when almost all of the dangerous energetic protons reached 1AU in 15

hours.
101 , -
Tl February 1856

S~ s s November 1960

- - :'_—_f‘""-‘-f'\‘ - === August 1872
I e ———  August 1989
E 100 F~~_ __ \Q\_ N, T Septemberises
- =~ . SN, == Oclober 1989
8 =~ o
o .
8

]
8 10
o
3
L
o
]
£ 10%}

1
107 1 i\ _\,\..
10° 101 102 100

Kinetic Energy (MeV)

Fig. 2.4. Integral proton fluence for several large SPE events (Benton & Benton, 2001)

2.1.4. Secondary particles

High energy charged GCR particles can interact with the spacecraft walls and
undergo nuclear reactions, producing high and low — energy secondary particles that can
be even more penetrating than the primary particles. These high-energy secondary
particles (i.e., high-energy neutrons and protons, large projectile fragments) have energies
larger than 50 MeV/n and can pose a threat both inside and outside the spacecraft and the
EVA space suit (NCRP, 2002). Target fragments have short range and energies smaller

than 10 MeV/n, thus being able to produce substantial damage within the human body.
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These secondary particles (i.e., protons, neutrons, alpha particles, and recoil heavy

nuclei) need to be measured only inside the spacecraft and the EVA suit.

GCR can also interact with the atmosphere and produce the so-called splash albedo
electrons and the reentrant electrons that contribute to the total electron dose in LEO.
The splash albedo electrons are scattered upward as a result of the nuclear interactions
between the GCR and the atmosphere. The reentrant electrons are decay products of the
nuclear interactions. The effect of the reentrant electrons on bone marrow was studied by
Badhwar and colleagues (2001). It was observed that the contribution of the reentrant
electrons to the bone marrow dose was more than ten time larger than the contribution of
the trapped electrons. Thus, Badhwar and colleagues suggested that the effects of
secondary electrons should be considered when estimating the crew radiation exposure in

LEO (Badhwar et al., 2001).

Secondary particles can also be obtained as a result of the interaction of the trapped
protons and the protons from SPE with the spacecraft. Nuclear interactions will produce
low-energy target fragments (i.e., Z =1, 2 and neutrons). The neutron component of the
radiation environment in LEO is also important. Neutrons are highly penetrating particles
and their contribution to the total dose equivalent is function of energy. Thus, for neutron

energies smaller than 1MeV only 5 % of the total dose is attributed to neutrons, while
model calculations show that the neutrons with energies between 1MeV and 10 MeV
contribute 50 % of the total dose equivalent (Badhwar et al., 2001). Recent Monte Carlo
transport calculations made by Armstrong & Colborn (2001) suggest that the secondary
neutrons with energies between 0.1 MeV and 100 MeV have a total contribution of about

50—-60 % to the total dose equivalent.
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2.2. Radiation protection parameters for stochastic and deterministic effects

So far, we have discussed radiation protection quantities such as the absorbed dose
and the dose equivalent. In an attempt to characterize better the impact of ionizing
radiation on the human body, factors such as the energy and type of the ionizing radiation
together with the type of the exposed tissue need to be considered. From the radiological
protection point of view, the absorbed dose averaged over a tissue rather than at a point is
of importance. Thus, the mean absorbed dose in an organ or tissue can be weighted by a

factor w, (i.e., radiation weighting factor) that corrects for the relative biological

effectiveness of the specific radiation. For stochastic effects, the result is the equivalent

dose in a tissue or organ and is given by (NCRP, 2000):

H =Y w,D, [H#,], =158v 2.1
R

In equation (2.1), D,, 1is the absorbed dose averaged over the tissue ¢ due to

radiation R .

Besides the energy and type of radiation, the biological effects depend on the dose
distribution inside the body. In order to account for this dependence another weighting
factor was introduced. This new factor, called tissue weighting factor, represents the
relative contribution of the specific organ or tissue to the total detriment due to the
stochastic effects. The tissue weighting factor is calculated by taking into consideration
factors such as the mortality risk from cancer, the risk of severe hereditary effects for all

generations, and the length of life lost. The weighted equivalent dose by w, is called the

effective dose and represents the sum of all of the equivalent doses in all the organs and

tissues of the body and is used to account for all stochastic effects (NCRP, 2000):
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E=>w H, [E], =18y (2.2)

R

where E is the effective dose and H, 1is the equivalent dose in a tissue or organ. The

ten-year career limits for delayed stochastic defects are expressed in terms of effective
dose, E and are shown in Table 1.1 (Chapter 1). The stochastic limits are presented as
function of gender and age and they are estimated considering a ten-year carrier limit.

All radiation protection quantities discussed so far were related to the stochastic
effects. For deterministic effects, the mean absorbed dose in an organ or tissue is
multiplied by a recommended value of relative biological effectiveness to obtain a

quantity called the gray equivalent (NCRP, 2002):

G,=>'R, D, G, =1Gy—Eq (2.3)
where, G, is the gray equivalent, R, is the recommended value of the relative biological
effectiveness for a particle iand D, is the mean absorbed dose in an organ or tissue. The
name of the unit for the gray equivalent is Gy-Eq. The dose limits for the deterministic
effects are expressed in terms of gray equivalent, G, and are presented in Table 2.1
(adapted from NCRP, 2002). The recommended G, limits depend on the type of tissue

(i.e., bone marrow, skin) and the length of the career. The career dose limits (i.e.,
presented in Table 1.1) are intended for protection against delayed stochastic effects,
while the dose limits for bone marrow, skin, and the lens of the eye are for protection
against deterministic effects (i.e., as shown in Table 2.1).

As a conclusion, close monitoring and recording of the doses received by astronauts
while in space, for both individual missions as well as cumulative career activities are

imperatively needed.
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Table 2.1. Deterministic dose limits for astronauts expressed in G,

BONE MARROW LENS OF THE SKIN
CAREER (Gy-Eq) EYE (Gy-Eq)
V-Lg (Gy-Eq) V-L4
30 days 0.25 1.0 1.5
1 year 0.50 2.0 3.0
career - 4.0 6.0

26



CHAPTER 3

OPTICALLY AND THERMALLY STIMULATED LUMINESCENCE

PHENOMENA

3.1. Luminescence materials and applications: Overview

The thermoluminescence (TL) method has been one of the most investigated
luminescence dosimetry methods over the past fifty years (Braunlich, 1979; McKeever,
1985; McKeever et al., 1995; Chen & McKeever, 1997). The TL technique is used in
radiation dosimetry to measure the absorbed dose in a material previously exposed to
radiation, by linearly heating the sample and monitoring the luminescence emission (TL).
The TL signal is directly proportional to the absorbed dose over a wide range of doses.
The TLD materials are used as radiation detectors in several radiation dosimetry areas,
such as personal dosimetry, environmental dosimetry, medical dosimetry, and
retrospective dosimetry (i.e., accident dosimetry, archeological artifacts and TL dating of
sediments). For personal and medical dosimetry, the main interest has been focused on
LiF:Mg,Ti, while for the environmental and dating dosimetry materials such as quartz
and feldspars are the most used.

The optically stimulated luminescence (OSL) method is similar in essence to
thermoluminescence, with the difference being in the stimulation source. The OSL signal
is obtained by stimulating an irradiated material with light. The intensity of the OSL
signal is proportional to the absorbed dose. Huntley et al. (1985) was the first to perform

a so-called continuous-wave OSL (CW-OSL) experiment in the lab using feldspars and
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quartz. Since then, optically stimulated luminescence has become a popular technique in
the retrospective dosimetry community (McKeever et al., 1997b; Aitken, 1998; Better-
Jensen et al., 1999b; Wintle & Murray, 2000). The use of the OSL method has also
started to gain recognition in fields like personal and medical dosimetry. One of the most
studied OSL materials is Al;O3:C, which has applications in personal, medical and
retrospective dosimetry (McKeever et al., 1996; Akselrod et al., 1998b; Akselrod &
McKeever, 1999; Batter-Jensen et al., 1999a; McKeever, 2001; Polf et al., 2002; Gaza &
McKeever, 2003). The OSL technique has several advantages over the TL method,
advantages that lie in its all-optical nature. The differences between the techniques

pertinent to each type of application are discussed in the following sections.

3.1.1. Personal Dosimetry

About 85 % of the average individual radiation exposure comes from natural sources
(i.e., gamma rays from buildings and ground, radon from the ground, and cosmic rays),
while the remaining 15% is from artificial radiation exposure from medical and
occupational sources (i.e., X-rays, radioactive discharges and nuclear plants), as shown in
Figure 3.1. The total radiation dose coming from these sources is approximately 3 mSv/y
(global average). Several types of radiation detectors have been used to monitor the
individual radiation exposure, including TLDs and OSLDs. One of the important

requirements for such detectors is that they are tissue-equivalent (i.e., to have an effective

tissue

g =7.6). From this point of view,

atomic number Z off close to that for tissue,Z
LiF:Mg,Ti with Z;’;F = 8.3 has a slight advantage over the ALO;:C (Z/*?* =10.5). An

eff

important parameter to be considered is the high sensitivity of the dosimeter over a wide
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dynamic range of doses. With the subsequent development of the Luxel™ personal
dosimeters that use AlO;:C in a so-called pulsed optically stimulated luminescence
(POSL) mode, one can monitor the radiation dose over a large dose range by varying the
stimulation power (i.e., 1uGy up to 10 Gy). Furthermore, due to its high sensitivity, the
dosimeter can be read for a short period of time without totally depleting the signal. This
OSL method allows the user to re-read the samples obtaining independent measurement
results. This feature makes the OSL method more attractive than TL for which the

luminescence signal is completely destroyed after one reading.

. Cosmic Z7 mrem 7.9%

. Rocks and =oil 28 mrem 7.9%
D Internal 40 rarern 10.9%

. FMedical % rays 39 mrem 10.9%
. Nuclear medicine 14 mrem 4%
. Consurner products 10 mrem 3%
DDthers <1 mremn 1%

E radon 200 mrem 54 5%

Figure 3.1. Natural and artificial sources of radiation on Earth (data obtained from the

National Council for Radiation Protection and Measurements™)

Another side of personal dosimetry concerns monitoring the astronauts’ radiation
exposure while in space. The general requirements for a space dosimeter is to be tissue-
equivalent, to have a high sensitivity at low doses and insignificant fading of the
luminescence signal with time (i.e., for long space missions). Both LiF:Mg,Ti used in TL

mode and Al,Os:C used in OSL mode are suitable for passive dosimetry applications in

" Document found on the Internet ( September 2004)
http://users.recn.com/jkimball.ma.ultranet/BiologyPages/R/Radiation.html
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Low-Earth Orbit for the low-LET part of the spectra. Nevertheless, the advantages of
using OSLD materials instead of TLDs are outlined by the National Council on Radiation
Protection and Measurements in the NCRP Report 142, (2002): “One advantage of
switching to OSLDs would be the possibility of providing small, lightweight, low-power
OSL readers for spacecraft so that the astronauts could read their own dosimeters during

long duration flights.”

3.1.2. Medical Dosimetry

During the traditional medical dosimetry procedures (i.e., radiotherapy) the radiation
dose delivered to the patients is calculated in advance and usually measured by TLD
dosimeters placed on the surface of the body. However, the efficiency of the medical
treatment ideally requires in vivo measurements of the radiation dose as recommended by
the International Commission on Radiological Protection (ICRP, 2000). As a result, the
TL technique is being replaced by the OSL method that allows performing real-time
measurements. For minimally invasive in vivo radiation measurements, the dimensions of
the dosimeter are critical. Thus, Polf and colleagues (2002) investigated the luminescence
characteristics of Al,O5:C optical fibers (i.e., 800 um diameter and 5Smm length) to be
used as real-time OSL dosimeters for possible radiotherapy applications. Gaza (2004)
designed and build an operational real-time portable OSL system using both Al,O5:C and

KBr:Eu optical fibers that were successfully tested in a clinical environment.

3.1.3. Environmental Dosimetry

For environmental radiation monitoring, parameters such as high sensitivity and
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stability with respect to external factors (i.e., temperature changes) are important. Besides
the TLD materials frequently used for environmental applications, Better-Jensen and
colleagues (1997) also used the OSL of Al,0;:C for short time assessment of the
environmental gamma dose rates. The possibility of developing low-power portable OSL
readers for environmental applications was investigated by Klein et al. (2004). The POSL
system build by Klein et al. (2004) was able to detect low doses, with a minimum

detectable dose of 5 uGy.

3.1.4. Accident and Dating Dosimetry

There is an increasing interest in the retrospective assessment of the radiation dose
for accidentally contaminated areas such as Chernobyl. For this purpose, natural
materials (i.e., quartz and feldspars) from the accident site are used either in TL or OSL
mode to provide information about the incident radiation (Bailiff, 1995). Another
retrospective dosimetry application is the dating of geological or archeological samples
and consists of measuring the dose absorbed by natural minerals (i.e., quartz and
feldspars) since their last heating or light exposure. Thus, the absorbed dose during this
period is proportional to the age of the sample (Aitken, 1998):

_ natural TL/ OSL signal
(TL/OSL per unit dose) x natural dose rate

age (3.1

Here, the natural TL/OSL signal is the luminescence signal accumulated in the sample
since its last resetting, the 7L /OSL per unit doserepresents the TL/OSL sensitivity of
the sample, and the natural dose rate represents the rate of which the energy was

deposited in the sediments.
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3.2. Luminescence processes

The energy structure of a crystalline material can be best described by the energy
band model. When atoms are brought together in a solid to form a crystalline lattice, the
wave functions of their electrons overlap. As a result, the discrete energy levels of the
individual atoms will merge into quasi-continuous energy bands. The bound electrons
will have energies within the so-called valence band (VB), while free electrons will have
energies contained in the so-called conduction band (CB). These two ‘allowed’ bands are
separated by ‘forbidden’ energy regions. The gap between the uppermost filled valence
band and the lowermost filled conduction band is called band gap. For a semiconductor

or insulator at 7 =0 K , all the electrons are confined to the valence band, while the

conduction band is completely empty (Kittel, 1996).

In an ideal crystalline material, there are no permitted energy levels within the band
gap. However, in real crystals, due to the presence of impurities within the lattice and
lattice structural defects such as lattice vacancies and dislocations, multiple discrete
energy states appear within the ‘forbidden’ region. For such materials, the existing defect
states are localized energy levels and they exhibit statistical behavior acting either as
trapping states, T or as recombination centers, RC, as illustrated in Figure 3.2. For
electrons, if transition (I) is more probable than transition (II), the energy level is called
trap. Reversely, if the transition (II) is more probable than transition (I), the defect center
corresponds to a recombination center. The recombination process can be non-radiative
or can take place with light emission. When the recombination process is radiative,
luminescence occurs. Radiative recombination centers are also called /uminescent centers

(LC).

32



CB

| L _Jo

an

VB

Figure 3.2. Schematic diagram of localized energy states for electrons in real crystals

Detailed schematics of several electronic transitions corresponding to trapping and
recombination of the charge carriers involving both continuous bands (i.e., VB and CB)
and localized energy levels (i.e., T and RC) are shown in Figure 3.3. Ionizing radiation
passing through a crystal deposits energy in the lattice. Part of this energy can be
transferred to electrons in the valence band. If the amount of energy absorbed by valence
electrons is larger than the energy gap, the electrons are excited to the conduction band
where they can move freely within the crystal, via transition (i). The freed electrons can
dissipate their excess energy non-radiatively, for instance by transferring it to lattice
vibrations (phonons). Alternatively, if the material contains radiative recombination
centers, the electrons can be captured by them and their excess energy (or a fraction of it)
is emitted as light. The possible recombinations available for the electrons in the
conduction band, are direct recombinations (ii) or indirect recombinations (v,vi). Direct
recombinations involve only the continuous bands, while indirect recombinations involve

also the localized states.

33



The probability of direct recombinations is higher for narrow band-gap materials
than for wide band-gap materials, depending also on temperature. An example of direct
recombination is the band-to-band transition (ii), as shown in Figure 3.2. Band-to-band
transitions have high probability for direct-gap materials (i.e., the transition can take
place without momentum transfer), and low probability for indirect-gap materials (i.e.,
the transition can take place with momentum transfer). Indirect recombinations can take
place via band-to-center transitions or center-to-center transitions. Band-to-center
recombinations occur when, for instance, initially trapped electrons (iii) are released and
return to the conduction band (iv), from where they recombine with holes at
recombination centers (v). Another alternative for the trapped electrons is to undergo
center-to-center transitions recombining directly with holes at RC (vi). This transition
has high probability for close neighbor lattice defects, via tunneling processes
(McKeever, 1985). If any of these recombination processes is radiative, luminescence

occurs.

® o ® O »® CB
A i
(iii) @iv)
T e
M i) W)
wi)
A RC
o 5 O
VB

Figure 3.3. Possible electronic transitions in a doped semiconductor or insulator that may

result in luminescence production
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3.2.1. Phosphorescence

Since the 17™ century, it has been observed that some materials glow in the dark
after being exposed to heat or light for a period of time. The process was named
phosphorescence and occurs due to particularities in the energy band diagram of the
material. Natural phosphors are able to absorb energy from ambient heat/light (the
excitation source), and transfer it to charge carriers, for instance electrons, which are
trapped into metastable energy levels. The probability p, that the electron will be
thermally released from its trap depends on both the trap depth and the temperature, as

follows (McKeever, 1985):

AE
=7 =sexp| —— 32
pzh p[ kBTj ( )

Here, 7 is the mean time spent in the trap, s is a constant called the frequency factor,
AE is the energy difference between the localized energy level and the corresponding
delocalized energy band called trap depth and k, is Boltzmann’s constant. The

phosphorescence decays for some time after the excitation has been removed. At a given
time ¢ and for a given temperature, the decay of phosphorescence is a simple exponential

decay (McKeever, 1985):
1(6)= 1, exp (— ij (3.3)
T

In equation (3.3), I(¢) is the phosphorescence intensity at time ¢ and I, is the
phosphorescence intensity at time #,. This simple exponential decay is considered to be

valid if the probability that the excited electron will recombine is much larger than the

probability that it will be retrapped. For some materials, the probability of detrapping p,,
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is significant already at room temperature. For materials with trap depth AE much larger
than k,T at room temperature, the electrons will never be released from the trap unless
they receive enough stimulation energy to overcome the trap depth. When heat is used as
stimulation, the process is called thermally stimulated Iluminescence or
thermoluminescence (TL), whereas the light stimulation gives rise to the opftically

stimulated luminescence (OSL).

3.2.2. Thermoluminescence (TL)

For practical reasons, thermoluminescence is induced by linearly increasing the
dT . :
temperature at a rate ff = = (McKeever, 1985). A simple model (schematically shown

in Figure 3.4) used to describe the TL production involves two defect states (e.g., a trap

and a recombination center) and is called the one-trap/one-recombination center model.

CB CB

T s _g' TL
Heat Oi /4

LC IAC

L 1@,
VB VB

Irradiation

Figure 3.4. The mechanisms of TL production considering the one-trap/one-

recombination center model for electrons
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The TL mechanism for the one-trap/one-recombination center model is based on the
same general luminescence principle already presented: after a previous irradiation of the
material, the incident stimulation (i.e., heat) releases electrons from the thermally active
trap that can eventually recombine with holes at the radiative recombination center
leading to the corresponding TL emission. The TL signal is a convolution of two
processes: the rate at which the traps are filled (during the irradiation stage) and the rate
at which the electrons are released from their traps (during the heating stage).
Considering this simple system, the total number of electrons equals the total number of
holes. Thus, the charge neutrality equation gives:

Ne + N1y =my, + My, 34
Here, n. is the concentration of the electrons in the conduction band, n, is the trapped

electron concentration, m, is the hole concentration in the valence band, and m,. is the

concentration of holes in the recombination centers. Assuming that after the irradiation
ceases and just when the stimulation starts, there are no free electrons in the conduction

band, nor free holes in the valence band (n.,m, = 0), the neutrality equation becomes:

nT(to):ch(to) (3.5
Thus, the rate equations describing the charge flow during the production of

thermoluminescence are (McKeever & Chen, 1997):

dn, __ dn, N dm (3.62)
dt dt dt

dn

o= neAr (N =np)=n;p (3.6b)
dm
TRC =—neApcMpc (3.6¢)
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In equations (3.6), p is the probability of releasing the electrons from the trap and is

related to the trap depth and the frequency factor as follows:

p =5 exp [— %} (3.7)

where s is the frequency factor and AE is the trap depth. The other parameters in
equations (3.6) represent: 4,and A,. are the trapping and recombination probabilities,
respectively (both expressed in units of m™s™) and N is the concentration of the available
electron traps (in units of m™). In order to solve the rate equations for the TL intensity
I,,(¢,T), two main approximations are considered (McKeever, 1985):

i. The so called ‘quasi-equilibrium approximation’ that assumes a quasi-stationary

. . . d
population of free electrons in the CB (i.e., n. <<n;, m,. and Pe 0). As a

dn; B dm -

result,
dt dt

ii. The ‘slow re-trapping’ approximation, where n A4, (N —n, )<< n, p, n, Ay .
Considering these two approximations, the thermoluminescence intensity I, (¢,7) has
the following expression:

_dmpe dn;

—AE
I T)=-—=-— :nrp=nrsexp(”j (3.8)
B

Integrating equation (3.8) over time and assuming a linear temperature increase, the TL

intensity becomes:

1,,(T)=nys exp( _kﬁf j exp{— ( yﬁ) j;exp[— I;ETJ dT} (3.9)
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where n, is the initial value of n, at ¢, =0 and f is the heating rate (i.e., :(;—T).
t

Equation (3.9) was first derived by Randall and Wilkins in 1945 and is called the
Randall-Wilkins expression for first-order kinetics (i.e., the recombination probability
dominates the re-trapping probability) (McKeever, 1985). It can be seen that equation
(3.9) has no trivial form and the TL mechanism can become even more complicated in
practice, where several trap/recombination centers are responsible for the luminescence
production. The theory of luminescence models assuming more than one-trap/one-
recombination center has been studied in great detail over the years. These theoretical
models are not to be presented here, but a detailed analysis is given by Chen and
McKeever (1997).

In practice, the thermoluminescence signal is monitored as function of temperature
resulting in a so-called ‘glow-curve’ which may contain one or multiple peaks. The shape
of a glow-curve is influenced by a large number of factors such as: the material type, the
type and number of the defects initially present within the material, the type and energy
of the particles that form the irradiation field, the radiation dose, the pre-or post-
irradiation thermal treatments (i.e., annealing) that the material was subjected to, and the
TL readout parameters (i.e., heating rate). An example of a thermoluminescence glow-
curve for AL,Os:C following a beta radiation exposure is given in Figure 3.5. The main
TL peak in Al,O;:C appears at about 190 °C, for a heating rate of 1°C/s. The glow-curve
has an apparently simple structure containing only one peak, but in fact a number of other
TL peaks are known to appear at lower or higher temperatures depending on the sample
type and the irradiation conditions (McKeever et al., 1999). It has been also suggested

that the TL peak of Al,Os:C is not a single peak, but in fact a superposition of several
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first-order peaks (Walker et al., 1996). The shape of this peak was found to depend on
dose, such that the peak shifted to lower temperatures with increasing dose (Akselrod et
al., 1996; Walker et al., 1996). The TL signal from Al,03:C was also found to depend on
heating rate. It has been experimentally observed that the TL output decreases as the
heating rate increases, behavior not expected from the kinematics of the TL production
for this material (Akselrod et al., 1990). A possible explanation of this effect is related to
the thermal quenching (i.e., reduction in the luminescence efficiency with increasing
temperature) of the main TL emission at temperatures close to the temperature of the

main TL peak (Akselrod et al., 1998, Akselrod et al., 1999).
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Figure 3.5. TL glow-curve of ALOs:C exposed to 150mGy using a *’Sr/”°Y beta source,

recorded at a heating rate of f=1 °C/s

The TL emission corresponding to the main peak in Al,Os:C is a broad band with a
peak at about 420 nm. This emission is associated with the 420 nm emission band of
F centers (oxygen vacancies with two-captured electrons), thus leading to the conclusion

the F centers have an important role in the TL production from Al,Os3:C. Also, it has
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been experimentally observed that the TL sensitivity of Al,Os:C is strongly dependent on
the concentration of F ' centers (oxygen vacancies with one-captured electron) in the
material (McKeever, 1999). The concentrations of both F and F* centers can be highly
controlled during crystal growth. Thus, Al,Os3:C (single crystals) are grown in a highly
reducing atmosphere in the presence of carbon, resulting in F center concentrations of
the order of 107 cm™ and F* center concentrations of about10” cm™ (McKeever, 1999).
The most probable mechanism of the TL production associated with the main peak is the
recombination of an electron with an F* center, resulting in an excited F center that

decays radiatively with the subsequent emission of a photon Av,,,, :
e +F" > F > F+hv,,, (3.10)

The F ™ centers can also be radiation induced, following the recombination of a hole with
an F’ center:

h+F —>F" (3.11)
Nevertheless, the concentration of the radiation induced F* centers is much smaller than
the concentration of the preexisting F " centers (McKeever et al.,, 1999), thus the
preexisting £ centers have a larger contribution to the luminescence signal.

One of the most thoroughly investigated materials for TL dosimetry applications is
LiF:Mg,Ti. Several LiF:Mg,Ti versions manufactured by Harshaw are available for TL
dosimetry, such as TLD-100, TLD-600 (enriched °Li) and TLD-700 (enriched 'Li). In
this work only the TLD-100 material was investigated. An example of a
thermoluminescence glow-curve for TLD-100 is given in Figure 3.6. The TLD-100 glow

curve has a complicated form with multiple peaks, Figure 3.6 showing only the first
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seven peaks. The main peak is considered to be peak 5 that appears at about 220 °C.
Peaks 1-4 are called low-temperature peaks and peaks 6 and 7 are called high-

temperature peaks. The main TL emission in LiF:Mg,Ti at about 412 nm is believed to

be due to a trimmer cluster that consists of three Mg — Li  dipoles (Chen and McKeever,

1997).
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Figure 3.6. TL glow-curve of LiF:Mg,Ti exposed to a dose of 150 mGy using a *°Sr/”°Y

beta source, recorded at a heating rate of #=1 "C/s

3.2.3. Dosimetric requirements for TLD materials
The performance of a thermoluminescent dosimeter is evaluated by looking at
properties such as sensitivity, linearity of the luminescence signal with dose, energy
response, reproducibility, batch inhomogeneity, fading, influence of the environment, and
others. A summary of the main dosimetric characteristics of Al,O3:C and LiF:Mg,Ti is

given in Table 3.1 (adapted from McKeever, 1985; Akselrod et al., 1993).

42



Table 3.1. Summary of the main dosimetric TL properties of Al,O;:C (single crystal

chips) and LiF:Mg,Ti (TLD-100)

TL characteristics (singleAcll%}(f)s 3ta? chips) LiF:Mg,Ti (TLD-100)
Sensitivity R(D) 60 1
Linear range ~0.1 uGy - 10 Gy ~0.1mGy - 10Gy
Energy response ~3.5 1.3
Tissue equivalency (Z,; ) 10.2 8.14
Thermal fading <5 % per year 5-10 % per year
Optical fading *strong <5 % per year
Annealing procedure 900 °C for 15 minutes g (()) Bg(iofrorzilﬁ

A. Sensitivity
The relative TL sensitivity of a specific material is defined as the TL intensity per unit
dose relative to the gamma-induced TL signal from LiF:Mg,Ti (Chen and McKeever,

1997):

— SO ariar

k)= S(D)

(3.12)

In equation 3.12, S(D),..« Tepresents the TL signal per unit dose D for the
investigated material and S(D),,,_,, 1S the TL signal per unit dose D for TLD-100. The

TL sensitivity of Al,O3:C was found to be 60 times higher when compared to TLD-100
sensitivity, for a heating rate of 4 °C/s (Akselrod et al., 1993). The TL sensitivity of a
specific material depends on dose, the particle type (charge, LET) and heating rate (i.e.,

Al,0Os5:C). The changes in sensitivity of TLD materials may be corrected by thermal
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treatments (annealing) in order to obtain a viable thermoluminescent dosimeter. The
recommended annealing procedure for Al,O3:C is one time annealing at 900 °C in air for
15 minutes for low doses. After that, repeated low-dose measurements can take place
without a change in sensitivity (Akselrod et al., 1993). For high doses, the same
annealing procedure should be repeated after each measurement. The recommended
annealing procedure for Al,Os;:C, outlined above, cannot be explained by the one-
trap/one-recombination model. In real crystals, additional traps are present, which can act
as competitors to the main dosimetric trap. At low doses, the competition of the deep
traps (e.g., 600 °C and 900°C traps) can be ignored and the luminescence sensitivity is
constant. At high doses, as the deep traps become full, the charge surplus migrates to the
main dosimetric trap resulting in an increase in the luminescence sensitivity. Thus, at
high doses, annealing up to 900 °C is recommended to empty the deep traps in order to
reduce the sensitivity changes. In the case of LiF (TLD-100), an annealing at 400 °C for

1 hour, followed by a long low-temperature annealing (80 °C for 24 h) is recommended

for both low and high doses.

B. Dose response
In order to be able to use the TL signal to extract information about the absorbed
radiation dose in a material, it is highly desirable to have a linear dependence between the
luminescence signal and dose. Most of the TLD materials exhibit a linear dose response
for a specific dose range, followed by a supralinear or sublinear response up to saturation.
The dose response is different from sample to sample and an example of different TL

dose responses from Al,O5:C samples exposed to beta radiation is given in Figure 3.7
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(Yukihara et al., 2003).
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Figure 3.7. TL response of the main peak in Al,O3:C as function of beta dose for three

different samples (Yukihara et al., 2003)

The dashed line represents the line of linearity (e.g., line of slope equal to 1). Yukihara et
al. (2003) observed a linear increase of the beta-induced TL signal with dose up to about
10—-20 Gy for all of the investigated samples, followed by a small increase and then a
decrease (samples #1 and #3) or a saturation of the TL signal (sample #2). This behavior
was interpreted by Yukihara et al. (2003) by considering the presence of two additional
competing traps (i.e., a deep electron trap and a deep hole trap) that are assumed to
induce the observed supralinearity/sublinearity of the TL signal. In order to define the
degree of supralinearity for a TLD material a so-called dose response function was
introduced (Chen and McKeever, 1997):

S(D)/D

S(D))/D, G139

f(D)=
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In equation 3.13, S(D) represents the TL signal at a dose D and S(D,)is the
corresponding TL signal to a dose D, in the linear region of the dose response. Thus, if
the dose response is linear f(D) =1, while f(D)>1 indicates supralinearity.

Depending on the application type, parameters such the lowest dose at which the TL
response is linear and the saturation dose may become important. For low dose
applications, such as environmental dosimetry (doses of order of uGy) and space
dosimetry (doses of order of mGy), the minimum detectable dose is of concern. For high
dose applications such as cancer radiotherapy, the dose delivered to the tumor is of the
order of 1-10Sv, implying the need for TL detectors with a high saturation limit. The
minimal detectable dose for Al,Os:C is reported to be approximately 0.1 uGy (Akselrod

et al., 1993), while for TLD-100 is 0.1 mGy (McKeever, 1985).

C. Energy response
Since the intensity of the TL signal is proportional to the energy absorbed in the material
during the irradiation stage, it is desired to have a TLD material that exhibits a constant
response over a wide range of energies. For different energy photon irradiations, the
relative energy response (RER) is defined with respect to the energy response of a
reference gamma source such as ®°Co (1.25MeV) or 30keV photons, as follows
(McKeever, 1985):

Sg

RER, = (3.14)

30keV photons
When trying to asses the dose delivered to the human body (i.e., dose in tissue), an

important parameter is the effective atomic number Z ;. Thus, the desired TL detectors
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must have Z , numbers closed to that for tissue (Z,, =7.4). Values of the RER ratio

andZ ; for Al,O5:C and LiF:Mg,Ti are giving in Table 3.1.

D. Thermal and optical fading
One of the characteristics of TL dosimeters is fading of the luminescence signal at room
temperature. Thus, a good TLD material has low fading at room temperature and exhibits
a main TL peak at about 200-250°C, the temperature region where the signal is
presumably stable enough (McKeever, 1985). Depending on the application (i.e., a low-
temperature or high-temperature environment), appropriate choices of material and
definition of the TL signal should be made. For example, for high-temperature
applications, the main TL peak might show thermal fading and not be stable enough. For
such applications, higher temperature peaks can be a suitable choice to define the TL
signal. The TL signal of Al,Os:C has reduced fading (<5 % per year) when kept in the
dark, as shown in Table 3.1. It has been observed that the main TL signal of Al,O5:C is
sensitive to light and three main light effects on the Al,O5:C TL signal have been
investigated by Walker and colleagues (1996) and Chen and McKeever (1997):
1. The light-induced generation of the TL signal in unirradiated samples
ii. The phototransfer of charge from deep traps to shallow traps giving rise to a
phototransferred TL signal (PTTL)
iii. The light-induced fading in irradiated samples. When exposed to light either during
the irradiation or between the irradiation and the readout stage, Al,O;:C exhibits a
significant decrease in the TL signal compared to the situation when the sample was

kept in the dark. The optically induced fading in the TL signal of Al,O;:C is of
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importance for this work, since this has resulted in the development of the widely
used luminescence method, namely optically stimulated luminescence (OSL).
As a summary, Al,O;:C is a highly sensitive TL dosimeter (60 times higher than TLD-
100) with a relatively simple glow-curve when compared to other TLD materials (i.e.,
LiF:Mg,Ti), good sensitivity over a wide dose range (107" — 10 Gy) , low threshold dose
(~1pGy), and low fading when stored in the dark (<5 % per year). The material’s adverse
features when used in TL mode (i.e., heating rate dependence and light-induced fading)

can be overcome by using the material in optically stimulated luminescence mode.

3.2.4. Optically Stimulated Luminescence (OSL)
There are several ways of performing an optically stimulated luminescence

measurement. For a given wavelength (A4) and constant stimulation intensity (¢), the

OSL signal is monitored as a function of the illumination time. The recorded
luminescence is called continuous-wave OSL (CW-OSL). The integral of the
luminescence signal over the stimulated period is proportional to the absorbed dose in the
material. Since the luminescence emission is monitored continuously during stimulation,
optical filtration is needed to discriminate between the stimulation light and the emission
light. When the excitation light starts, the OSL output is observed to have a sudden
increase to a maximum value, followed by an exponential-like decrease as the traps are
depleted until the luminescence ends. In general, the shape of an OSL decay curve
depends on the sample, the irradiation field, the specific characteristics of the stimulation
light (i.e., power and wavelength), the absorbed dose and the temperature. Thus, the

shape of the OSL decay can be a simple exponential, a non-exponential or a convolution
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of different forms (McKeever, 2001). For optically stimulated luminescence processes,

the probability ( p,, ) that an electron is released from its trap and can recombine with

subsequent emission of light is given by (Boetter-Jensen et al., 2003):

Py (Ey)= 9 0(E,) (3.15)
Here, ¢ is the intensity of the stimulation light, o is the photoionization cross-section of
the trap, and E, is the optical trap depth (i.e., the minimum energy required to excite the

electron from the trap to the conduction band).
During readout, the optical stimulation intensity can be linearly increased with

time, @ (t) (i.e., for a constant A) from zero up to a maximum value. In this case, the

luminescence output is known as linear modulation OSL (LM-OSL). The resulting
luminescence vs. time curve has a peak-like shape. The parameters of the peak (i.e., peak
height and peak position with time) are related with the physical characteristics of the
trap involved in the production of the stimulated luminescence (Bulur, 1996) and the
stimulation rate. Thus, for a given wavelength and a given power stimulation rate, traps
with different photoionization cross-sections will give rise to different LM-OSL peaks.
The light stimulation can be also used in a pulsed mode, giving rise to the so-called
pulsed optically stimulate luminescence (POSL) method (McKeever et al., 1996;
Akselrod & McKeever, 1999). During a POSL measurement, the luminescence signal is
monitored between pulses, rather than during the pulses As a consequence, one can use
less optical filtration between the stimulation and emission light compared to CW-OSL
measurements. The choice of the pulsed optical stimulation source (i.e., Nd-YAG laser)
is made considering the available power, stimulation pulse width (i.e., smaller than the

luminescence lifetime of the material) and frequency. By an appropriate choice of the
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stimulation power, one can perform fast high-sensitivity measurements using POSL. A
diagram showing the difference in stimulation for the previously discussed optically
stimulated luminescence mechanisms (i.e., CW-OSL, POSL and LM-OSL) is shown in
Figure 3.8. Several mechanisms of producing OSL together with their mathematical
models are discussed by McKeever and colleagues (McKeever et al. 1997a). These
models start with the simple model of one electron trap and one hole trap (recombination
center), followed by more difficult approaches where competing traps and recombination

sites are added to original model (McKeever, 2001; Better-Jensen et al., 2003).

A

A
CW-OSL
o(t)

v

POSL

o(t)

t

Figure 3.8. Schematics of different OSL stimulation methods (CW-OSL, LM-OSL and
POSL)
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In this work only the CW-OSL one-trap/one-recombination center model is going to
be presented. Considering the initial conditions valid for the one-trap/one-recombination
center model shown for TL (equations 3.4 and 3.5), the charge detrapping during the
OSL production is described by the following set of rate equations (McKeever, 2001):

dn, __dn; | dmg (3.16a)
e dt ot

o =—n,p+nA. (N-n,) (3.16b)
dm
d:c = —np Age My (3.16¢)

In equations (3.16), p is the stimulation rate of the electron from the trap (expressed in
units of s™) and depends on the incident photon flux ¢ and the photoionization cross-
section o (as already shown in equation 3.15); N is the concentration of the available
electron traps (in units of m™); A, 1s the probability that the electrons are trapped and
A, 1s the recombination probability (both expressed in units of m” s™). In order to solve
the CW-OSL rate equations for the OSL intensity /., ,, (¢), the same approximations are

considered as for the TL case (i.e., the ‘quasi-equilibrium approximation’ and ‘slow re-
trapping’ approximation). Thus, the OSL intensity becomes:

dmp. _  dn;

ICW—OSL(t):_TZ dt =nrp (3.17)

Solving equation (3.17), for a constant stimulation light intensity:

t
Tov-as ) =nop expl-p)= I, exof = £ 318)

Here, I, is the initial OSL intensity at ¢, =0 and is proportional to the stimulation
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intensity ¢ and the photoionization cross-sectiono, and7 is the decay constant and is
inversely proportional to the stimulation intensity and the photoionization cross-section.
An example of OSL decay from ALO3:C exposed to beta radiation from a *°Sr/”°Y source
and stimulated in green is presented in Figure 3.9. It can be seen that the shape of the
OSL decay curve has an exponential-like form similar to the theoretical OSL intensity

I yy_os (t) in equation (3.18).

AL,0,:C (OSL)
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w
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Figure 3.9. OSL decay curve of ALOs:C exposed to a dose of 150 mGy using a *°Sr/”°Y

beta source, stimulated at A =525 nm

The-light induced fading in ALO;:C irradiated samples was investigated by
Moscovitch et al. (1993) and Walker et al. (1996) and the results showed a drastic
decrease in the TL signal of the main dosimetric peak. Consequently, it was suggested
that the same traps responsible for the main TL peak in Al,O3:C are also responsible for

the OSL production in this material. Thus, the optically released electrons from the main
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trap radiatively recombine with F'* centers giving rise to the 420 nm OSL emission.
However, the correspondence between the TL and OSL signals from Al,O5:C
depends from sample to sample and is not always a straightforward relationship. For
example, Akselrod & Akselrod (2002) investigated the light-induced fading of two
different types of Al,O;:C samples (i.e., a narrow TL peak sample and a wide TL peak
sample) using green light as stimulation. The results showed that the narrow peak had a
strong decrease in sensitivity when exposed to green light, while the wide peak showed
two components differently influenced by light. The low-temperature part of the peak
was found to be very sensitive to light, while the high-temperature side of the TL peak
was found to be light insensitive. Besides the sample type, the shape of the OSL decay
curve from Al,O3:C depends on the concentration of both shallow traps (i.e., energy
levels situated only slightly below the minimum energy of the conduction band — in the
case of electrons) and deep traps (i.e., energy levels situated deeper below the conduction
band), and the relative contribution of these competing traps to the OSL signal depends
on the stimulation wavelength and temperature (Akselrod & Akselrod, 2002; Yukihara et
al., 2004). The OSL sensitivity of Al,O3:C samples was found to be higher relative to
their TL sensitivity, for doses lower than 0.5 uGy and heating rates of 1—-2 °C/s (Botter-
Jensen et al., 1997). The beta-induced OSL signal from Al,Os:C has a linear-supralinear-
sublinear behavior with increasing dose, depending on the sample type (Yukihara et al.,
2004). An interesting feature observed by Yukihara et al. (2004) is the change in the OSL
decay curve at high doses. For low beta doses (up to2 Gy), the shape of the OSL curves
are similar, while for higher doses the OSL curves decay faster with increasing beta dose,

as shown in figure 3.10 (adapted from Yukihara et al., 2004).
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Figure 3.10. Different OSL decay curves from Al,O;:C (chips) as function of beta dose
(adapted from Yukihara et al., 2004)

The curves were normalized to the initial OSL intensity in order to facilitate the
direct comparison. The OSL beta dose response up to high doses, for both Al,O3:C-chips
(5mm diameter and 1mm thickness) and Luxel™ samples (Al,03:C powder in
polycarbonate film), was investigated by Yukihara et al. (2004) considering two
definitions of the OSL signal: total OSL area (i.e., luminescence integrated over 300s)
and initial OSL intensity (luminescence averaged over the first 3s). The obtained dose
response curves corresponding to the two definitions of the OSL signal overlapped for
small doses, but become totally different for high doses starting at about 2—-3Gy, as
shown in Figure 3.11. By comparing Figure 3.11a and Figure 3.10, it can be seen that the
OSL dose response is different from the TL dose response for the same material (i.e.,

Al,O5:C-chips).
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Figure 3.11. Comparison between the dose response of different OSL signals (i.e., total
OSL area and initial OSL intensity) for ALOs:C-chips (a) and Luxel™ (b) (adapted from
Yukihara et al., 2004)

As a conclusion, the dose response of Al,O3:C to high beta doses depends on the
sample type, the readout method (TL or OSL) and the definition of the OSL signal (i.e.,

total OSL area and initial OSL intensity). These properties of the OSL signal may have
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implications regarding the OSL efficiency of Al,Os3:C to heavy charged particles (HCP),
since the luminescence response to HCP is dictated by the radial dose distribution along
the particle’s track and may result in high-dose regions close to the track. These features

are to be discussed in the following chapters.
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CHAPTER 4

HEAVY CHARGED PARTICLES DOSIMETRY AND TRACK STRUCTURE

THEORY MODELS

4.1. The interaction of heavy charged particles with matter

A supplemental level of complexity is added to the picture by the fact that different
types of ionizing radiation deposit their energy in different ways within a material. The
energy deposited in a material by low-LET ionizing radiation (i.e., X-rays and y-rays)
results in a nearly isotropic distribution of the imparted dose. In contrast, the energy
imparted to a medium by heavy charged particles (HCP) induces high-ionization density
regions in the proximity of the particle’s track, resulting in a very inhomogeneous
distribution of dose.

When X-rays and y-rays photons pass through matter they may undergo interactions
via three main processes: the Compton effect, the photoelectric effect, and pair
production. During any of these processes the incident photon energy is transferred to the
electrons surrounding the atom. Consequently, the electrons will impart the absorbed
energy to matter during only a few Coulomb-force interactions along very tortuous paths,
resulting in an almost uniform dose distribution within the material.

A charged particle (CP), however, loses its kinetic energy gradually during many
interaction events during a so-called continuous slowing-down approximation (CSDA)
process. Two main types of energy loss events by charged particles in matter are: primary

energy deposition events (the energy is transferred from CP to the electrons in the crystal
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in close vicinity to the CP track) and secondary energy deposition events (the electrons

lose their energy via excitation and ionization events that take place further away from

the track), as shown in Figure 4.1. There are several types of possible charged particle

interactions with a medium (Attix, 1986):

L.

ii.

1il.

The primary charged particles can interact mainly with the shell electrons of an
atom. As a result, the atom can be excited or ionized. The energy transferred by the
CP to the atomic electrons can also result in ejected electrons, called o-rays that will
lose their kinetic energy along different tracks from that of the primary charged
particle. Other secondary particles that will deposit their energy away from the main
track are X-rays and Auger electrons that are produced when the shell electrons are
ejected from the atom.

The charged particles may interact primarily with the nucleus. If the collision is
elastic (for about 97 % of the events), the energy loss is minimal and the differential

elastic scattering cross-section is proportional to the target’s atomic number

squared, Z*. Therefore, thin foils of high-Z materials can be used to spread out a
charged particle beam with minimal energy losses in the target. For about 2 —3% of
the cases, the collision is inelastic and bremsstrahlung radiation is emitted. In this
case, the incoming charged particles give almost all of their kinetic energy to the
emitted photons. The differential-cross section for such an event is also proportional
to Z* and inverse proportional to the CP mass, thus the bremsstrahlung production
by CPs compared to that of electrons is insignificant.

For heavy charged particles (high kinetic energy ~ 100 MeV) nuclear interactions

with a target may occur, resulting in the creation of secondary particles. One type of
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particles that can be created as a result of such interactions are negative pions. These
particles are unstable and they decay to negative muons that decay to electrons.
When the negative pion is absorbed by the nucleus, nuclear fragments such as
neutrons and charged particles are created. The charged particles deposit their
energy close to the negative pion’s track, while the neutrons carry their energy away
from the track. These secondary particles have high biological effectiveness and the
subsequent dose deposition process is difficult to follow. For luminescence
dosimetry purposes, the nuclear interactions of heavy charged particles are ignored.
The interaction of charged particles with a medium can be characterized by the rate of
energy loss per unit path length, along the particle’s track. For radiation protection
purposes, the so-called linear energy transfer (LET) is used to represent the mean energy
loss per unit particle track length in a medium. The LET is inverse proportional to the
kinetic energy of the incident charged particle. Thus, the linear energy transfer increases
as the energy is lost in a medium, reaching a maximum value at the maximum penetration
depth (e.g., the end of the particle’s track). The corresponding dose distribution as
function of the penetration depth is called the Bragg curve. A Bragg curve starts with an
almost constant low-dose plateau, followed by a rapid dose increase up to a maximum
value, after which the dose decreases drastically. The highly localized dose maximum is
called the Bragg peak. The Bragg curve depends on the type and energy of the incident
CP as well as the characteristics of the medium. The dose deposition profile (Bragg
curve) of charged particles is highly desirable for radiotherapy applications and is used to
better localize the radiation dose delivered to the tumor at a specific depth in tissue.

Contrary to CP, electrons do not give rise to a Bragg peak near the end of their track
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resulting in a broad peak distribution of dose situated at about half of their penetration

depth (Attix, 1986).

4.2. Theoretical models regarding the energy deposited by HCPs in a material

The luminescence response of a material to any type of radiation (i.e., gamma-rays,
HCP) is dictated by two main processes: the radiation energy deposition within the
material and the release of the trapped charged carriers following stimulation, leading to
the luminescence production. As mentioned before, following a HCP irradiation event,
the energy is deposited within a material along highly localized trajectories resulting in a
very inhomogeneous distribution of the absorbed dose. The energy deposition pattern for
HCP in a detector is illustrated in Figure 4.1. It can be seen from Figure 4.1 that the
spatial distribution of the primary energy deposition events dictates the parameters of the

incident ion’s physical track.
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Figure 4.1. An illustration of the HCP energy deposition in matter via primary and

secondary events
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4.2.1. The track structure theory (TST) model

The first track structure theory (TST) approach was initiated by Butts and Katz
(1967) when investigating the response of biological systems (i.e., dry enzymes and
viruses) to heavy ions. The main hypothesis for the track structure theory states that the
luminescence response of a material to HCP irradiation depends on the radial dose
distribution along the ion’s track (Butts and Katz, 1967). As a result, information about
the HCP response of a specific material can be inferred from the dose response of the
material to any type/energy of weakly ionizing radiation (i.e., y-radiation, electrons). This
conclusion was drawn considering that the biological end-effects for both HCP and
weakly ionizing radiation depend entirely on the secondary electrons (Butts and Katz,
1967). Thus, in order to quantify the thermoluminescence response of a material to HCP

the relative efficiency, 1cp . (1.¢., the sensitivity to HCP compared to that of a reference

radiation) was introduced:

TLHCP (Dref )

_ 4.1
T biCP e W 4.1)

In equation (4.1) the 7L, (Dref) represents the TL signal following a HCP irradiation

calculated for a reference dose, using parameters experimentally determined from the
dose response of the reference radiation. The reference radiation usually used is y-

radiation from a ~ Co source.

4.2.2. The modified track structure theory (MTST) model
An improvement to the track structure theory was added by Kalef-Ezra and Horowitz

(1982) in considering the importance of matching the energy spectra and the irradiated
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volume of the secondary electrons generated by the HCP and gamma reference
radiations. The new theory, called the modified track structure theory (MTST) introduces
a ‘dose response function’ obtained from a reference radiation that simulates as much as
possible the energy spectra and the irradiated volume of the secondary particles produced
by the investigated HCP radiation. For example, it has been experimentally proven that
4.7 keV X-rays are more suitable to be used as the reference test radiation for LiF:Mg,Ti
exposed to 4 MeV alpha particles, when compared to high-energy gamma-rays (Kalef-

Ezra and Horowitz, 1982). The MTST relative HCP efficiency to gamma, 77, , is

obtained as follows (Kalef-Ezra and Horowitz, 1982):

Rinax Tinax
_ [ [/5(D)D(r.1,E) 2707 xdrx il
W7 0 0

77HCP,}/ = 776,}/ X W X R
e [ [D(r.1.E)2mrxarxad
0 0

(4.2)

where 775, is the relative TL response of the HCP secondary electrons to the reference

radiation, W, and Wy are the mean energies necessary to create an electron-hole pair
by the HCP and gamma radiation, respectively, f 5(D) is the measured TL dose response
function of the reference radiation (defined in the subsection 3.2.3), D(r,l,E ) is the
radial dose distribution along the HCP’s path, and R, and 7, are the maximum axial

and radial penetration distances reached by the charged carriers. Thus, both the dose
response function f(D) and the radial dose distribution D(r,l, E) play an important role
in estimating the MTST relative HCP-to-gamma efficiency for a given material.

The modified track structure theory was applied to predict relative TL efficiencies

for LiF using either experimentally measured radial dose distributions in tissue equivalent
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gases (Kalef-Ezra and Horowitz, 1982) or Monte Carlo (MC) simulated radial dose
distributions (Avila et al., 1999). Avila and colleagues (1999) combined ion transport
models that consider the energy loss in CSDA fashion and electron transport models in
order to simulate the interactions of the secondary electrons, via elastic and inelastic
collisions. Elastic collisions are considered to be accompanied by electron trajectory
changes with no energy loss, while plastic collisions are responsible for both energy
losses and changes in the electron trajectories. The Monte Carlo procedure considers that
the energy lost is deposited in concentric cylindrical shells around the HCP path. The
energy density is obtained by the ratio of the shell’s energy to its corresponding volume.
Radial dose distributions for LiF:Mg,Ti exposed to 1.43MeV protons are shown in
Figure 4.2 (Avila et al., 1999). Here, the total distance along z-axis (e.g., track length)

was divided in eight different slices and the radial dose distributions were calculated for

each slice.
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Figure 4.2. The radial dose distributions for LiF:Mg,Ti exposed to 1.43MeV protons
(Avila et al., 1999)

63



Avila and colleagues (1999) calculated the proton-to-gamma and helium-to-gamma TL
efficiencies for LiF by considering both the radial dose distributions obtained from Monte
Carlo calculations and the dose response function obtained using an X-rays reference test
radiation of 8.1keV. The MTST calculated efficiencies for protons and helium ions
(equation (4.2)) were than compared to the experimentally determined efficiency values
(equation (4.3)), and the results were found to be in good agreement (Avila et al., 1999):

_ (TL/DO )HCP
~wn,), )

where 7Lis the TL response per unit irradiated mass at a low-dose D, where the

response is linear for both HCP and gamma radiation, respectively.
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Figure 4.3. The calculated MTST efficiency values (solid/dashed lines) for LiF exposed
to 0.7, 1.4 and 2.6 MeV protons and 2.6, 4.9 and 6.8 MeV helium ions compared to
the experimentally determined efficiency values (squares/triangles) as function of LET

(Avila et al., 1999)
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Geify and colleagues (1998) applied radial dose distributions models to LiF crystals
(TLD-700) and compared the results of the track structure calculations to the
experimental data obtained for a wide range of ions and energies, as shown in Figure 4.4.
The experimental results were found to be in good agreement with the modeling data,
aside from low-energy ions with energies of a few MeV and some heavy ions. These

differences are believed to be related to definition of the radial dose distribution

(D(r) ~1/7*) and the particularities of the Monte Carlo code used (Geif et al., 1998).
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Figure 4.4. The dependence of the efficiency of TLD-700 on the mean energy loss.
Comparison between the experimental (symbols) and calculated (lines) results (Geify et

al., 1998).

4.2.3. Supralinearity in the TL fluence response of LiF:Mg,Ti to HCP
The TL fluence response of LiF to heavy charged particles has been studied in great
detail over the years (e.g., Gamboa-deBuen et al., 1998; Aviles et al., 1999). The authors

observed that the TL response of LiF to both HCP and y-rays has a linear-supralinear-
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saturation behavior with increasing fluence/dose. The HCP induced TL signal as function

of fluence is described by the fluence response function, f(n) as follows:

F (n)/n

- 4.4
F(nmf)/nmf *H

S ()=

In Eq. 4.4, F(n) is the TL signal intensity at fluence n and F(n,,)is the TL signal
intensity at reference fluence n,,in the linear region of the fluence response. Thus,

f(n)=1 defines the linear region, while f(n)>1 corresponds to the supralinear region.

The degree of supralinearity of the TL fluence response of LiF has been experimentally
observed to depend on several factors such as the type and energy of the incident
radiation, the material itself (i.e., defects concentration), the definition of the TL signal
(i.e., different peaks have different dose or fluence response functions), the experimental
parameters (i.e., annealing/cooling treatment, readout procedure, etc.) (Gamboa-deBuen
et al., 1998; Gamboa-deBuen et al., 2001). Also, the fluence at which the supralinearity
starts has been found to depend on the type/energy of the incident radiation as well as the

vector properties of the radiation field (Horowitz, 1996).

4.2.4. The track interaction model (TIM) for HCP-induced supralinearity in LiF
One approach to explain the supralinearity of the TL fluence response of LiF:Mg,Ti
exposed to HCP is the track interaction model (TIM) (Horowitz et al., 1996; Horowitz et
al., 2001). This model considers three types of defect to be responsible for the linear-
supralinear-saturation behavior of the TL signal, namely trap centers (TC), luminescent
centers (LC) and competitive centers (non-radiative centers) (CC). For the following

discussion, it is assumed that the trap centers are electron centers and the luminescent
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centers are hole centers. The TL response of a material exposed to a specific type of
radiation is believed to be influenced by both the irradiation stage and the recombination
stage.

According to TIM, following HCP irradiation the charge carriers (i.e., electrons) are
trapped inside the track where the luminescent centers are activated, while the competing
centers are completely deactivated. Nevertheless, the region outside the track is
considered to be filled with activated CC. Here, luminescent centers are considered to be
‘activated” when they are completely filled with electrons, while competitive centers are
considered to be ‘activated’” when they are completely empty. In the recombination
(heating) stage, at low fluences, the recombination occurs entirely inside the HCP track,
while the escaped electrons become trapped at CC and do not contribute to the TL signal.
Therefore, the TL signal is proportional to the number of HCP tracks (i.e., fluence)
resulting in a linear fluence response. As the fluence increases, the distance between
neighboring tracks decreases, thus increasing the probability that the escaped electrons
will recombine inside the closest neighbor track, resulting in an increased TL efficiency.
Thus, the supralinearity of the TL response occurs. For even higher fluences, the traps

and/or recombination centers become full and the saturation of the TL signal occurs

4.2.5. The unified track interaction model (UNIM)

Similar to the track interaction model for HCPs, the so-called unified track
interaction model (UNIM) was introduced in order to describe the gamma-induced
supralinearity observed in LiF (Horowitz et al., 1996; Horowitz, 2001). As for HCP, the

gamma-induced TL signal has a linear-supralinear-saturation response with increasing
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dose. The linearity of the gamma-induced TL dose response is believed to be related to
the existence of localized doubly occupied spatially correlated trap center/luminescent
center pairs in LiF, concept introduced by Mische & McKeever (1989). In other words,
the defect distribution in the material is such that localized TC/LC pairs are present, with
the TC being occupied by an electron and the LC being occupied by a hole. These highly
localized TC/LC pairs are believed to be free of active CC. Thus, for low gamma doses,
there is a high probability for a released electron from the TC/LC pair to recombine with
a hole from the same TC/LC pair, leading to the so-called geminate recombination inside
the localized TC/LC pairs (Horowitz, 2001). At higher doses, the distance between
neighboring TC/LC pairs decreases resulting in an increase in the TL efficiency and a
supralinear dependence of the TL with dose. When the TC/LC are completely filled the
TL signal is saturated. UNIM was successfully applied by Rodriguez-Villafuerte and
colleagues (2000) to investigate the fluence response of LiF:Mg,Ti exposed to different
energies of helium ions (i.e., 3MeV and 7.5MeV). The experimentally determined
supralinearity functions (i.e., the fluence response function) for different TL peaks (5, 8
and 9) were compared with Monte Carlo simulations of the track interaction model. The
experimental data were found to be in good agreement with the theoretical data, as shown
in Figure 4.5 (Rodriguez-Villafuerte et al., 2000).

The track interaction model has been further developed to investigate in much more
detail the supralinearity and saturation effects in the TL response of LiF, into the so-
called extended track interaction model (ETIM). The ETIM model (not to be discussed in
detail here) investigates the track structure using information from several sources, such

as the defect occupation probabilities as function of the radial distance, optical absorption
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measurements, and sensitization measurements (Horowitz et al., 2001).

200 — — —
S s .
10 Tw_%fﬂ' %‘- [ R
S i

\ 1
o .- /i/i é’ gl ""'\# 1
~
: % N
2+ » ‘Q,pr’ \:.\ ;
o= SN
0 bt i bttt b | =t
[ * ]
ol —.
Peak 9 A
/"{ \&
6 /. s T b
P I
iF . W
v
R g"U{ —— _7ﬁ.\.;§
o PR R 1 aaaal i
10* 10 10 10"
Fluence (cm™?)

Figure 4.5. Simulated supralinearity data (dashed curve) and experimental data for
LiF:Mg,Ti exposed to 3MeV (open symbols) and 7.5MeV (solid symbols) helium ions
(Rodriguez-Villafuerte et al., 2000)

In this chapter, the TL response of LiF:Mg,Ti to heavy charged particles was
explained by several authors in terms of different track interaction models. In the next
chapter, experimental results regarding the OSL response of Al,O3:C to low-energy
particles will be presented together with a simple model for the energy deposition

processes by HCP in the Al,O53:C dosimeters.
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CHAPTER 5

THE TL AND OSL RESPONSE OF ALO;:C TO LOW-ENERGY HEAVY

CHARGED PARTICLES: MODELS AND EXPERIMENTAL RESULTS

5.1. Purpose of the project

The current chapter investigates the luminescence response of AlO3:C to low-
energy heavy charged particles obtained from a Pelletron accelerator at the Instituto de
Fisica, UNAM, Mexico City. The Pelletron accelerator from UNAM can deliver several
species of ions such as protons, helium, carbon, and oxygen having energies on the order
of units of MeV.

Ideally, a luminescent dosimeter would return an OSL/TL signal which is
proportional to the energy deposited in its volume by ionizing radiation, with the factor of
proportionality being constant with respect to the radiation quality. This is especially
important for a dosimeter designed to measure a radiation field consisting of a wide
assortment of particles, of different types (Z number) and energies, as in the case of space
radiation. However, the luminescence signals from real dosimeters often exhibit
dependences on various parameters of the incident radiation particles, including (but not
limited to) energy, charge and size (i.e. the A and Z numbers of the projectile), and
intensity of the beam (i.e. particle fluence). To quantify the sensitivity of the OSL/TL
response for HCP irradiations relative to that for irradiations performed using standard

radioactive sources (i.e, ®°Co source), a physical quantity denoted as the efficiency 7 has

been introduced. In the literature, the luminescence efficiency is defined as:
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_Lyer /(DHCP “Myep)
= ]}//(Dy ) (5.1)

n

Here, [, is the OSL/TL signal measured from the dosimeter following an HCP
irradiation that deposited a dose Dy, in its volume, 7, is the OSL/TL signal measured
from the dosimeter following absorption of a gamma dose D, . The masses m ., and m,
correspond to the fractions of the dosimeter where the doses D, and D, , respectively,

were deposited. Usually, the efficiency defined by the equation (5.1) considers that both

Dycp and D, are in the linear range of the OSL/TL dose response. Relation (5.1) can be
simply interpreted as the relative sensitivity of the dosimeter to HCP (S, ), as compared

to the sensitivity for standard gamma irradiations (S, ), as follows:

S
77 — HCP (52)

Both the HCP sensitivity S, and the gamma sensitivity S, can be expressed in terms

of either the dose D, or the total energy E, . absorbed in the dosimeter. Relation

(5.3) applies for both S, and S, .

s, = _ (5.3)

Here, the subscript X can be substituted for either HCP or y. Choosing a particular
form to express the sensitivity S, is dictated by the particular experimental

considerations. However, both formulations are completely equivalent.
Light particles such as photons and electrons emitted by standard radioactive sources

(i.e., ®°Co and *°Sr/*°Y) have ranges comparable to (or larger than) standard luminescence
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samples. Therefore, it is convenient to use these sources in order to calibrate the

sensitivity of the sample in terms of the characteristic doses absorbed in the dosimeters:

S, =— (5.4)

In contrast, heavy charged particles with kinetic energies in the range investigated here
have penetration depths on the order of few tens to one hundred microns. Therefore, all
the incident charged particles will deposit their entire energy, and will come to a
complete stop in the volume of the dosimeter (usually of thickness on the order of 1mm).
The situation is schematically depicted in Figure 5.1. Irradiation with highly penetrating

radiation (e.g., gamma) case is also showed for comparison.

Gamma ®

/ t=0.9mm

Al O3 sample

r~10-100 pm

HCP

NN E

Figure 5.1. Schematics of the energy deposition by low-energy HCP and gamma

radiation in Al,Os3, where ¢ is the sample thickness and 7 is the HCP penetration range

The total energy deposited by the heavy charged particles in the dosimeter can be most

conveniently obtained from the known kinetic energy E, of the particles and the total

number N of particles incident on the dosimeter surface:

Eyep = E\N = E,®4,, (5.5)
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Here, the particle fluence @ (expressed in cm™) and the incident energy E, can be
calculated using the experimental parameters recorded during the operation of the
accelerator (details on these calculations will be given in section 5.2), and 4,, represents
the irradiated area of the dosimeter (in units of cm?). Using equation (5.3) for HCPs and

equation (5.5) the sensitivity S, becomes:

]HCP ]HCP (56)

EHCP EON

SHCP

The equations (5.2), (5.3) and (5.4) can be then combined to obtain the following

expression for the efficiency 77:

_ Lyer | E(N

I?’/D}’m?’ (57)

In order to correct the measured OSL/TL signal /., by the sensitivity S, a so-called

corrected luminescence signal /., ., 1s introduced:

I
I = Hep (5.8)

The efficiency in equation (5.7) can be rewritten in terms of the new variable as:

]HCP corr
= : 5.9
n EN (5.9)

In terms of the energy per nucleon E, /4, equation (5.7) can be written as:

1 ]HCP corr
= e 5.10
T=E,J4 AN .10

where A the mass number of the incident particle. Equation (5.9) and (5.10) suggest that

the efficiency can be interpreted as the slope of the dependence of the corrected
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luminescence signal /., on any of the parameters E,, E,/A, A or N, in case the

other parameters are held constant (subject to experimental particularities).

In the following sections, the experimental details of the UNAM irradiations are
presented in detail (section 5.2). Also, a simple model for the energy deposition processes
by HCP in the Al,O;:C dosimeters is proposed. This model will then be used to predict
the behavior of the efficiency vis-a-vis the parameters mentioned, and confirm the
predictions by comparing them with experimental data (section 5.3). Additional
efficiency features for the HCP-induced OSL signal from Al,O5:C dosimeters are

presented in section 5.4.

5.2. Experimental details of the UNAM irradiations

The OSL/TL responses of different types of luminescence dosimeters were
investigated for different low-energy ions (i.e., protons, helium, carbon and oxygen)
using a 3 MV Pelletron Tandem accelerator at UNAM. Two different types of Al,O;:C
samples were used: single Al,Os:C crystals (chips) of Smm in diameter and 0.9 mm
thickness, obtained from Nextep Technologies, and Luxel ™ sheets (AL,O3:C powder in
polycarbonate film) of dimensions of 120x17x0.35 mm obtained from Landauer Inc. In
addition, LiF:Mg,Ti dosimeters known as Harshaw/Bicron TLD-100 chips
(3.2x3.2x0.9 mm) were used. The OSL/TL dosimeters were analyzed via the following
procedure:

1. Pre-irradiation annealing of the samples (see details in section 5.2.1)
ii. HCP irradiations at UNAM (see details in section 5.2.2)

iii. Readout of the signal induced (1, ,;, ) ycp by the HCP irradiations at UNAM (see
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details in section 5.2.3)

iv. Post-readout annealing of the samples

v. Irradiation with a known reference beta dose D, (calibrated with respect to a to a
%Co gamma source at NIST)

vi. Readout of the reference signal /.

The reported quantity is the corrected OSL/TL signal 1, _,,, given by equation (5.8).

5.2.1. Preparation of the samples

Prior to irradiations, the OSL/TL samples were subjected to different
annealing/bleaching procedures in order reset the luminescence signals to the background
level and to re-establish the thermodynamic equilibrium conditions. The Al,O3:C chips
were annealed at 900°C for 15 minutes as recommended by McKeever at al. (1995), then
cooled in air by contact with a metal plate at room temperature. The Al,O3:C samples
were also polished and a surface layer of about 150 um was removed from each sample in
order to reduce the possible surface effects on the luminescence efficiency (to be
discussed in more detail in section 5.4). The Luxel samples were bleached for 12 h at
room temperature, using a halogen lamp filtered by a Kopp 3-69 filter (yellow light). The
Luxel dosimeters were further prepared by removing the plastic film in front of the Al,O3
layer in order not to create an obstacle for the incident HCPs. The TLD-100 chips were
annealed at 400 °C for 1 h, followed by a 2 h annealing at 100°C, a standard annealing
procedure used to re-establish the defect equilibrium and to enhance the luminescence of
the main dosimetric peak (~220°C), concomitantly reducing the influence of the low

temperature peaks (McKeever et al., 1995). After annealing, the TLD-100 samples were
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cooled at room temperature. In addition to the HCP radiation, the samples were also
subjected to the background radiation during the Oklahoma City — Houston — Mexico
City — and return flights. The OSL/TL signal due to the background radiation was taken

into account and subtracted from the total luminescence signal.

5.2.2. Radiation exposures

The OSL/TL dosimeters were exposed to low-energy heavy charged particles over a
wide range of fluences (i.e, from 107 up to 9x10° part/cm?) and nominal energies of 1.0,
2.0 and 4.0 MeV (protons), 2.5, 5.0 and 8.9MeV (helium),13MeV (carbon), and
10MeV oxygen. Prior to irradiation, the samples were placed in a semi-circular
aluminum sample holder specifically designed to fit the geometry requirements of the
irradiation setup, at known angles with respect to the direction of the beam. A picture of

one of the used sample holders is shown in Figure 5.2.

Figure 5.2. Example of sample holder specifically designed for the UNAM projects
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Depending on the experiment, for each ion/energy, the distribution of the samples inside
the holder was different. The details regarding the sample positions inside the holder, for
each ion/energy and material/readout method, are given in Appendix A. The Pelletron
irradiation experimental setup is based on elastic Rutherford scattering of the incident ion
beam by a thin gold target (of the order of 10~ g/cm’ thickness), as schematically shown
in Figure 5.3. For the carbon ions the incident beam was perpendicular to the gold target,
while for the proton and helium irradiations the target was positioned at a 20 ° angle with
respect to the direction of the beam. A silicon surface barrier detector, placed at 135°
angle with respect to the direction of the incident beam, was used to count the elastically
scattered particles. Knowing the number of the scattered particles and the geometry of the
beam, the HCP fluence can be calculated for each particular experimental setup, as
described in section 5.2.4. A more detailed description of the Pelletron accelerator setup
can be found elsewhere (Rodriguez-Villafuerte et al., 2000; Gamboa-deBuen et al.,

2001).

Detector o

Oldetector

»
-

/o
Direction of sample

incident ions Sample

holder

Figure 5.3. Schematics of the irradiation setup for the UNAM experiments
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5.2.3. Readout procedures

The samples were analyzed using an automatic Risg TL/OSL-DA-15 reader with an
incorporated *°Sr/*’Y beta radiation source (Better-Jensen et al., 2000), as shown in
Figure 5.4. Since the Al,05:C samples are light sensitive, extra precautions were taken so
that the Al,O3:C samples will not be exposed to light between irradiation and readout.
The Al,O3:C samples were analyzed using both TL and OSL methods, the Luxel samples
were measured in OSL mode and the TLD-100 chips were readout in TL mode. The
luminescence signal was recorded using an Electron Tubes 9235QB photomultiplier tube

through an appropriate choice of optical filters and apertures.

Integrated *’Sr/”’Y  Photomultiplier PMT power
beta source tube (PMT) supply/controller

Rotating Green diodes MiniSys
sample wheel module controller

Figure 5.4. Picture of the Risg TL/OSL-DA-15 reader featuring an integrated beta source
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The TL signal from Al,O3:C was recorded while linearly ramping the temperature at
a heating rate of 1°C/s starting at room temperature up to 350°C to ensure the full
readout of the main dosimetric peak centered at about 185°C. The experiments were
carried out using an 415 nm narrow band optical filter (with transmission band full width
at half maximum of ~ 20 nm) and an appropriate aperture in order to maximize the TL
signal. The TL signal of the TLD-100 dosimeters was measured at a heating rate of 1°C/s
starting at room temperature up to 380°C in order to record the luminescence signal
coming from the main dosimetric peak as well as the high temperature peaks. The
experiments were carried out without any optical filtration or aperture in order to
maximize the TL signal. An example of Al,O5:C and LiF:Mg,Ti TL glow-curves exposed
to 1.0MeV protons is given in Figure 5.5. The curves were normalized with respect to the

peak height of the main peak to allow a direct comparison between the two materials.
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Figure 5.5. TL glow curves for Al,O;:C and LiF:Mg,Ti (TLD-100) exposed to 1.0 MeV

protons and fluences of 5.8x10° part/cm” and 4.1x10° part/cm?

The TL signals from the Al,O3:C and LiF:Mg,Ti samples were defined as the peak height
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of the corresponding main dosimetric peaks, centered at about 180°C and 225°C,
respectively.

The OSL signal from the Al,O3:C and Luxel dosimeters was recorded while illuminating
the samples with green LEDs (at 525nm). The luminescence measured by the
photomultiplier tube was detected through Hoya U-340 filters (with transmission band
centered at 340 nm and transmission band full width at half maximum of about 80 nm) of
7.5mm total thickness for optimum discrimination between stimulation and emission
light. Depending on the material, an appropriate aperture was also used to reduce the
luminescence signal coming from the sample. An example of OSL signal from Al,0O5:C
exposed to 1.0MeV protons and a fluence of 1.5x10° part/cm® is shown in Figure 5.6. It
can be noticed that the OSL curve decayed back to the background level after 5 minutes
of light stimulation. The OSL signal from the Al,O;:C samples is defined as the OSL

signal recorded after the first second of light stimulation (i.e., initial OSL intensity).
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Figure 5.6. CW-OSL decay curve for Al,O5:C chips exposed to 1.0MeV protons
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Considering the differences in the optical filtration used for the Al,O3:C TL and OSL
readout procedures, differences in the corresponding luminescence efficiencies are
expected. While the TL signal from Al,Os:C is given mostly by the F —center emission
(the signal is measured trough a 415 nm narrow band optical filter), the OSL signal from
the same material is measured through wide band U-340 filters, and may contain a
luminescence component due to the F* —center emission, in addition to the main
F —center emission. As a result, the TL signal and the OSL signal from Al,O3:C may
give rise to different luminescence efficiencies due to the difference in the corresponding

optical filtrations.

5.3. Data analysis — energy and fluence calculations

Several parameters of interest, such as the energy E, at the sample and fluence ® at

a specific position in the sample holder, need to be known when investigating the

OSL/TL response of the dosimeters.

5.3.1. Energy calculations

The actual energy incident on the sample E is different from the nominal

sample
energy £, due to the experiment particularities (i.e., the energy loss in the gold target).
The corrected energy values were calculated for the two cases of 0° and 20° inclination of
the gold target. Considering that the incident particles may follow any path when
traveling through the target, two different ‘extreme’ paths were considered when

calculating the actual energies, as shown in Figure 5.7. Here, the incident beam is
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assumed to be perpendicular on the target as in the case of carbon ions irradiations.

Gold target
Eo o
(2) C Sample holder
D

Figure 5.7. Possible paths to be followed by the incident particles when traveling through
the target (the beam is perpendicular on the target)

The first path assumed that the direction of the incident particle does not change inside
the target (path 1) and the second path (path 2) assumed that the incident particle travels
through the target at an angle equal to the sample angle. Considering the geometry in
Figure 5.9, the actual energy of the particles when reaching the sample can be calculated
as follows:

i. Path1(4— B— D)

E, =EO—(d—E)Au><t (5.11a)
dx
E, ,=E, ,xk (5.11b)

ii. Path2(4—C — D)
E, .=E,xk (5.11¢)

dE t
Ec.p=E, ¢ —( Au
dx coso

(5.11d)
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In equations (5.11), E,is the nominal energy of the incident particles, (Z—E) 1. 1s the
X

energy loss per unit length in the gold target, ¢ is the target thickness, ¢ is the sample
angle and £ is a factor that takes into account the energy loss in the target due to changes
in the initial energy and momentum of the incident particle, called the kinematics factor:
12 2

mCOSOJi(M2 —m? sin? Ot)
m+M

k = (5.12)

Here, m 1is the mass of the particle and M 1is the target mass. The mathematical details
for obtaining the kinematics factor k are presented in Appendix B. If the target is
inclined at a specific angle with respect to the beam direction (as for the protons and
helium irradiations) the equations (5.11) become:

i. Pathl(4— B— D)

df t
E =F —(—), X 5.13a
ase =Ey—( dx)Au cos ( )
E, ,=E, Xk (5.13b)
1. Path2 (4 —>C — D)
E, .=E,xk (5.13¢)
df t
Ec.p=E, ¢ _(_)Au X" (5.13d)

dx cos(ax— f3)
Here, [ is the angle between the target and the direction of the beam. The actual energy

values depend on the sample position and were calculated using equations (5.11) or
equations (5.13) as appropriate. An average energy value of the two energies

corresponding to paths (1) and (2) was considered when calculating the HCP dose.
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5.3.2. Fluence calculations

Assuming Rutherford elastic scattering, the scattering differential cross-section is

(Eisberg and Resnick, 1985):

2 P 2
dr _ 1 « zZe « 1 (5.14)
dQ | 4ze, 4E : {0{)
Sin 5

where z and Z are the atomic numbers of the incident ion and target, respectively; E is
the energy of the incident ion and & is the detection angle. Starting with the Rutherford
scattering differential cross-section and considering the specifics of the experimental
setup, the UNAM group calculated the fluence @ (i.e., the number of particles incident

on the sample N per unit area Ag) as follows™:

v sin4(0;[’j><(dD)2
d="S=Nx

As sin“(aés)x(ds)z X7 ()

(5.15)

where N is the total number of particles counted by the detector, ¢, and ¢ are the

angles between the direction of the incident beam and the detector and sample,

respectively, d,, is the distance between the detector and the target, d is the sample-

target, and r, is the detector radius. All of the geometrical parameters used to calculate

the fluence (equation 5.15) were measured prior to irradiation. From the geometry of the
system it can be inferred that the fluence values corresponding to rows 1 and 3 of the
sample holder are the same, while the fluence value corresponding to row 2 is slightly

different. The percentage difference is less than 1 % within the limits of the experimental

i 1nternal Document Instituto de Fisica, UNAM

84



error. The corrected energy values and the corresponding fluence range for the 1.0, 2.0
and 4.0 MeV (protons), 2.5, 5.0 and 8.9 MeV (helium ions), 13 MeV (carbon ions) and

10MeV (oxygen ions) are given in Table 5.1.

Table 5.1. The corrected energy values and the corresponding fluence ranges for the

protons, helium, carbon and oxygen irradiations at UNAM

Particle I\li:?lr:rig;l Corrected energy range Fluence range
Type (MeV) (MeV) (part/cm”)
1.0 0.91 +0.95 1.5x10" +8.2x10°
Protons 2.0 1.92 +1.96 1.4x107 +7.6x10°
4.0 3.92 +3.97 1.4x10" +8.9x 10’
2.5 2.33 +2.39 1.5x107 +5.9x 10’
Helium 5.0 4.84 +4.92 1.5%107 +6.3x 10’
8.9 8.74 +8.84 1.5%107 +5.8x10’
Carbon 13 11.1 +11.6 1.4x107 +8.8x 10’
Oxygen 10 7.59 +7.85 4.0%x10" +9.2x10°

The corrected energy values and the fluence values were used to calculate the absorbed

HCP dose, as follows:

1.6X107"" xDXE,
Dyyep =
RHCP ><IOS

(5.16)

In equation (5.16), E is the actual energy that reaches sample (in units of MeV), R, 1s

the range of the heavy charged particle in the sample (in units of cm), and p; is the
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density of the sample (in units of g/cm3). The numerical factor 1.6x107"? is a ‘correction
for units’ factor so that the dose is expressed in units of Gray (Gy). The HCP doses are

needed to obtain the efficiency given by equation (5.1).

5.4. The influence of the HCP characteristics on the OSL/TL efficiency — models

and experimental results

In this section, the effects of different parameters on the luminescence efficiency are

investigated. For this study, the efficiency 7 is defined as in equation 5.10. The influence
of different radiation attributes (i.e., E,, E, / A, A and N ) on the luminescence signal is

followed individually using a controlled irradiation environment as offered by the
Pelletron accelerator. The separate effects will allow us to build a simple model of the

energy deposition processes by HCP in the Al,O3:C dosimeters.

Table 5.2. Possible permutations of the radiation beam attributes used for studying basic

9% Ce_9
b

behavioral laws of the luminescence signal, where “#” stands for “vary parameter

stands for “keep constant”

Experiment type E, A E,/4 N (D)
Fluence Dependence = = = #
Particle Energy Dependence # = # =

Particle Size Dependence

(at constant energy / nucleon)
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The possible changes in the luminescence signal (i.e., efficiency) with several HCP

parameters such as E,, E, / A, A and N are described in Table 5.2, considering three

basic situations. In the first type of experiment, fluence is varied and the other parameters
are kept constant, in the second type the energy and subsequently, energy/nucleon vary,
and in the third type of experiment the energy per nucleon and the fluence are kept the
same. The outcomes of each type of experiments, as well as its implications on the dose

deposition model, are presented in the following sections.

5.4.1. Fluence Dependence

For irradiations with a specific particle/energy (i.e., protons of 4.0 MeV), the
particle’s fluence can be varied. At low-fluences, where the HCP tracks are considered to
be isolated (i.e., not interact with each other), the OSL/TL signal should be linear. As a
result, the efficiency 77 at low fluences should be constant. If the fluence is increased
high enough, the HCP tracks come closer together and several situations, such as track
interaction and track overlapping, may occur. Gaza et al. (2004) suggested that track
interactions may result in the quenching of the OSL response of Al,O3:C to HCP due to
particularities in the material. In the case of Al,O3:C materials, luminescence centers (i.e.,
F" centers) preexist in the material prior to irradiation and the concentration of
F" centers was observed to decrease at high doses (Yukihara et al., 2003). The main
contribution to the OSL signal is believed to be due to electron recombinations at
F" centers outside the ion’s track. At low fluences, the escaped electrons have a high

probability to radiatively recombine with preexisting F ' centers outside the track

inducing a linear response. At high fluences, however, the escaped electrons can reach
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the close neighboring tracks where fewer F'* centers exist resulting in a decrease of the
OSL signal. Thus, the OSL response of Al,O;:C should be linear-sublinear with
increasing fluence (Gaza et al., 2004). In addition to the track interaction effects, if the
fluence is increased high enough the tracks may overlap resulting in an increased
ionization density along the particle’s track and a subsequent quenching of the
luminescence signal. Thus, at high fluences (e.g. where the OSL signal is sublinear) the
efficiency 7 should decrease with increasing fluence. This model should also apply for
the HCP induced TL signal from the Al,O3:C dosimeters. Contrary, for the LiF samples
the track interaction effects at high fluences induce an increase in the TL signal resulting
in a supralinear fluence response, as already mentioned in Chapter 4.

Examples of the fluence influence on the OSL response from Al,O;:C (chips) and
Luxel samples, over an extended range of fluences (i.e., 1x107 +1x10" part/cm?), are

given in Figure 5.8. Here, the corrected OSL signals /., ., induced by 1.0, 2.0 and

4.0 MeV protons together with the corrected OSL signal induced by 13MeV carbon are
represented as function of fluence. The graphs in Figure 5.8 are represented in a log-log
scale and the dashed line represents the linearity line (i.e., line of slope equal to 1). In
Figure 5.9, the OSL response from the Luxel samples exposed to protons (1.0MeV),
carbon (13 MeV) and oxygen (10 MeV) is shown.

For the Al,05:C measurements, two samples were exposed per fluence as reflected
by the error bars in Figure 5.8, while for the Luxel measurements only one sample was
exposed for each fluence, thus no error bars are shown in Figure 5.9. It can be observed
from Figure 5.8 and Figure 5.9 that, for both Al,05:C and Luxel samples, the OSL

response shows a linear-sublinear behavior with fluence. Since the efficiency 7 is
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proportional (up to a constant) to the slope of the graphs shown in Figures 5.8 and 5.9, it
can be easily observed that 77 is constant up to ~1x10° part/cm” in the case of 4.0 MeV
protons, followed by a decrease with increasing fluence for fluences larger than

~1x10®part/cm”. These observations confirm the model predictions outlined above.

1000 T T 1000 T T
__ 1ALO.C(OsL) > P L RACEN /
o o
"> 100 > 100 o= J
) ‘m Q -
c . £
= 10; . = 10, 7 ]
© g © g 3
c A c -
o - 2 -
n L R .
— {! - ="
0] n | = protons 1MeV | (7)) | = protons 2 MeV |
O o1 . . . O o1 . . :
1E7 1E8 1E9 1E10 1E11 1E7 1E8 1E9 1E10 1E11
2 2
Fluence (part/cm”) Fluence (part/cm”)
" TAL0 Cahips (08L) 1000 - - 7
— ,0,:C-chips (OSL) - AlLO.:C (OSL)
o) L7 ™| —_ 23 ,
*> . *O) -
) .’ > 100+ 1
(g 1074 ) E O] . -
£ L S .
— s =~ 10 . .
S . ] ©
9 10 /‘/ g) //, u E ]
) ) g R o
O N ga E
D ¥ | 4.0MeV = ="
8 100 L _= protonsl -0Me 8 o | m carbon 13 MeV
10 10 10 10 1E7 1E8 1E9 110 1E11
2 2
Fluence (part/cm®) Fluence (part/cm?)

Figure 5.8. The OSL fluence response for Al,O;:C exposed to 1.0, 2.0 and 4.0 MeV

protons; and 13 MeV carbon. The dashed line is a 1:1 linearity line
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for the investigated fluence range (i.e., 2x 10" +4x10° part/cm?).
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Figure 5.9. The OSL fluence response for Luxel samples exposed to 1.0MeV
protons, 13 MeV carbon and 10 MeV oxygen ions. The dashed line is a 1:1 linearity line

as a function of fluence, as shown in Figure 5.10a and Figure 5.10b, respectively. As
before, the graphs are represented on a log-log scale and the dashed line represents a 1:1
line. The error bars in Figure 5.10a represent the standard deviation of the mean for three
samples. For the LiF measurements only one sample was exposed per fluence. The TL
response of Al,O3:C exposed to 4.0 MeV protons exhibits a sublinear behavior with

increasing fluence, as expected from the model. The LiF samples show a linear response
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4.0 MeV protons. The dashed line is a 1:1 linearity line

When comparing the OSL fluence response curves from Al,O3:C samples irradiated with

1.0, 2.0, and 4.0 MeV protons, it has was observed that the onset of the sublinearity

(i.e., the fluence at which the sublinear region starts) depends on the energy and the type
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of the incident particle (Gaza et al., 2004). For the same type of particles, the sublinearity
has been observed to appear sooner with increasing energy, as shown in Figure 5.11
(Gaza et al., 2004). Gaza and colleagues (2004) attributed this dependence to track
interaction effects the changes in the track radius with increasing energy, effects possibly
dictated by an increase of the radius of the HCP track with increasing energy. Thus, as
the energy increases, the track interaction effects will take place sooner. Nevertheless,
Gamboa-deBuen and colleagues (2001) did not observe any significant change in the
track radius with increasing energy, when investigating the TL response of LiF
dosimeters to 0.7, 1.5, and 3.0 MeV protons. The later observation was not expected and

remains unexplained.
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Figure 5.11. The OSL fluence responses for Al,O3:C dosimeters exposed to 1.0, 2.0 and
4.0 MeV protons. The dashed lines represent 1:1 lines

5.4.2. Particle Energy Dependence

Consider irradiations of constant fluence @ and different energies for a specific

92



particle (i.e., protons of 1, 2 and 4 MeV). Theoretically, the luminescence signal should
increase proportionally to the energy for a given fluence, giving rise to a constant
efficiency 77 with increasing energy. However, Gamboa-deBuen and colleagues (2001)
observed an unexpected decrease in the TL signal of LiF at lower energies. A possible
explanation for this phenomenon is that as the particle energy is increased, the Bragg
peak is expected to appear deeper in the sample, preceded by a longer portion of the track
having low LET. Thus, the average ionization density along the track decreases with
increasing energy and the luminescence response at higher energies should be higher than
expected (Razvan Gaza, personal communication, 2004). As a result, the efficiency 7 is
expected to increase with increasing energy.

An example of the variation of the OSL signal from the Al,05:C samples with

increasing particle energy E,, for constant fluences, is given in Figure 5.12a. The

samples were exposed to 1.0, 2.0, and 4.0 MeV protons (fluence of 1.5x10 part/cm?)

and to 2.5, 5.0, and 8.9MeV helium ions (fluence of 1.6x107 part/cm?). The results
showed the expected energy dependence with for both proton and helium irradiations.
The same dependence was also observed for the TL signal from Al,O3:C and LiF:Mg,Ti
when exposed to 2.5, 5.0, and 8.9 MeV helium ions (for a given fluence), as shown in

Figure 5.12b. Thus, the efficiency 7 increases with increasing energy for all of the

investigated materials/methods and ions/energy combinations as expected.
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5.4.3. Particle Size Dependence

For particles with the same energy per nucleon £,/ 4, at a given fluence (i.e., H, He
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and C with 2.5 MeV/n), Horowitz and colleagues (2001) observed an increase in the dose
along the track with increasing energy and atomic number, while the radius of the track
did not changed significantly. Assuming that the track geometrical parameters do not

change with increasing energy £, and mass number A, for constant E,/A ratios, the
ionization density is expected to increase with £, and 4. As a result, a quenching of the

OSL/TL signal should be observed (via saturation effects) and the efficiency 7 should

decrease.

In order to verify the above assumption, the OSL signals from Al,O;:C and the TL
signals from both Al,O;:C and LiF:Mg,Ti exposed to 1.0 MeV protons was compared to
the corresponding OSL/TL signals exposed to 12MeV carbon ions, thus keeping the

E,/A ratios constant (~1). The OSL/TL signals were normalized to the corresponding
atomic mass values. The results indicate that the luminescence signals decrease with the
atomic number 4 (shown in Figure 5.13) and with the particle’s energy E, (not shown).
As a result, the corresponding efficiencies decrease with increasing E, and A4, for
constant E, /A ratios, as expected from the model.

As a conclusion, the presented model regarding the influence of several irradiation
parameters such as fluence®, energy E, and particle size 4 on the OSL/TL efficiencies
from Al,O3:C in low-energy HCP fields was confirmed experimentally. Nevertheless,
other parameters such as the dimensions of the HCP track and the dose response function
of the reference radiation were not considered for the above model, indicating that more

complex analysis is needed for calibrating a given OSL or TL dosimeter to low-energy

HCEP fields.
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5.5. Additional features regarding the OSL efficiency of Al,O;:C to low-energy HCP

In this section, a method of estimating the OSL efficiencies at low doses using the
linear-sublinear behavior of the OSL response of Al,0O3:C to low-energy HCPs is
advanced. In addition, possible surface effects on the OSL efficiency from Al,O5:C

materials when exposed to low-energy HCPs is investigated using both polished and

unpolished samples.

5.5.1. Estimating the efficiency by using the dose response curve

For dosimetry purposes, the efficiency 7 is defined by the equation 5.1 which is
valid only for HCP doses in the linear range of the dose response. For particles such as C,
it is difficult to isolate the linear region of the dose response and thus, estimating the
efficiency, as shown in Figure 5.14. Here, the OSL response is represented as function of

the HCP dose (calculated using equation (5.16)), rather than the fluence.
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Figure 5.14. The OSL dose response for Al,O;:C irradiated with 12MeV carbon ions
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A method of calculating the efficiency by using the whole linear-sublinear OSL
curve was developed. As seen from section 5.3., the OSL response of Al,O3:C to low-
energy HCP shows a linear-sublinear behavior with increasing fluence (dose). By fitting
the OSL dose response with a saturating exponential, the OSL sensitivity can be defined
as:

S(D)=dall-e") (5.17)
where D is the dose absorbed in the material and a and b are fitting parameters. Thus, the
slope of the OSL dose response curve, defined as in equation (5.17), gives the efficiency:

. dS

The efficiency values calculated by combining equations (5.1) and (5.16) and using the
data from the linear region of the dose response were compared to the efficiency values

calculated by equation (5.18), following the fitting of equation (5.17).

Table 5.3. Efficiency values calculated based on the linear part of the dose response curve
(equation 5.1), and using equation (5.17) after fitting the whole dose response curve using

equation 5.16, for Al,Os:C chips irradiated with protons and carbon ions

Calculated Efficiency Calculated Efficiency
Particle (Energy) (equation 5.1) (equation 5.17)

(Linear range) (Linear-sublinear range)
grl‘\’/t[‘:\‘f) 0.39 + 0.03 0.40 + 0.05
(I;rlc\’/t[‘:\lf) 0.46 = 0.02 0.48 + 0.03
(Tlc\’/t[‘:\lf) 0.69 + 0.06 0.52 4 0.02

Carbon

(13 MeV) 0.08 £0.01 0.02+0.00
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The calculated efficiency values (equation 5.18) were found to be in good agreement with
the experimental efficiency values (equation 5.1) for the proton irradiations for which the
linear region of the dose response is well defined. However, larger differences between
the efficiency values calculated using equations (5.1) and (5.18) were obtained for the
carbon ions for which the linear region of the dose response is poorly defined. Thus, a
better definition of the linearity of the dose response is needed in order to successfully

apply equation 5.18.

5.5.2. Surface effects on the OSL efficiency from Al,O3:C to low-energy HCP

When dealing with low-energy ions, such as 1.0 and 2.0 MeV protons, the heavy
charged particles deposit all of their energy on the surface of the Al,O3:C dosimeter (of
about 150 pum in thickness) with penetration ranges of about 8 and 25 um, respectively.
The surface of the Al,O3:C dosimeters was observed to depend on the heating treatments
that the material was exposed to. Thus, following multiple high-temperature annealing
procedures of the Al,O;:C dosimeters (e.g., standard annealing procedure at temperature
equal to 900°C in air), the oxygen (e.g., from the air) can diffuse into the bulk of the
material decreasing the concentration of oxygen vacancies at the surface (Akselrod et al.,
1993). Since the oxygen vacancies (i.e., F —centers) are vital for the luminescence
production in Al,Os3:C, a reduction in the concentration of oxygen vacancies can result in
a decrease of the Iuminescence efficiency. As a result, an ‘artificial decrease’ in the
luminescence efficiency of Al,O3:C exposed to such HCP (e.g., with penetration depths
comparable to the thickness of the surface layer) should be observed. This feature was

investigated by using both unpolished and polished Al,O3:C chips and compare their
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OSL efficiencies when exposed to 1.0 and 2.0 MeV protons. For the polished samples, a
layer of about 70 pm was removed in order to reduce the possible surface effects. For this
experiment, the OSL efficiency values were calculated using equation 5.10. The results
are shown in Figure 5.15 from where it can be seen that the regarding the presentation of
the Al,O5:C chips (e.g., polished or unpolished) the OSL efficiency values are the same
for the corresponding energy values. Thus, no significant surface effect on the
luminescence efficiency was observed for Al,O3:C chips exposed to 1.0 and 2.0 MeV
protons indicating that there is no need to polish the samples before low-energy HCP

irradiations

1 AIZO'3:C ' ' — polilshed (~IO.83 mlm)
0‘9__ 222 non-polished (0.9 mm) ||

OSL Efficiency

05 1.0 15 2.0 25

Energy (MeV)

Figure 5.15. The OSL efficiency values for polished and unpolished Al,O;:C samples
exposed to 1.0 and 2.0 MeV protons
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CHAPTER 6

THE LET DEPENDENCE OF THE OSL EFFICIENCY FROM Al,0;:C

EXPOSED TO HIGH-ENERGY HCPs AND ITS APPLICATIONS TO MIXED

RADIATION FIELDS : EXPERIMENTAL RESULTS

6.1. Objective of this chapter and luminescence efficiency considerations

The radiation environment in space is a complex mix of charged particles such as
protons, electrons, alpha particles and heavy ions with energy spectra extended over large
energy ranges, as shown in Chapter 2. Different particles of different energies have
different biological effects on the human body. Thus, a simple radiation detector that
measures only the absorbed energy deposited within its volume (i.e., absorbed dose) will
not suffice. A good space radiation detector should also give information about the
radiation type and energy (i.e., LET). For radiation protection purposes, it is customary to
use the linear energy transfer (LET) as a measure of the biological effects of radiation.
The linear energy transfer represents the energy deposited by an incident HCP in the
detector per unit length, thus being related to the ionization density along the particle’s
track. Therefore, the linear energy transfer can be used (in the first approximation) as a
unifying parameter to quantify the efficiency of a specific radiation detector with respect
to the radiation quality. Ideally, a space radiation detector would be equally sensitive to
the whole particle/energy radiation spectrum encountered in space. In reality, different
types of radiation detectors have different limitations, as discussed in Chapter 1. For

personal dosimetry, it was suggested that luminescence detectors (i.e., TLDs and OSLDs)
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should be used to measure the low-LET component (i.e., region of LET <10 keV/um) of
the space radiation field (NCRP, 2002). For this portion of the spectrum, the quality
factor Q (as defined in Chapter 1) has a value of 1 implying that low-LET particles have
similar biological effects. Thus, for the LET <10keV/um and Q =1 region, the TL and
OSL dosimeters do not have to be an indicator of the radiation characteristics (i.e., type
and energy). For the high-LET region (i.e., region of 10< LET <100keV/um), the
quality factor QO has a strong dependence on LET, as shown in Figure 1.1. Thus, plastic
nuclear track detectors (i.e., PNTDs) should be used in this region, since they are more
sensitive to high-LET particles than the luminescence detectors, and can also provide
information about the LET spectrum of the space radiation. As a consequence, the
efficiency of an ideal OSL/TL dosimeter should be equal to one for the
LET <10keV/pm region, and zero for the rest of the LET spectrum. Contrary, an ideal

PNTD should only be sensitive for the high-LET region (i.e., 7 =1) and not sensitive to

the low-LET region, as illustrated in Figure 6.1.

Efficiency 1 Ideal Efficiency 77 Ideal
ca PNTD
OSLD/TLD /

1 1 —_—
N N
| | -

10 100 LET 10 100 LET
(keV/pm) (keV/um)

Figure 6.1. Desired efficiency dependence on LET for OSL/TL dosimeters and PNTDs
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Thus, for space radiation fields, the radiation protection quantity of interest is the dose

equivalent defined as:

H =Dogpimp + JQ(L) Dy (L) dL (6.1)
Here, D, rp 1s the absorbed dose measured by OSLD/TLD; D,,,, is the absorbed

dose measured by PNTDs and Q(L) is the quality factor. In practice, the efficiencies of

luminescence and plastic nuclear track detectors exhibit more complicating dependences
on the linear energy transfer. An example of the efficiency vs LET dependence for "LiF
(TLD-700) exposed to several types of HCPs is given in Figure 6.2 (Benton & Benton,

2000).
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Figure 6.2. Dependence of the TLD efficiency of LET (in water) for TLD-700 (Benton &
Benton, 2000)

Here, the TL efficiency £ (equivalent to 77 defined in equation (5.1) and calculated using

a similar relation) is represented as function of the LET in water (e.g., standard
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representation). It can be seen from Figure 6.2 that the TLD efficiency & has an over-
response for LET <1 and decreases from 80 —50% for the high-LET part of the curve
(i.e., 20 < LET < 200 keV/um). Thus, the efficiency of a luminescence detector should be
investigated also for the high-LET region of the space radiation spectrum in order to
characterize as well as possible the response of the detector over a wide range of LET.
Another important observation from Figure 6.2 is that for particles with the same
LET the efficiency seems to be dictated by the particle’s charge number Z , leading to the
conclusion that the LET is not a unifying parameter as assumed before (Geif} et al., 1998;
Benton & Benton, 2000). This hypothesis was also confirmed in Chapter 4, when the

luminescence efficiency 77 of a specific material was found to depend on several
parameters such the type/energy/size of the incident particle. In addition, 7 depends on

the ionization density along particle track, the dose response function of the reference
radiation field and the experimental conditions (Horowitz et al., 2001; Gamboa-deBuen
et al.,, 2001). As a consequence, the efficiency vs. LET curve is not unique for a given
dosimeter, but rather depends on the particle characteristics, as shown in Figure 6.2 (for
protons and helium ions).

Nevertheless, methods such the high-temperature ratio (HTR) for LiF, were
proposed in an attempt to measure the absorbed dose in unknown complex mixed fields
similar to space radiation (Vana et al., 1996; Hajek et al., 2002). The HTR is defined as
the ratio between the TL signal in the high temperature region (225 to 300°C) after
irradiation in an unknown field to the intensity of the TL emission in the same
temperature region after irradiation with a reference ®°Co source, where both TL curves

are normalized to the intensity of peak 5 (Schoner et al., 1999). For LiF materials (i.e.,
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TLD-100, TLD-600 and TLD-700), the main dosimetric peak (peak 5) was found to
decrease with increasing LET, while the high-temperature peak (225 -300 °C) was found
to increase with increasing LET. This behavior has been exploited by Vana and
colleagues (1996) by the use of the HTR method to assess a so-called ‘averaged LET’ of
space radiation fields (Vana et al., 1996). However, Yasuda and Fujitaka showed
previously that for mixed fields there is a significant difference between the ‘average
LET’ obtained by the HTR method and the actual average LET value, which may result
in underestimation of the quality factor and, subsequently, the dose equivalent (Yasuda &
Fujitaka, 1999).

The TL response to heavy charged particles (i.e., TL efficiency) for materials such as
LiF:Mg,Ti and CaF,:Tm has been studied in great detail over the years. In contrast, there
is a lack of data regarding the HCP-induced OSL efficiency for materials such as
ALOs:C. Yasuda and colleagues (2002) investigated the OSL response of Al,Os3:C to
relativistic ions and observed a decrease in the OSL efficiency, up to 40 %, with
increasing LET for LET values between 2.2 and 198keV/um (in water). A more recent
study of the OSL response of Al,0Os3:C to high-energy HCP was done by Yukihara and
colleagues (2004) as part of the 2™ ICCHIBAN project using the HIMAC accelerator in
Chiba, Japan. Here, the authors investigated the properties of the OSL efficiency for two
types of Al,O;:C materials (i.e., Al,O3:C chips and Luxel) to several high-energy ions
such as helium (150MeV/u), carbon (400 MeV/u), silicon (490 MeV/u), and iron
(500MeV/u). The experimental results indicated that the luminescence efficiency
depends on the material type (i.e., Al,O3:C chips and Luxel), measurement technique

(i.e., OSL and TL) and the definition of the OSL signal (i.e., integrated OSL and initial
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intensity), as shown in Figure 6.3.
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Figure 6.3. CW-OSL efficiencies from Al,Os:C chips exposed to high-energy heavy ions

(adapted from Yukihara et al., 2004)

In addition, Yukihara and colleagues observed a change in the shape of the CW-OSL
signal from Al,O5:C as function of the radiation type (i.e., LET), as previously noted by
Yasuda and colleagues (2002). This change in the shape of the OSL decay curves was
attributed to differences in the mean dose along the particle tracks (Yukihara et al., 2004).

Accordingly, the efficiency values for Al,Os3 should be different for different definitions

of the OSL signal (i.e., integral OSL or initial intensity).

The purpose of this chapter is to characterize the dependence of the OSL efficiency
from Al,Os:C materials to high-energy particles for those particles expected to be part of
the space radiation field, for both the low- and high-LET regions. The efficiency vs. LET

dependence was investigated using several high-energy HCPs using the HIMAC
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accelerator at Chiba, Japan, and the experimental results will be presented in the next
sections. In addition, the hypothesis that information regarding the ‘mean efficiency’

M ean 15 contained in the shape of the OSL decay curve from Al,O3; was investigated,

using several approaches in the analysis of the OSL data. This analysis was applied to
various mixed field irradiations performed at the HIMAC facility, Chiba, Japan. The
results of this analysis will also be discussed. In the last section, several efficiency
calibration curves for Al,Os3:C, Luxel, LiF:Mg,Ti (TLD-100) and CaF,:Tm (TLD-300)
obtained from several irradiations at the HIMAC accelerator at Chiba, Japan, the proton

facility at Loma Linda, CA, and the NSRL facility at Brookhaven, NY, will be presented.

6.2. OSL efficiency vs. LET calibration curves for ALO;:C materials

The efficiency of the luminescence emission depends on the LET of the incident
particle. The efficiency of a HCP irradiated dosimeter to gamma is defined as follows

(e.g., similar definition to equation 5.1):

— SHCP /DHCP (62)
SR /DR

Here, S, is the luminescence signal after a HCP irradiation of dose D,., and S, is
the signal of a sample subject to a reference radiation of dose D,. As a reminder,
equation (6.2) is valid only for D, and D, in the linear range of the dose response.
The reported quantity is the gamma dose to water D, and represents that gamma dose

needed to obtain the same OSL signal from a gamma-irradiated sample as from a HCP-

irradiated sample:
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D, =D, x%’i (6.3)

V4
R
Thus, the efficiency 7 becomes:

n=—" (6.4)

6.2.1. Exposure details

The experiments were performed as part of the 4™ ICCHIBAN research project using
heavy ions at the National Institute of Radiological Sciences (NIRS) in Chiba, Japan.
Two types of Al,O3:C dosimeters (i.e., Al,O3:C chips and Luxel) were exposed to
several high-energy ions with nominal energies ranging from 600 MeV up to 28 GeV,
with a corresponding LET range from 2.2keV/um up to ~ 200keV/pum, using the
HIMAC (Heavy Ion Medical Accelerator in Chiba) accelerator at NIRS. The samples
were annealed using standard annealing/bleaching procedures already described in
Chapter 3 and Chapter 5. The calibration of the samples was done according to the
procedure presented in detail in section 5.2. Both the Al,O;:C and the Luxel samples
were analyzed using a Risg TL/OSL-DA-15 reader in OSL mode, using U-340 filters, as
previously described in Chapter 5. The OSL signal from Al,O3:C was defined in two
ways, namely: the Initial Intensity OSL (i.e., the average of the OSL signal for the first 3

seconds) and the Integral OSL (i.e., the integral OSL signal over the first 300 seconds).

6.2.2. OSL decay curves from Al,O;:C exposed to heavy ions

An example of normalized OSL decay curves from AL O3:C chips exposed to *°Sr/”°Y
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beta radiation and two different heavy ions (i.e., 145MeV/n *“He and 367 MeV/n **Ne) is
given in Figure 6.4. Here, the OSL signal was normalized to the initial intensity to allow
a direct comparison between the OSL decay curves. The OSL from Al,Os;:C was
observed to decay faster with increasing linear energy transfer (LET), as previously noted
by different authors (Yasuda et al., 2002; Yukihara et al., 2004). The same behavior was

also observed for the Luxel samples (not shown here).
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Figure 6.4. OSL decay curves of Al,O3:C chips exposed to 150 mGy of beta radiation and

to 10mGy of helium and neon ions

6.2.3. OSL efficiency results for Al,O;

The Al,O; samples were exposed to several heavy charged particles, such as:
150 MeV/n “He, 400 MeV/n '2C, 400 MeV/n **Ne, and 500 MeV/n *°Fe. The HCP doses
(i.e., equal tol0mGy) were in the linear region of the dose response for all of the
investigated ions (Gaza et al., 2003; Yukihara et al., 2004). The corresponding efficiency

values of the Al,O3 materials at producing OSL were calculated using equation (6.4) for
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the two definitions of the OSL signal, namely: the Initial intensity OSL and the Integral
OSL. The efficiencies were found to depend on the type of Al,O;:C material and, for a
specific OSL material, on the definition of the OSL signal, as shown in Table 6.1. These
results agree with previous measurements by Yukihara and colleagues (2004). The
difference in the efficiencies corresponding to a specific definition of the OSL signal (i.e.,
Integral OSL and Initial Intensity) for a given material (i.e., Al,O3:C or Luxel) was

exploited in order to obtain information about LET via R-method (Yukihara et al., 2004).

Table 6.1. Efficiency values for Al,Os;:C and LiF:Mg,Ti corresponding to different

OSL/TL parameters
Al,05:C (chips) Luxel
Particle OSL Area Initial OSL Area Initial
(300 5) Intensity (300 s) Intensity

‘He 0.848 +£0.037 | 1.02+0.05 1.04+0.01 1.28 +0.02

2c 0.548 £0.022 | 0.748 £0.044 | 0.833+0.001 | 1.32+0.01
20Ne 0.411+0.009 | 0.585+0.017 | 0.599+0.002 | 1.00+0.01
Fe 0.313+£0.006 | 0.417+0.015 | 0.423 +0.004 | 0.634+0.018

The dependence of the OSL efficiency values (i.e., using integral OSL over the first
300s) for the Al,Os:C (chips) and Luxel samples as function of LET is shown in Figure
6.5, together with the corresponding efficiency values previously obtained during the 2™
ICCHIBAN experiment (Yukihara et al., 2004). The OSL signal was measured
repeatedly for three different samples exposed to the same ion/energy combination. The

efficiency values were averaged over the three values, resulting in the error bars in Figure
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6.5. Also, the initial intensity method of estimating the efficiency for all of the
investigated materials showed consistency between the two experiments (not presented

here).
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Figure 6.5. Comparison of the efficiency values for Al,Os; and Luxel from 2" and 4™

ICCHIBAN (Black symbols — 2" ICCHIBAN; Red symbols — 4™ ICCHIBAN)
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6.3. Investigated methods to obtain the absorbed dose for unknown mixed radiation

fields using the OSL signal from Al,O;:C

For known radiation fields, D, is known and D, can be obtained by using

equation (6.3). For mixed radiation fields, the total absorbed dose D in the OSL
dosimeter is calculated by considering the contribution of the different types of radiation,

as follows:

D=>D =) Do (6.5)

i 1
In order to determine the absorbed dose according to equation (6.5), it is necessary to

know the individual doses D, for the investigated mixed radiation field. For unknown
mixed radiation fields, the individual doses D, cannot be obtained. In this section we test

the possibility of introducing a ‘mean efficiency’ 7 that can be used in conjunction

mean

with the total dose D, (ie., D, = ZDW ) measured for an unknown mixed radiation

exposure in order to determine the actual absorbed dose without determining first the

individual contributions of different types of radiation to the OSL signal, according to:

D= . 4 (6.6)

For the low-LET spectrum, where O =1, the absorbed dose D has the same meaning as
the dose equivalent H . For the high-LET region, where Q = Q(L), information about the

‘mean LET’ is needed in order to correct the absorbed dose and obtain H, i.e.,

H = DQ(L). Thus, we need to determine if the ‘mean LET’ can be used to calculate a
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‘mean quality factor’ that can enable us to obtain information about the dose equivalent.

The experiment was performed in two different ways: ‘known-ion’ exposures (using
single-ion radiation fields) and ‘unknown-ion’ exposures (i.e., using both single and
mixed-ion radiation fields). The purpose of performing the ‘known-ion’ exposures was to
obtain a calibrated efficiency vs. LET curve, whereas the ‘unknown-ion’ exposures were
used to obtain information about the absorbed dose and the dose equivalent via two
different methods of quantifying the shape of the OSL decay curve from ALOs5:C (e.g.,
R —method and 7 — method).

The R -—method considers the ratio of the integrated OSL intensity for beta
irradiation to the integrated OSL intensity for HCP irradiation after normalization of the
curves to the initial intensity and displays these R values as a function of the LET of the
HCP. Then, by comparing the R value for a mixed field irradiation with the R versus
LET curve one can perhaps estimate a ‘mean LET’, which can yield in turn a ‘mean
efficiency’, as illustrated in Figure 6.6. However, a difficulty with this approach, as noted
by Gaza et al. (2004), is that for certain ranges of LET the R value is not single valued.
This causes substantial uncertainties in which ‘mean LET’ value to use, and similar
uncertainties in the ‘mean efficiency’.

An alternative approach to the R —method is the 7—method and was applied by
Gaza and colleagues (2004) to estimate the ‘mean LET’ and the corresponding ‘mean
efficiency’ values for Luxel samples exposed to several high-energy heavy ions. Here,

the OSL decay curves were fitted with a sum of k& exponentials thus:

Log = Zk: 4, exp(— tij (6.7)

k
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The fitted parameter 7, where 7 =1, /t, from a two or three exponential fit, was found to

depend on the LET of the radiation, as presented in Figure 6.7a. Following this, the

‘mean efficiency’ was determined, as illustrated in Figure 6.7b.
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Figure 6.6. Ratio R —method illustrated for the OSL signal of Al,O5:C (chips)
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As a result, the measured gamma dose was corrected by the ‘mean efficiency’ (using
equation 6.6) in order to obtain the absorbed dose. This calculated absorbed dose was
then compared with the actual absorbed dose delivered to the mixed-ion exposures. The
results are presented in Table 6.2 (Gaza et al., 2004).
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Figure 6.7. The 7 —method applied for Luxel using the fitted parameter vs. LET curve (a)
and the efficiency vs. LET curve (b) for different ion exposures (Gaza et al., 2004)
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Furthermore, one can use the ‘mean LET’ to estimate a value for Q (ICRP 60, 1991).
From this value, and knowing the corrected gamma dose (i.e., absorbed dose) an
estimated value for the dose equivalent can be obtained, using H = OD. These ‘corrected’

dose equivalent values may then be compared with the actual dose equivalent values

calculated according to H = ZH .= ZDZ. x Q,, as shown in Table 6.3.

Table 6.2. Comparison between the ‘corrected’ absorbed doses and the actual absorbed
doses, using the ‘mean efficiency’ values estimated by the 7 — method, as applied for the

Luxel samples

Corrected D
‘Unknown-ion’ Uncorrected Integral OSL Actual Absorbed
exposure D, dose (mGy) (mGy) Dose (mGy)
(7 — method)
Unknown #1 31.0+£0.2 28.5+£0.3 27.8
Unknown #2 26.2+0.1 253404 25.0
Unknown #3 13.4+0.1 125+ 0.2 12.6
Unknown #4 8.4+0.1 11.2+£1.0 10.2
Unknown #5 20.8+£0.2 254+1.3 25.0

It is observed from Table 6.2 that the 7 — method can be used in order to estimate the
absorbed dose for both unknown single-ion exposures and unknown mixed-ion
exposures, if the composition of the mixed field is dominated by low-LET radiation (e.g.,
Unknown #1, #2, #3, #5). Nevertheless, if the mixed field has a strong contribution from
high-LET radiation (e.g., Unknown #4), the 7 —method will give larger errors (up to 10
%) when estimating the absorbed dose. Also, considering the strong dependence of Q on

L for high-LET particles, significant additional errors are introduced when the estimating
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the dose equivalent, compared with the actual dose equivalent (Table 6.3). Similar results

were obtained by applying the R —method to the Luxel samples (Gaza et al., 2004).

Table 6.3. Comparison between the dose equivalent values and the ‘corrected’ absorbed

doses, using the ‘mean LET’ values estimated by the 7 — method, as applied for Luxel

Corrected Dose
‘Unknown-ion’ exposure | Dose equivalent H (Sv) equivalent (Sv)
(T — method)

Unknown #1 27.8 28.5+£0.3
Unknown #2 25.0 253+04
Unknown #3 20.4 125+ 0.2
Unknown #4 64.9 357+ 1.0
Unknown #5 33.0 254+£13

6.4. OSL and TL calibration curves for Al,O;:C, Luxel, LiF:Mg.Ti and CaF,:Tm

exposed to high-energy HCPs

In this section, the efficiency vs. LET calibration curves were obtained for several
types of luminescence dosimeters (i.e., Al,Os:C, Luxel, LiF:Mg,Ti (TLD-100) and
CaF,:Tm (TLD-300)) using high-energy HCP radiation exposures, as shown in Table 6.4.
In addition, calibration curves using the R —method (for Al,Os;:C and Luxel), the HTR
method (for TLD-100) and the peak 5+ 6/ peak3 method (for TLD-300) were obtained.
These calibration curves will be used in Chapter 7 in order to obtain information about
the absorbed dose D and equivalent dose H for several space radiation exposures.

The samples were irradiated with several types of HCP as shown in Table 6.4. Here,
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the absorbed doses together with the nominal energies and the corresponding LET values
are shown. The nominal energy values were provided by the experiment organizers and

the corresponding LET values were calculated using the SRIM-2003 software'.

Table 6.4. Exposure details for the investigated materials for several projects between
May 2002 and June 2004 using several irradiation facilities such as the HIMAC

accelerator (Japan), the proton facility (Loma Linda) and the NSRL facility (Brookhaven)

Nominal LET Absorbed Proiect
Particle Energy (keV/um in Dose Materials D ; te)
(MeV/n) water) (mGy)
Proton
'H 70 1.0 5,50, 100 Luxel Icchiban
(Sep 2003)
Loma
"H 70 1.0 100, 300 Luxel Linda
(July 2004)
Proton
'H 155 0.55 20, 50, 225 Luxel Icchiban
(Sep 2003)
Proton
'H 230 0.42 124"0101 0, Luxel Icchiban
(Sep 2003)
Loma
'H 250 040 | 2000 | Luxel Linda
’ (July 2dOO4)
A1203ZC, 2"
‘He 150 2.2 L, 11%’050’ Luxel, Icchiban
TLD-100 | (May 2002)
A1203ZC, 4th
*He 150 2.2 10 Luxel, Icchiban
TLD-100 | (May 2003)
A1203ZC
3,10, 50 ’
4 R Luxel, HIMAC-1
He 150 22 1})%%’ 33%%’0 TLD-100, | (Feb 2004)
’ TLD-300

¥ SRIM 2003 can be found at http:/www.srim.org/
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ALO;:C,
1 Luxel, HIMAC-1
C 135 24 10,50, 100 | 5y 00, | (Feb 2004)
TLD-300
ALO;:C, ot
2 135 24 50 Luxel, Iechiban
TLD-100, (May 2004)
TLD-300 ay
A1203ZC, 2nd
2c 400 11 L, 11%’05 0, Luxel, Icchiban
TLD-100 | (May 2002)
ALO5:C, 4™t
12c 400 11 10 Luxel, Icchiban
TLD-100 | (May 2003)
A1203ZC, 4-th
2Ne 400 31 10 Luxel, Icchiban
TLD-100 | (May 2003)
ALO5:C, ond
28 400 55 L, 11%’050’ Luxel, Iechiban
TLD-100 | (May 2002)
A1203ZC,
28+ Luxel, NSRL
S 600 >0 >0 TLD-100, | (Mar 2004)
TLD-300
Al,O3:C, 6t
e 500 96 50 Luxel, Iechiban
TLD-100, (June 2004)
TLD-300 | U0
ALO;:C, ond
Sope 500 190 L, 11%’050’ Luxel, Iechiban
TLD-100 | (May 2002
A1203ZC, 4th
SFe 500 199 10 Luxel, Icchiban
TLD-100 | (May 2003)
A1203ZC,
56 Luxel, HIMAC-1
Fe 500 198 10,50, 100 | 15y 00, | (Feb 2004)
TLD-300
A1203ZC, 6th
Ky 400 459 50 Luxel, Iechiban
TLD-100, (June 2004)
TLD-300 | "0

The samples were placed in polycarbonate Lexan detector holders, as shown in Figure
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6.8. The Al,Os:C and Luxel samples were read in CW-OSL mode and the TLD-100 and
TLD-300 samples were read in TL mode using a Risg TL/OSL-DA-15 reader. Details of
the readout procedures are given in Table 6.5. The OSL/TL efficiency values were
calculated for all of the materials using equation 6.4 and are represented as function of
the linear energy transfer as shown in Figures 6.9a (Al,05:C), 6.10a (Luxel), 6.11a (TLD-

100) and 6.12a (TLD-300).

LiF:Mg,Ti

(TLD-IOO)\
®

Figure 6.8. The detector package used for the HCP radiation exposures

Table 6.5. Summary of the readout techniques used for different types of dosimeters

Particle AlLO;:C AlLO;:C LiF:Mg,Ti CaF,:Tm
(chips) (Luxel™) (TLD-100) (TLD-300)
Annealing/ 900 °C for 15 | Yellow light | 400 °C for 1 h o
Bleaching minutes for 12 h & 100 °C for 2 400°C for I h
Measurement | oy og1 | cW-0SL TL TL
Technique
Stimulation 535 nm 535 nm
wavelength
Heating Rate - - 1°C/s 1°C/s
Optical U-340 U-340 none none
Filtration
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Several methods for extracting information about the ‘mean efficiency’ and the

‘mean LET’ from the OSL/TL curves were applied. For the Al,O;:C dosimeters the

R —method was used and the results are shown in figure 6.9.
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Figure 6.9. The R —method applied for the Al,O;:C samples using the efficiency vs. LET

curve (a) and R vs. LET curve (b) for different HCP radiation exposures
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The efficiency values in Figure 6.9a were obtained by averaging the efficiencies for
different doses used for the same ion/energy combination (as shown in Table 6.4),
exposing three samples per dose. The color/symbol code used to distinguish between
different ion irradiations, shown in Figure 6.9, is also valid for Figures 6.10, 6.11 and
6.12. The proton data presented in Figure 6.9 are from the Proton ICCHIBAN project and
are not to be trusted completely since the experiment organizers were not able to provide
the actual absorbed doses. Since both Al,0;:C and Luxel samples were used for the
Proton ICCHIBAN, the corresponding efficiency values were corrected by a correction
factor obtained from subsequent proton irradiations of Luxel samples using the same
energy range as that used for the Proton ICCHIBAN experiment. It can be seen from
Figure 6.9b that the R dependence on the LET is not a single valued function, making it
difficult to be used for unknown radiation fields (i.e., space applications).

Both the R-—method and the 7 —method were used for the Luxel samples, as

illustrated in Figure 6.10.
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The 7 values were calculated for selected HCP exposed to the same radiation dose
(i.e., 50mGy). As shown in figure 6.10, the 7 vs. LET curve appears to be a single

valued function for the corresponding ions/energies/doses used. This feature makes the
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7 —method more appealing to be used for space applications. Nevertheless, this method
requires increased reproducibility between different measurements and the margins of
error need to be reduced in order to obtain good results.

The HTR method was applied to the TLD-100 chips and the resulting calibration
curves are shown in Figure 6.11. The HTR values seem to reach a saturation plateau at
about 500keV/um even though the data are highly scattered in that region. For the
CaF,:Tm samples, the peak 5 + 6/ peak 3 method was applied and the results are shown in
Figure 6.12.

The peak 5+ 6/peak3 method for TLD-300 is similar to the HTR method for LiF
and considers the ratio between the TL signal for the peak5+6 (200 to 300°C) from
after irradiation in an unknown field to the intensity of the TL emission in the same
temperature region after irradiation with a reference ®°Co source, where both TL curves
are normalized to the intensity of peak 3 (i.e., the main dosimetric peak in TLD-300). It
can be seen from Figures 6.11b and 6.12b the both the HTR vs. LET curve (for LiF) and
the peak 5+ 6/peak3 vs. LET curve (for CaF) are not single valued functions, presenting
the same problems in estimating the ‘mean LET’ as the R —method for Al,Os:C.

All of the presented calibration curves will be used in the following chapter in order

to obtain information about the ‘mean efficiency’ and ‘mean LET’ for space applications.
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Figure 6.11. The HTR method applied to TLD-100 using the efficiency vs. LET curve (a)
and the HTR vs. LET curve (b) for different HCP radiation exposures
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Figure 6.12. The peak 5+ 6/ peak3 method applied to TLD-300 using the efficiency vs.
LET curve (a) and the peak 5+ 6/ peak vs. LET curve (b) for different HCP exposures

Form the graphs presented in Figures 6.9-6.12, the efficiency 77 vs. LET curve seem

to depend only on LET, being independent on other parameters such as the particle’s

charge Z . However, it can seen from Figure 6.13, where the data from the low-energy
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HCPs (i.e., UNAM projects) and the data from the high-energy projects (Figure 6.9a) are
shown together, that each particle seems to have its own 7 vs. LET curve. This
prediction was made by several authors from both Monte Carlo calculations and low-

energy ion irradiations experimental results (Geif} et al., 1998; Avila et al., 1999; Benton

et al., 2000).
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Figure 6.13. Efficiency data for Al,O3:C chips exposed to low-and high-energy heavy

charged particles as function of the corresponding LET values

As a conclusion, future research is needed in order to calibrate properly common
used luminescence dosimeters for both the low-LET and the high-LET part of the
radiation spectrum. In the meantime, methods such as the R —method and the 7 — method
can be used to obtain information about the LET for unknown single particle fields from
the OSL of Al,Os:C materials, thus allowing for the correction of the measured gamma
dose by the efficiency, in order to obtain the absorbed dose. Nevertheless, using the

presented methods one cannot estimate quantitatively the components of a mixed field.
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Thus, further investigation is needed in order to efficiently extract LET information from

the OSL curves of Al,O5:C.

128



CHAPTER 7

SPACE RADIATION MEASUREMENTS IN LOW-EARTH ORBIT:

EXPERIMENTAL RESULTS

7.1. Space radiation projects

The possibility of using Al,O3:C luminescence dosimeters for space applications was
investigated in three different projects: the STS-105 project (July 2001) in collaboration
with Edward Semones from Johnson Space Center (JSC), the International BRADOS
experiment (Jan 2004) and the Antarctica Balloon Flight, both in collaboration with Eric
Benton from Eril Research, CA. Besides Al,O5:C, other luminescence dosimeters such as
LiF:Mg,Ti (TLD-100), CaF,:Tm (TLD-300) and LiF:Mg,Cu,P (GR-200A) were used.
The exposure details together with the corresponding OSL/TL results will be presented in

the following subsections. The reported quantity is gamma dose to water D, as defined

in equation 6.3. In addition, the calibration curves presented in section 6.4 will be used to

correct D, by the efficiency and obtain the corresponding absorbed doses (i.e., corrected

gamma doses). A discussion of the space measurements results is provided in section 7.5.

7.2. Discovery STS-105 and International Space Station (ISS) Irradiations

Several luminescence dosimeters (i.e., Al,O3:C chips, TLD-100 and TLD-300) were
flown aboard the shuttle Discovery during the STS-105 mission. The samples were
placed in the forward mid-deck in the medical locker (ATD) for the 11-day mission,

being returned back to Earth with the STS-105 crew. In addition several dosimeters (i.e.,
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TLD-100, TLD-300 and GR-200A) were left on board the International Space Station for
about 130 days. The ISS samples were placed at four different locations inside the
International Space Station, as follows: the TLD-100 and TLD-300 samples were placed
at two different locations (i.e., SM-P307 and SM-P339) as part of the radiation area
monitor dosimeter package in the Service Module, while the TLD-300 and GR-200A
samples were placed at two different locations (i.e., LAB1-D3 and LABI1-PD2) in the
Lab. A picture showing the position of the dosimeter package in SM-P307 is given in
Figure 7.1, courtesy of Edward Semones of the NASA Space Radiation Analysis Group
(SRAG) at JSC. No major solar particles events took place during the STS-105 and ISS

exposures.

Figure 7.1. Placement of the dosimeters inside ISS (Service Module SM-P307)

After their return on Earth, the dosimeters were analyzed in the laboratory using a
Risg TL/OSL-DA-15 reader, in TL mode. The heating rate was 1°C/s. The annealing and

calibration procedures for a specific material were already described in Chapter 6. For the
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GR-200A material, an annealing of 10 minutes at 240 °C was applied. The results,

presented in terms of the uncorrected gamma dose, are given in Table 7.1.

Table 7.1. The uncorrected gamma dose values for the STS-105 and ISS exposures

Uncorrected Uncorrected Uncorrected Uncorrected
gamma dose gamma dose gamma dose gamma dose
(mGy) (mGy) (mGy) (mGy)
(ALL,O;:0) (TLD-100) (TLD-300) (GR-200A)
Shuttle STS-105
ATD 1.46 £ 0.06 1.78 £0.14 1.36 £0.11 N/A
ISS Locations
SM-P307 N/A 21.0+0.5 174+ 04 N/A
SM-P339 N/A 193+1.3 N/A N/A
LAB D3 N/A N/A 295+04 30.8+2.0
LAB PD2 N/A N/A N/A 289+5.7

As can be seen from Table 7.1, the measured gamma doses vary from material to
material, depending also on the location of the dosimeters inside ISS. The gamma doses
from the shuttle project could not be corrected for the efficiency since the corresponding
luminescence signals were extremely low and since both the HTR and the
peak 5+ 6/peak3 methods cannot be applied without a good definition of the high-
temperature region of the glow-curves. Thus, only the gamma doses from the TLD-100
and TLD-300 measurements exposed inside the ISS were corrected by the efficiency, via

the HTR method and the peak 5 + 6/ peak3 method, respectively. The results are shown
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in Table 7.2. Also, the gamma doses from the GR-200A samples exposed on ISS could

not be corrected since no calibration curves are currently available for GR-200A.

Table 7.2. The absorbed doses for TLD-100 and TLD-300 exposed on ISS

Absorbed dose (mGy) Absorbed dose (mGy)
(TLD-100) (TLD-300)
SM-P307 21.2+0.5 176 0.4
SM-P339 193+1.3 N/A
LAB D3 N/A 33.1+1.2
LAB PD2 N/A N/A

It can be seen from Table 7.2 that the dose rate ranged from 135%8uGy/d to

255+ 9 nGy/d depending on the location inside the ISS.

7.3. BRADOS space radiation exposures on ISS

Luminescence dosimeters such as AlLO;:C (i.e., TLD-500 chips from
Harshaw/Bicron) and LiF:Mg,Ti (TLD-100) samples were launched aboard the Russian
Progress space vehicle on January 29", 2004 as part of the space project BRADOS. The
samples were placed on the wall of the Engineer's cabin in the Russian segment of ISS
(#443 panel) and returned back to Earth on April 30" after spending 41.5 days in the
Low-Earth Orbit. The exposure took place during a quiet solar period (i.e., no major
SPEs). The samples were placed inside nine Lexan holders. The holders containing the
OSL/TL dosimeters were stacked in layers alternatively with the CR-39 detectors and

formed a compact package that was placed inside a metal box provided by the experiment
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organizers together with the detector holders from the other participants, as shown in

Figure 7.2.

Figure 7.2. Picture of the detector holders used for the BRADOS experiment

The TLD-500 samples were analyzed in OSL mode and the TLD-100 samples were
analyzed in TL mode using the corresponding standard annealing/readout procedures as
outlined in Table 6.5. The resulting uncorrected gamma dose values are presented in
Table 7.3, where the detector #1 is from the top of the stack and detector #9 is from the
bottom. The dose values showed a somewhat decreasing trend as function of the depth
inside the stack. The R—method was applied to the Al,O3:C samples and the HTR
method was applied to the LiF:Mg,Ti dosimeters. The R and HTR values calculated for
each layer by using the definitions provided in section 6.4 are represented in Figure 7.3. It
can be seen from Figure 7.3 that both the R values and the HTR values are fairly
constant for the all nine layers. The lack of difference between the R and HTR values as

function of depth suggests that the luminescence signal is due primarily to the low-LET
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particles having a small contribution from the high-LET particles. In order to obtain the
absorbed dose values (i.e., corrected gamma dose values by the efficiency), the
calibration curves shown in Figure 6.9 were applied for the Al,O5:C samples, while the
calibration curves shown in Figure 6.11 were applied for the TLD-100 chips. The results

are presented in Table 7.4.

Table 7.3. The uncorrected gamma doses for the Al,O;:C (TLD-500) and LiF:Mg,Ti

(TLD-100) samples

TLD-500 TLD-500 TLD-100 TLD-100

Layer # D, (mGy) D, (mGy) D, (mGy) D, (mGy)
Integral OSL Initial Int. Peak Height Area HT

1 16.8 £0.1 19.1£0.5 22.1+0.5 36.2+0.8
2 16.2 £0.6 17.3+0.8 21.6+£0.4 36.2+3.2
3 16.0£0.8 17.8 £1.3 22.1+0.4 33.8+1.9
4 15.0+£1.3 16.7+1.9 20.2+0.5 32.1+04
5 16.8 £0.7 19.1 £0.6 20.7+0.9 32.0+1.0
6 15.1+0.2 16.8+0.3 19.8+0.7 341+1.3
7 152+0.2 17.5+0.6 194+1.1 31.0+ 04
8 145+0.3 157+0.5 19.4+0.1 30.5+0.7
9 143+0.6 159+1.0 19.2+0.1 322+1.0
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Figure 7.3. The R values for the TLD-500 chips (a) and the HTR values for the TLD-100
dosimeters (b) corresponding to each layer of the BRADOS detector holder

The corresponding ‘mean LET’ values for the Al,O;:C samples ranged from 0.5 to
1.3 keV/um, while for the LiF:Mg,Ti1 samples the ‘mean LET’ values were between 2.3

and 2.6 keV/um. There may be some small errors in estimating ‘mean LET’ values by
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the two methods that include the insufficient data for the calibration curves for the
LET < 2.2keV/um region for both TLD-500 and TLD-100. In addition, errors in the
calculation of ‘mean LET’ values may appear considering that the calibration data
(Figure 6.9) were obtained for Al,O3:C chips obtained from Nextep Technologies, while
the samples exposed during BRADOS were Al;O3:C chips obtained from Harshaw
(TLD-500). Nevertheless, considering the two types of Al;O3:C material are similar these

errors should be small.

Table 7.4. The absorbed doses for the Al,O5:C (TLD-500) and LiF:Mg,Ti (TLD-100)

TLD-500 TLD-100
Layer # Estimated Absorbed Dose | Estimated Absorbed Dose
(mGy) (mGy)

#1 18.6+ 1.0 22.7+0.5
#2 16.6 +1.4 22.2+0.6
#3 17.0+2.8 223+04
#4 159+49 20.7+0.5
#5 18.5+1.7 21.0+£09
#6 16.1+0.4 20.5+0.9
#7 17.0+ 1.0 19.9+1.1
#8 14.9+0.7 19.9+0.1
#9 152+1.9 19.8+0.4

7.4. Antarctica Balloon Flight project

In addition to the space projects in Low-Earth Orbit, several luminescence
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dosimeters were flown aboard the TRACER balloon around the South Pole at an altitude
of about 125,000 ft during a 14 day mission (Dec 12 — Dec 27, 2003). The TRACER (i.e.
Transition Radiation Array for Cosmic Energetic Radiation) instrument was used by a
group of scientists from the University of Chicago to measure the heavy ions from
cosmic rays, from oxygen up to iron and energies between 10" —10'eV/nucleus’. The
dosimeter packages were mounted onto the Tracer gondola and they consisted of:
ALO;:C chips, Luxel, LiF:Mg,Ti (TLD-100) and CaF,:Tm (TLD-300) dosimeters. The
samples were returned to the laboratory in July 2004 and they were analyzed using both

OSL (i.e., Al,03:C chips, Luxel) and TL (i.e., TLD-100 and TLD-300) methods.

Table 7.5. Gamma dose from the TRACER Antarctic Balloon radiation measurements

Vatral | Cqmmabo Gy | Gam b n)
Al,Os:C/holder 1 1.33+£0.03 1.55+£0.05
Al,O5:C/holder 2 1.34+£0.05 1.67 £0.09

Luxel/holder 1 1.75 £ 0.00* 2.03 £0.00*
Luxel/holder 2 1.79 = 0.00* 1.99 + 0.00*

Vool | CtwmibesGn | GamaDoenGy)
TLD-100/holder 1 1.66 +0.15 2.56 £ 0.34
TLD-100/holder 2 1.72+0.11 2.67 +0.34
TLD-300/holder 1 1.59 +£0.02 2.17+£0.02
TLD-300/holder 2 1.68 +£0.04 2.26 +£0.05

*Errors smaller than 0.005

¥ More information about TRACER can be found at http://tracer.uchicago.edu/science.html
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The corresponding gamma doses to water for all of the investigated luminescence
dosimeters from the Balloon Experiment are given in Table 7.5. The errors in the table
represent the standard deviation of the mean for 6 samples (Luxel) and 4 samples/each
for the other materials. The reported gamma doses were of the order of a few mGy. These
values were corrected using several methods: the R —method for the Al,O3:C chips and
the Luxel samples, the HTR method for the TLD-100 samples and the peak 5 + 6/ peak 3
method for the TLD-300 samples. The estimated absorbed doses are presented in Table

7.6.

Table 7.6. Estimated absorbed doses from the TRACER Antarctic Balloon measurements

Corrected Corrected Corrected Corrected
Material Gamma Dose Gamma Dose Gamma Dose Gamma Dose
(mGy) (mGy) (mGy) (mGy)
ALLO;:C Luxel TLD-100 TLD-300
holder 1 1.57 £0.10 1.76 £ 0.02 1.69 +£0.15 1.59+0.03
holder 2 1.78 £ 0.30 1.80 +£ 0.04 1.75+0.11 1.68 £ 0.05

7.5. Space irradiations projects: discussion of the results

It can be seen from Table 7.2, Table 7.4 and Table 7.6 that the estimated absorbed
doses given by different dosimeters exposed to the same space radiation fields have
different values. This result can be related to the different behavior of the OSL/TL
efficiencies for different dosimeter materials as functions of the LET of the incident

particles (shown in graphs 6.9a-6.12a), as explained in the next paragraphs.

Consider a mixed radiation field with a continuous LET spectrum within the limits of
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L, to L, incident on a dosimeter. Moreover, suppose the dose delivered by each LET

. . dD . . :
component is the same, i.e. L = C for the entire LET range, where C is a constant with
units of Gy/(keV/um). Then the total dose absorbed in the dosimeter can be obtained via
an integration (summation) procedure, as follows:

DszC-dL (7.1)

L

The signal measured from the dosimeter can be obtained from a similar summation,

where the efficiency 77 appears in the integral as a function of the linear energy transfer,

L:

S = fc (L) dL (7.2)

L

The above relation indicates that the total signal measured from a dosimeter exposed to a
mixed radiation field is obtained from a convolution of the actual dose distribution
(which, for the sake of simplicity, was considered uniform for purposes of the argument

above) and the shape of the efficiency as a function of LET, 7(L). An equivalent

statement would be that the ‘mean LET’ measured from the OSL/TL signals, by methods
such as R —method and HTR method, is not the average LET of the incident radiation,
but rather the ‘mean LET’ of the radiation “seen” by the dosimeter, i.e. the average LET

weighted by the dosimeter efficiency.

This concept is illustrated by a simple numerical example that considers two types of
dosimeters, A and B, exposed to the same mixed radiation field of a given dose with an

LET region of interest from 1 to 4 keV/um, as illustrated in Figure 7.4.
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Figure 7.4. Illustration of the numerical example regarding for dosimeters A and B

The LET spectrum in Figure 7.4 is composed of four different particles, p, each with a
corresponding LET value L, , with n=1..4. The dosimeter A is considered to have an
efficiency 7,=0.5, for the 1<L<2keV/um region and 7n,=0 for the
2 < L <4keV/um region. The dosimeter B has 77, = 0.8 for 1 < L <4keV/um. Thus, for

both A and B the average LET of the incident radiation spectrum is calculated as follows:

2L,
Ly="t—=25 (7.3)

Nevertheless, the actual ‘mean LET’ seen by the dosimeters A and B is calculated

considering the different efficiencies of the two materials, as follows:

ZnnLn
L;,B == (7.4)
n

Thus, by applying equation (7.4) to A and B:
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i 0.5x14+0.5x2+0x3+0x4
=
4

= 0.375 (7.5a)

T = 0.8x1+0.8x2+0.8x3+0.8x4
B =

y 2 (7.5b)

By comparing equations (7.3), (7.5a) and (7.5b) it is clearly seen that the ‘mean LET’
values ‘seen’ by the dosimeters A and B are different and they also differ from the actual

‘mean LET’ value of the incident mixed radiation field.

7.6. Future space projects

The MATROSHKA Project started in 2003 in collaboration with the European Space
Agency (ESA). The project is an international collaboration between several research
groups from Austria, Germany, Hungary, Japan, Poland, Russia, UK and USA, under the
patronage of ESA. The scientific objective of the MATROSHKA experiment is to study
the radiation exposure of the astronauts during extravehicular activities (i.e., spacewalks)
outside the International Space Station, by using a so-called ‘phantom’ made of materials
very similar to human tissue in order to simulate the human body. The phantom consists
of slices composed of natural bones, embedded in tissue equivalent plastic that accounts
for the difference in the density of different biological end points (i.e., tissue and lung). A
picture of the ‘phantom’ is shown in Figure 7.5. The phantom is made out of slices which
can be equipped with hundreds of radiation dosimeters in order to measure the absorbed
dose at different locations inside the body (i.e., lungs, torso, head, etc.). Also, the

phantom is covered by a ‘poncho’ that simulates the astronauts/cosmonauts space suits.
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Figure 7.5. Picture of the human ‘phantom’ MATROSHKA"

MATROSHKA was launched on January 29, 2004 onboard the Russian space
vehicle Soyuz and was placed outside the ZVEZDA module of the Russian segment of
the International Space Station during a spacewalk on February 26, 2004. The phantom
will remain outside the station for almost a year, after which it will be retrieved by
astronauts/cosmonauts and brought back to Earth. A picture of the launch is provided in
Figure 7.6, courtesy of Thomas Berger of the German Aerospace Center (DLR).

Both active and passive dosimeters were used inside the MATROSHKA phantom by
the several participating groups. Oklahoma State University (OSU) has of the order of a
few hundred phantom passive dosimeters, including both OSLDs and TLDs (i.e., Luxel
TLD-100 and TLD-300). The samples were placed on the phantom torso, phantom head
and on the phantom poncho and will yield depth-dose data inside the stimulated human

body, and, when used in conjunction with the CR-39 detectors will yield more

vi Picture obtained from
http://www.dlr.de/me/Institut/Abteilungen/Strahlenbiologie/arbeitsgruppen/Biophysik/matroshka dos
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information on the response of these detectors to high-LET fields. The luminescence

dosimeters are expected to return to OSU in the spring of 2005 for analysis.

Figure 7.6. Picture of the launch of the Russian spacecraft Soyuz that carried
MATROSHKA to the ISS

7.7. Conclusions regarding the space irradiations

Considering the present results, the main conclusion is that all of the correction
methods presented in Chapter 6 (i.e., R —method, HTR method and peak5+ 6/ peak3
method) can be used, in the first approximation, in order to obtain information about the

absorbed dose values in space radiation fields. Nevertheless, none of these correction
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methods can give information about the actual ‘mean LET’ of the space radiation field,
but rather about the ‘mean LET’ values as ‘seen’ by different dosimeters (i.e., Al,Os:C,
LiF:Mg,Ti and CaF,:Tm).

Also, since the actual absorbed doses during the STS-105, ISS, BRADOS and
TRACER projects are not known, it cannot be inferred from the above experiments
which material/method gives the most accurate result in terms of absorbed doses. In
addition, further research is needed in order to improve the calibration curves and to
investigate further the luminescence response of Al,O;:C materials to space radiation
fields. The MATROSHKA project as well as the collaborations with Johnson Space
Center and the European Space Agency will continue in the future with the purpose of

better understanding of the behavior of luminescence dosimeters in space radiation fields.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

This thesis presents the results of an investigation on the applicability of OSL from
ALO3:C as dosimetry method for the characterization of the radiation field in space. The
space environment is a complex mix of charged particles, thus studies of the OSL
response from Al,Os3:C exposed to a large variety of HCP are imperative. In Chapter 5
the OSL response from Al,O3:C was investigated for irradiations with low-energy
charged particles. Even though these HCPs are not expected to be part of the space
radiation fields, by studying their influence on the luminescence response of our material
(Al,03:C), one can gain better knowledge about the HCP-induced luminescence

efficiency and the effects of factors such as E (energy), Z (atomic number) and E/A

(energy per nucleon) that may influence this luminescence efficiency. From preliminary
experiments performed for irradiations with high-energy heavy charged particles with
characteristics similar to those in space, presented in Chapter 6, we concluded that the

relative OSL sensitivity (i.e., efficiency 77) of Al,O5:C decreases with an increase in the

particle LET. Thus, it is not possible to accurately determined the dose D absorbed in
luminescence dosimeters from unknown particle fields (or dose equivalent H) if the
variations in efficiency are not considered.

To correct for the variations in the efficiency, we suggested two empirical methods
(i.e., the R —method and the 7 — method) that allow the determination of the ‘mean LET’
from the shape of the OSL decay, after a pre-calibration in known particle fields. This

information, in conjunction with the subsequent ‘mean efficiency’, allows us to estimate
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one of the parameters of interest, the absorbed dose D . In addition, ‘mean LET’ can give

us information about ‘mean Q’ (since Q = Q(L)) which can be used to estimate the other

parameter of interest, the dose equivalent H .

Various experiments were performed in order to ensure the validity of the procedure,
as presented in Chapter 6. Multiple irradiations using a variety of radiation fields allowed
a better characterization of the behavior of the OSL signal from the dosimeter over a
large range of radiation quality. Absorbed dose (i.e., corrected dose) values obtained in
subsequent tests involving mixed irradiations agreed well with the actual absorbed doses
for mixed fields with strong low-LET components, while for mixed fields with strong
high-LET components errors up to 10% were observed when estimating the absorbed
dose (Table 6.2). However, significant additional errors may be introduced when
estimating the dose equivalent (Table 6.3), considering the strong dependence of Q on L
for high-LET particles (Figure 1.1).

Finally, the calibrated responses were used to extract information regarding the dose
absorbed in the Al,0;:C dosimeters during exposures to actual space radiation fields,
during the STS-105 flight of the space shuttle Discovery (July 2001), the ISS radiation
exposures (July-Dec 2001), and the BRADOS experiment on the ISS (Oct-Dec 2003). In
addition, high-altitude radiation exposure was measured during the TRACER Antarctic
Balloon project (Dec 2003).

The results indicated the validity of using the OSL signal from Al,Os3:C in order to
determine correct, in the fist approximation, the measured signal by the efficiency in
order to obtain the absorbed dose and, to some extent, the dose equivalent for exposures

in Low-Earth Orbit. Nevertheless, these correction methods cannot give information
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about the actual ‘mean LET’ of the space radiation field, but rather about the ‘mean LET’
values as ‘seen’ by the Al,O3:C dosimeters. Thus, the NCRP recommendation for mixed
space radiation fields (i.e., use of OSL/TL dosimeters together with PNTDs) should be
followed.

In addition, the dose estimations obtain for all of the presented materials/methods
need to compared with the actual doses absorbed during the STS-105, ISS, BRADOS and
TRACER experiments in order to gain a better insight about what material/method is

most suitable for space applications.
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Appendix A. Distribution of the Al;O3:C and LiF:Mg,Ti samples inside the holder

For the helium irradiations (2.5, 5.0 and 8.9MeV), each holder contained eighteen
Al,0O5:C samples and nine LiF:Mg,Ti samples, as shown in Figure Al. The Al,05:C
samples positioned in columns 1, 4 and 7 were read in TL mode, while the Al,O5:C
dosimeters from columns 2, 5 and 8 were read in OSL mode. The LiF:Mg,Ti samples

(positioned in columns 3, 6 and 9) were read in TL mode.

O
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Figure Al. The distribution of Al,0O3:C and LiF:Mg,Ti samples inside the holder for the
2.5, 5.0 and 8.9 MeV helium irradiations.

For the proton, carbon and oxygen irradiations the each chip holder contained eighteen
polished Al,Os3:C chips. For some of the irradiations (1.0 and 2.0 MeV protons) the
sample holder contained also nine unpolished Al,O3:C chips and 8 LiF chips placed on
the middle row, as shown in Figure A2. Also, Luxel sheets were placed in the sample
holder with one sheet/holder for the proton (1MeV), carbon and oxygen irradiations. All
of the Al,O3:C samples were read in OSL mode, while the LiF samples were read in TL

mode.
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Figure A2. Distribution of the Al,O;:C and LiF:Mg,Ti samples inside the holder for the

1.0MeV protons exposure.
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Appendix B. Calculation of the kinematics factor %

{mcos@i (M2 = msin® )" }2
(m+M)

is to be demonstrated.

In this appendix the expression k =

An incident particle of initial energy £ and momentum p is elastically scattered by the
target, as shown bellow. After collision, the particle is scattered at angle € and has

energy E, and momentum p,, while the target changes direction by angle ¢ with energy

E, and momentum p, .

| BRI

Thus, the energy and momentum conservation for the particle-target system yields:

ﬁ:ﬁl +]32 (la)

E=E +E, (1b)

Using equation (1b) and projecting equation (la) on x— and y—axes, the following

equations are obtained:

2 2 2

2 2 2
M
my _ my, n v, (23)
(2b)

my = myv, cos @ + Mv, cos ¢

m?v,” sin> @ = Mv,” sin’ ¢ (2¢)
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Solving equations (2) for v, :

_ —v{mcosﬂi(M2 —msin® 9)1/2}
ne m+M

Thus, the kinematics factor & is obtained as follows:

k—ﬂ_ﬁ_ {mcosei(M2 _msin20)1/2}2
- E Bl V2 B (m+M)2

(Q.E.D.)
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