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the years due to experimental studies that have shown a sparing effect on normal 

tissues from FLASH irradiation. However, the mechanism behind the FLASH effect has 

not been conclusively confirmed. One of the hypotheses that has been proven and 

believed to explain FLASH effect is the oxygen depletion hypothesis and the chemical 

reactions occurring in irradiation. The purpose of this thesis is to verify the oxygen 

removal during the irradiation by conducting radiation experiments with two different 

dose rate ranges on different samples. The prepared samples were irradiated using X-

ray beam with a total of 50 Gray (Gy) per irradiation at the conventional dose rates of 

4.5–10.4 Gy/min. A Semiflex chamber has been used for the dosimetry in this setup. 

The experimental results demonstrated that oxygen was continuously eliminated 

during the irradiation. The values of average oxygen removal are highest in the first 

irradiation step and then decrease in the steps afterward. The prediction is the 

remaining chemical radicals after the initial irradiation can react with the new chemical 

radicals generated in the next irradiation, resulting in the interaction between those 

chemical radicals and reducing the interaction with oxygen thereby decreasing the 

amount of removed oxygen. Next for the FLASH irradiation, the samples were irradiated 

with a laser-accelerated electron at a dose of approximately 30 Gy in 20 picoseconds 

(ps) using XD radiochromic films (RCFs) as the dosimetry. The experimental results 

showed that oxygen levels dropped sharply after irradiation. Only the amount of 

oxygen is removed with each irradiation is known. The dose data from the FLASH 

irradiation experiment is still being analyzed using Monte Carlo simulations, so the  
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CHAPTER I
INTRODUCTION

Radiotherapy or radiation therapy (RT) is currently one of the main
techniques used to cure cancer. RT utilizes ionizing radiation to kill cancer cells
where ions transfer their energy to the cells and change the genetic structure
of deoxyribonucleic acid (DNA), making the DNA unable to repair itself and
resulting in cancer cell death. The typical RT, we have been using currently, is
also known as conventional irradiation or conventional radiotherapy (CONV-RT).
In conventional radiotherapy, the irradiation treatment is performed using a dose
rate in the low dose rate range, with a value around 0.03 Gy/s. Although
the CONV-RT is widely accepted for cancer treatment at present, RT is still
being developed to increase treatment channels for patients. In the last decade,
ultra-high dose rate irradiation has gained more attention on the strong antitumor
effect and the sparing effect on healthy tissues. This irradiation was coined in
2014 and is called FLASH irradiation (Favaudon et al., 2014) for the dose rates in
the range of 40 Gy/s or higher. An early study in mammalian cells discovered
that when the total dose was delivered within a single nanosecond frame
time, cell survival increased when compared to the conventional treatment (Epp
et al., 1972). One of the obvious results is a study with an in vivo experiment
on normal mini-pig skin and the cat patients that have cancer cells on their
nasal planum (Vozenin et al., 2019). The results have been confirmed that
the treatment with the FLASH dose rate is effective in protecting the normal
tissues. The FLASH treatment in the first human patient also went well (Bourhis
et al., 2019). Therefore, FLASH treatment is one of the exciting and expected
methods to increase the therapeutic window. The response of the irradiated
tissues using CONV-RT and FLASH irradiation were compared in the figure 1.1.
However, the mechanism underlying the FLASH effect remains unconfirmed. One
of the expected hypotheses to explain the FLASH effect is the oxygen removal
during FLASH irradiation.

Oxygen is one of the most necessary gases for all living things, including
humans. Our cells have to use oxygen for the cellular respiration process to
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Figure 1.1 The comparison between normal tissue and tumor tissue that responds
to the different irradiations, conventional (CONV, solid lines) and FLASH (dashed
lines) radiotherapy. The tumor control probability (TCP, green) is similar at the
same dose for both CONV and FLASH radiotherapy. In contrast to the normal
tissue, the complication probability (NTCP, red) on the FLASH radiotherapy is
lower than on the CONV radiotherapy. The maximum range of TCP without
NTCP is called the therapeutic window (Schüller et al., 2020).

produce the energy needed for our activities. Dissolved oxygen in our bodies
is also a biological parameter that qualifies as a good radiosensitizer during
irradiation (Zakaria et al., 2020). The irradiation experiments show the hypoxic
tumors have more radiation resistance than that of the well-oxygenated tumors,
with an oxygen enhancement ratio (OER) of 2-3 (Petersson K, 2020). When ionizing
radiation passes through water, it creates a variety of ionic and excited states that
further break down to produce radiolytic products such as e−aq, H

·, OH·, H2O2, H2
and H3O+ in short timescales (Le Caër, 2011). A short time later, some of
the products, which are solvated electrons (e−aq) and hydrogen radicals H·, react
with the dissolved molecular oxygen and then form the superoxide O·

−

2 and
perhydroxyl radicals HO·

−

2 resulting in a decrease in dissolved oxygen as shown
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in equations 1.1 and 1.2 (Boscolo et al., 2021; Pastina and LaVerne, 2001).

e−aq + O2 → O·
−

2 (1.1)

H· + O2 → HO·
−

2 (1.2)

Under the oxygen depletion hypothesis, the FLASH effect was expected to
be caused by the prompt radiochemical reactions that occur in the irradiated
tissues. In the short time frame of the irradiation, the dissolved oxygen in the
tissues is rapidly removed. The oxygen surrounding the tissues cannot replace it
in time and this makes the tissues going into a transient state of the hypoxic
environment. As a result, radiation resistance in tissues has increased, resulting
in normal tissues being spared from FLASH irradiation. Early bacterial studies
have revealed that the oxygen removal can result in considerable sparing at
very high dose rates (Dewey, 1959; Weiss et al., 1974). Many studies of in vitro
experiments have been performed to consider the oxygen depletion hypothesis
of the FLASH effect (Adrian et al., 2019). However, the current analysis using
the computational model revealed that the oxygen removal in water did not
have the same significance for the sparing effect at the FLASH irradiation dose
rate (Boscolo et al., 2021). 

In this thesis, irradiated targets consisting water, buffer, culture medium
and lysed cells with various forms of irradiation were investigated using FLASH
pulses laser-accelerated electrons with ultra-high dose rates and X-rays with
conventional dose rates. Preliminary experiments were conducted in order to
investigate and examine the ideal temperature probe, dosimetry and sample
placement which were reported in Chapter IV. After finalizing the experimental
setup, the measurement of oxygen removal in various samples irradiated with
X-rays and laser-accelerated electrons was performed and presented in Chapter
V. 

 



CHAPTER II
BACKGROUND AND KNOWLEDGE

2.1 Radiotherapy

Over the years, there have been many types of cancer treatments such
as surgery, chemotherapy, immunotherapy and others used to treat patients.
Each method is used in different cases, and in some patients more than one
treatment may be required. Nonetheless, radiotherapy, also known as radiation
therapy (RT), is one of the most popular cancer treatments today. RT directly
uses ionizing radiation and also indirectly uses the radical molecules that are
produced from the interactions in water radiolysis to damage the DNA. Cells’
growth will be reduced as a result of these processes. Their DNA will not
be repaired, and the cells will be destroyed. Currently, many external beams
are used in cancer therapy, both conventional beams (photon beams) and ion
beams, for example, protons and carbon ions. However, in this section, we
will only discuss the x-ray and electron beams, which are beams used in this
research. 

2.1.1 Electron and X-ray radiation

Radiation can be classified into two main processes consisting of non-
ionizing and ionizing radiation (Bushberg et al., 2005). Non-ionizing radiation does
not have the ability to ionize matter. In contrast, ionizing radiation can ionize
matter through both direct and indirect ionization. For directly ionizing radiation,
the energy from the ionizing charged particle can transfer to the medium via
Coulomb interactions with the atom’s orbital electrons. Charged particles such
as electrons, protons, heavy ions and others are categorized as directly ionizing
radiation. Indirect ionizing radiation is a type of radiation in which neutral particles
such as photons and neutrons deposit their energy in the medium. At first,
these neutral particles will release the charged particles in the medium and
then these charged particles will interact with the orbital electrons of the atom
in the medium. In this work, the physics of electron and X-ray radiation are
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mentioned because these two particles were used in the experiments.

Electron radiation

The incident electron could interact with the medium through Coulomb
interactions with orbital electrons and atomic nuclei. The interaction between the
incident electron and orbital electrons results in the excitation and ionization of
the absorber atoms. The interaction between the incident electron and atomic
nuclei leads to electron scattering and energy loss through the Bremsstrahlung
process which is more prominent in the x-ray radiation. Loss of electron kinetic
energy is described by stopping powers that are a combination of collision
and radiative stopping powers arising from energy losses from electron-orbital
electron and electron-nucleus interactions, respectively. The linear stopping power
is determined in the form of the kinetic energy loss by an electron per unit
of the path length (dE/dx) (Bushberg et al., 2005). The mass stopping power is
the linear stopping power divided by the density of the medium (ρ) as evident
in the equation 2.1. In the equation 2.2, the total mass stopping power is also
the sum of the mass stopping powers from two interactions: electron-orbital
electron (S/ρ)col and electron-nucleus interactions (S/ρ)rad.

(S/ρ)tot =
1
ρ

dEk

dx
(2.1)

(S/ρ)tot = (S/ρ)col + (S/ρ)rad (2.2)

X-ray radiation

X-ray radiation has been widely used in radiotherapy. When the
electron hits the X-ray target, the kinetic energy of the electron is transferred
to the target. Then the target excited and emitted X-ray photons. X-rays are
separated into two groups consisting of characteristic X-rays and bremsstrahlung
X-rays. Characteristic X-rays are called discrete X-rays. When the incident electron
interacts with the inner electron of the target atom, the kinetic energy of the
incident electron, which has more energy than the binding energy of an electron
shell in a target atom, can kick the electron out of its shell, leading to a
vacancy. Immediately, the outer shell electron moves to fill the vacancy and
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then the characteristic X-ray is emitted with a unique energy equal to the
difference of binding energies between the two shells (Bushberg et al., 2012).
In part of the bremsstrahlung X-rays, the incident electron interacts with the
nucleus, resulting in the deceleration and loss of kinetic energy of the incident
electron and then the bremsstrahlung photons are produced by the radiation
energy that is equal to the lost energy of electrons. When many electrons
have the bremsstrahlung interaction, a spectrum of X-ray energies is produced.
Accordingly, the X-rays from the bremsstrahlung process are sometimes called
continuous X-rays. Then, these X-ray photons interact with the medium and
release charged particles. Finally, these charged particles interact with the orbital
electrons of the medium’s atom through direct Coulomb interactions and deposit
energy into the medium. 

For no charged particles such as X-rays, the decreasing in a number
of photons when photons pass through the matter is known as attenuation.
The relation between the number of incident photons (N0) and the number of
transmitted photons that remained without any interaction (N) can be written
as shown the equation 2.3. The total linear attenuation coefficient is the sum
of each individual attenuation coefficient of interactions that can happen with
the photon, consisting of the photoelectric effect (µphotoelectric effect), coherent
(Rayleigh) scattering (µRayleigh), Compton scattering (µCompton) and pair production
(µpair production) as shown the equation 2.4.

N = N0e−µx (2.3)

µ = µphotoelectric effect + µRayleigh + µCompton scatter + µpair production (2.4)

2.1.2 The absorbed dose

In radiotherapy, a physical quantity used to measure the energy
deposited in tissues is defined as an absorbed dose. The absorbed dose (D)
is equal to the mean energy deposited by ionizing radiation per unit mass of
medium (Allisy et al., 1993) with the special unit gray (Gy), where 1 Gy is equal
to 1 J/kg (reports series, 2008). The calculation of the absorbed dose follows
the equation below
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D =
dϵ
dm

=
1.6 × 10−9

ρ
× dE

dx
× F (2.5)

where dϵ is the mean energy, dm is a medium’s mass, and dE/dx is a stopping
power (the energy loss of the particles per unit length) for mass density ρ that
is deposited by a parallel beam with particle fluence F (Schardt et al., 2010).

2.1.3 Water radiolysis

Water radiolysis is a process that isolates water molecules by ionizing
radiation. Generally, several situations, including food irradiation, radiosterilization
and radiotherapy result in water radiolysis (Le Caër, 2011).

Ionizing radiation process can occur from particles (helium ions, electrons,
protons, and neutrons) and electromagnetic (gamma rays and X-rays). Ionizing
radiation causes a variety of ionic and excited states in water, which further
break down or combine to produce radical and molecular species as shown in
the equation 2.6. The mechanism of water radiolysis can be explained into 3
stages: the physical stage, the pre-chemical or physico-chemical stage and the
chemical stage, depending on different typical time scales of irradiation. Starting
with the physical stage, the production of electrons e−, ionized H2O+ and
excited water H2O∗ molecules were occurred in 10−15s after the ionizing radiation
interaction from ionization and excitation. During the pre-chemical stage (10−15s
- 10−12s), many radicals were produced from reactions such as dissociative
relaxation, ion-molecule reaction and the production of hydrated electrons from
autoionization of excited states and thermalization of subexcitation electrons.
The final stage as the chemical stage is happened during the time scale of
10−12s - 10−6s. In this stage, the radicals can react with each other and
other surrounding molecules and then diffuse into solution. The main reactions
occured during the mechanism of water radiolysis and the radical productions
are summarized in the figure 2.1.

Chemical species from water radiolysis especially the hydroxyl radicals
(OH·), solvated electrons (e−aq) and hydrogen radicals (H·) can interact with DNA
resulting in the DNA damage. Moreover, (e−aq) and (H·) can also react with the
oxygen dissolved in the solution and then produce the toxic reactive species

 



8

such as superoxide (O·
−

2 ) and perhydroxyl radicals (HO·
−

2 ).

H2O
ionizing radiation−−−−−−→ e−aq, H

·, OH·, H2O2, O2, H2, HO·2 (2.6)

Figure 2.1 The main reactions take place during water radiolysis. The different
chemical radicals are generated in three main stages, consisting of the physical,
physico-chemical and chemical stages, via different time scales (Le Caër, 2011).

2.2 Tumor Oxygenation

2.2.1 Oxygen transport to tissue

At the room temperature, oxygen is a colorless, odorless and tasteless
gas. It’s an important element for all living beings including humans, animals
and plants. Approximately 21% of all gases in our atmosphere, oxygen is the
second most abundant gas after nitrogen (Lareau and Fahy, 2020). Moreover,
90% of our biochemical and metabolic activities need oxygen. 

In mammals, oxygen is drawn from the ambient air and carried to the
tissues by the bloodstream of the circulatory system. Blood transports oxygen
to tissues in two ways: (1) dissolved within red blood cells (RBC cells) and
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plasma, accounting for approximately 2% of total oxygen, and (2) bound to
hemoglobin, known as oxyhemoglobin, accounting for approximately 98% of total
oxygen (Pittman, 2011). When oxyhemoglobin is formed in tissues, oxygen and
hemoglobin are separated, resulting in an increase in the local partial pressure
of oxygen (pO2) in that tissue. During cellular respiration, cells use oxygen to
produce energy, which is then used for a wide range of cell activities. 

Figure 2.2 Oxygen is transported to tissue cells by using the hemoglobin protein
in the red blood cell (Staff, 2020).

2.2.2 Hypoxic tumors

Tumor is a group of abnormal cells that forms a solid mass of tissue
as shown in figure 2.3. Tumor microenvironments have low oxygen areas. The
condition in which tumor cells are oxygen-starved is called tumor hypoxia or
hypoxic tumor as seen in figure 2.4. Normally, there is not much oxygen in the
normal cells, usually about 5%. But for tumors, it is even less. The median
oxygen is between 0.3% and 4.2% depending on the location and type of the
cell (McKeown, 2014).

Hypoxic tumors are a major issue in cancer treatment. Compared to
healthy cells, tumor cells proliferate and increase more quickly. Deeply located
cells cannot get enough oxygen from the blood vessels, which leads to hypoxia.
The lower oxygen level in the hypoxic tumor cells exhibits and is associated with
a poor outcome of the cancer treatment because these tumor cells are radio
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resistance. In contrast to the normal cells that are radiosensitive, free radicals
will be produced after the irradiation and they will interact with the oxygen
molecules in cells. These new radicals cause damage to DNA, resulting in the
destruction or death of cells. However, hypoxia could reduce the efficiency of
cell damage. Tumor cells irradiated using X-rays in two different oxygen levels
revealed that the radiosensitivity of the cells was approximately three times
greater in a well-oxygenated condition than those of in a hypoxic condition
(Gray et al., 1953). With this result, researchers have faced great challenges in
developing radiation techniques to address the hypoxia problem of tumor cells
(Muz et al., 2015).      

Figure 2.3 A bunch of cancer cells spreads out to nearby normal cells (Cancer
Research UK, 2020).

2.3 FLASH irradiation

Radiotherapy is widely used for many cancer patients’ treatments.
Nonetheless, conventional radiotherapy (CONV-RT) still has some limitations on
the maximum tolerated dose for normal tissues. The conventional dose is
usually around 2 Gy per fraction or less (Omyan et al., 2020). With this dose,
not only normal cells but also tumor cells are given time to recover from
the potentially harmful effects of irradiation. Therefore, there is a critical need
to improve and develop RT to find a new strategy that can help to spare
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Figure 2.4 The abnormal growth of tumor cells is the result of inadequate
transport of oxygen molecules from blood vessel to cells. Cells that are very
distant from the blood vessels do not receive enough oxygen and increasing the
hypoxia regions. Hypoxic cells are one problem for the radiotherapy treatment
because they are irradiation resistance (Ramachandran et al., 2015).

normal tissue while increasing the tumor-destroying effect of RT. One of the
new treatments has been developed by managing on the frame time of the
irradiation, which is known as “FLASH irradiation”.

FLASH radiotherapy (FLASH-RT) has become widely attractive in the past
ten years due to advances in increasing normal tissue sparing in the radiation.
In nature, the word “flash” comes from lightning, which can strike in a very
short amount of time while holding a very high energy discharge. FLASH refers
to ultrashort in radiation medicine, which is the delivery of a high treatment
dose in sub-second timescales for one-time irradiation (GSI Helmholtz Centre for
Heavy-Ion Research GmbH, 2021). FLASH-RT uses the ultra-high dose rate of 40
Gy/s which is higher than the dose rate used in CONV-RT (around 0.03 Gy/
s). With the different dose rates between both radiotherapy methods, FLASH-RT
has an advantage in terms of the treatment time which will be faster than
CONV-RT, if compared with the same total treatment doses. Furthermore, the
studies consistently demonstrated that normal tissues were protected by FLASH
irradiation were better than by conventional irradiation. FLASH irradiation provide
an alternative mean to kill tumor tissues with a higher dose. 
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In fact, some scientists have been researching ultra-high dose experiments
since the 1950s-1990s, but the term “FLASH” irradiation was first used in 2014.
There was a study of the different responses between normal and tumor tissues
of mice lungs that were irradiated with ultra-high dose rate (FLASH) and CONV
irradiation (Favaudon et al., 2014). Compared to the CONV, the FLASH irradiation
showed a decrease in normal tissue toxicities, which is known as the “FLASH
effect”. 

2.3.1 FLASH effect

As mentioned in the previous section, FLASH irradiation has the advan-
tage of sparing normal tissues. Many in vitro and in vivo experimental models
have been investigated. In the 1970s, normal mice were irradiated using 7 MeV
electrons at different dose rates while breathing oxygen. The experimental result
showed a decrease in the radiation sensitivity in tissues when the dose rate
was higher than 60 Gy/min (Hornsey and Bewley, 1971). Some time later, the
experimental study on rat skin had been performed with a radiation dose rate
of 500 Gy/min (Field and Bewley, 1974). The results showed that the ultra-high
dose rate caused more adverse effects than the low dose rate for irradiation
in aerobic conditions. Furthermore, neither experiment demonstrated a change
in radiation sensitivity from anoxic irradiation. In 2014, FLASH irradiation received
more attention again in which the experiment in the lung C578BL/6 mice. Mice
were exposed to CONV-RT (0.03 Gy, γ-rays or 4.5 MeV electrons) or FLASH-RT
(60 Gy/s, 4.5 MeV electrons) with 17 Gy of the radiation dose for comparing
between two different irradiation (Favaudon et al., 2014). After 24 weeks of
irradiation, mice irradiated with CONV-RT developed dense fibrosis, whereas mice
irradiated with FLASH-RT developed no lesions. However, fibrosis was observed
in FLASH-RT but with the delivery dose increased to 30 Gy after 24 weeks of
irradiation. The investigation on larger animals had been conducted in addition
to the experiment on small animals such as mice. The mini-pig was irradiated
on both sides of its back. Radiation doses in the range of 22–34 Gy were
delivered with a CONV dose rate (0.083 Gy/s) on one side of the back and a
FLASH dose rate (300 Gy/s) on another side of the back. The irradiated skin
was observed for 36 weeks after radiotherapy (Vozenin et al., 2019). At this
point, the CONV-irradiated skin had depilation and skin fibronecrosis in all areas
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of irradiation, whereas the FLASH-irradiated skin had only minor depilation and
the skin’s pigment changing in the irradiated area as shown in figure 2.5.

The sparing effect in the normal tissues is not only one reason that
FLASH-RT has gained attention worldwide but its effectiveness in tumor control
after the irradiation is also one of the important aspects of FLASH-RT that have
been considered in their studies. FLASH irradiation was as effective as CONV
irradiation in controlling tumor cell growth in human breast tumor (HBCx-12A)
and head-and-neck carcinoma cells (HEp-2). As part of the same research on
the mini pig skin, there were six cat patients with squamous cell carcinoma
(SCC) of the nasal planum. Cats were irradiated with FLASH electrons in a single
dose ranging from 25–41 Gy. After the irradiation, only three cats showed some
depilation without acute/late side effects, and the other three had only mild
or moderate symptoms of mucositis/dermatitis with no toxicity. Moreover, the
tumor was permanently controlled in five out of 6 cats after 16 months. Only
one cat showed a recurrence of SCC after 21 weeks. The picture of the cat
patient (cat no. 2) before and after the treatment is shown in figure 2.6.

Interestingly, in 2019, the first human patient with T-cell cutaneous
lymphoma was interested in and agreed to engage with FLASH-RT (Bourhis et al.,
2019). A 3.5 cm tumor on his right forearm was treated by FLASH-RT with 15
Gy in 90 ms. The tumor began to diminish starting from 10 days and finally,
the tumor response was complete 36 days after the irradiation. For the normal
tissues surrounding the lesions, redness, and mild epithelitis were observed
during 10-44 days after the irradiation. A good result from this treatment was
continually updated for 5 months later. The pictures of the tumor before and
after treatment are shown in figure 2.7. However, FLASH-RT treatment is still
considered limited, the mechanism and factors for FLASH-RT have yet to be
confirmed. Thus, FLASH research is constantly being developed in order to
obtain higher experimental data for clinical application. 

2.3.2 Oxygenation and oxygen depletion

Although FLASH irradiation has shown satisfactory results in many studies
but the mechanism behind FLASH has not yet been adequately described. Many
experiments were repeated in order to determine the mechanism of FLASH.
Currently, one of the most extensive explanations for the FLASH mechanism is
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Figure 2.5 A microscopic visualization of mini pig skin, thirty-six weeks after
radiotherapy. Images above and below are the irradiation effects on mini pig
skin following CONV-RT and FLASH-RT, respectively. Three spots are yielded
from three different delivery doses, which are 34, 31 and 28 Gy from the left
to the right spot, respectively. The irradiated skin with CONV dose rates shows
fibronecrotic lesions. Whereas in the irradiated skin with the FLASH dose rate,
there are only a few depilations and pigmentations. (Vozenin et al., 2019).

the oxygen depletion hypothesis.
In 1958, the experimental study of the sensitivity to radiation in Shigella

flexneri bacteria with a shot-pulsed irradiation of 1.2 MeV electron beams showed
that the sensitivity of the bacteria changed depending on the oxygenation level
before the irradiation. Furthermore, the findings confirmed that oxygen could
diffuse into or out of the bacteria in a short period of time, but under anoxic
conditions (in a pure nitrogen gas environment). The biological effect did not
increase when the bacteria were given oxygen after the microsecond irradiation
(Howard-Flanders and Moore, 1958). Later, Serratia marceacens bacteria were
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Figure 2.6 A microscopic visualization of the lesion on the cat patient (cat no.
2). The advanced squamous cell carcinoma (SCC) of the nasal planum before
the irradiation (A). After 14 months of FLASH irradiation (B), the tumor lesions
were gone and didn’t have mucositis and skin erythema (Vozenin et al., 2019).

irradiated with X-rays at dose rates of 0.1 Gy/s and with electron beams that
can deliver a dose of 100-200 Gy in 2 µs. The result showed the higher survivor
bacteria or the decreasing of the sensitivity in the oxygenation condition with the
ultra-high dose rate irradiation (Dewey, 1959). The studies at the time sparked
interest in ultra-high dose rate irradiation research. Furthermore, early research in
bacteria cells exposed to ultra-high dose rates resulted in the breaking survival
curves shown in figure 2.8. The break-point dose is defined as the absorbed
dose that caused the irradiated cells to be in an anoxic environment, causing
the slope of the survival curve to change. The radiochemical depletion of
oxygen during irradiation caused the mechanism of breaks at ultra-high dose
rates. 

In addition to the experiment in bacteria, the studies in mammalian
cells are also considered. In the ultrahigh dose rate experiment with HeLa
S-3 cells, the cell responsibility measured in 0% and 21% oxygen show the
similar effect as in the conventional irradiation. While in the survival curves of
very low oxygen concentrations, the break-points are represented in the curves
(Epp et al., 1972). However, in vitro studies in mammalian cells have not
confirmed the FLASH effect, and the current study has both the presence and
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Figure 2.7 The progress of a tumor lesion on the human arm before and after
treatment: (A) a lesion of T-cell cutaneous lymphoma with a tumor size of
3.5 cm before treatment. (B) At 3 weeks after treatment, a critical reaction on
the skin surrounding the tumor with redness and asymptomatic mild epithelitis.
(C) The tumor responded perfectly and was strong for the following 5 months
(Bourhis et al., 2019).

absence of this phenomenon (Hughes and Parsons, 2020). Normal tissues in
general FLASH experiment of in vivo studies may have an oxygen tension of
3-7%. But cells cultured in an air-conditioned environment have an oxygenation
level of approximately 20%. Therefore, the FLASH studies in these in vitro
experiments did not have enough significance to reduce the oxygen tension
during the irradiation. In 2020, the ultrahigh dose rate experiment with prostate
cancer cells showed the cells at oxygen concentrations of 1.6–4.4% are more
resistant compared to that of the CONV-RT at the same dose of irradiation
(Adrian et al., 2019). In comparison to cells at concentrations greater than
8.3%, there is no difference between CONV and FLASH irradiation as shown in
figure 2.9. The recent simulation in oxygenated water with the computational
model did not show the sparing effect in the FLASH dose rates (Boscolo et al.,
2021). Therefore, the impact of oxygen depletion on FLASH irradiation must be
experimentally investigated more thoroughly.    
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Figure 2.8 A graph shows the relationship between the adsorbed dose (horizontal
axis) and the surviving fraction (vertical axis). E.coli B/r bacteria were irradiated
using a single 3 nanosecond pulse of ultra-high dose rate irradiation for cells
equilibrated at 23 ◦C. At a dose of approximately 25 krads, the breaking survival
curve was produced in the line for 6.2 percent oxygen concentration (Weiss
et al., 1974).

Figure 2.9 The survival fraction of prostate cancer cells was determined by the
difference in irradiation doses under normoxic (20% oxygen concentration) and
hypoxic (1.6% oxygen concentration) conditions. When doses were increased in
hypoxic cells, the surviving fraction from FLASH irradiation (blue line) was clearly
higher than that from CONV irradiation (red line) (Adrian et al., 2019).

 



CHAPTER III
MATERIAL AND METHODS

This chapter presents the equipment used and various processes in
oxygen measurement. The sample container, sample preparation and experiment
setups had been separated into two types for the suitability of the experiment.
Two different beams with different dose rates had been used in this study. X-ray
beams were used for low dose rate experiment and an accelerated electron
beam was used for ultra-high dose rate experiment. Details of measurement
principles are also explained in this chapter as well.

3.1 Instruments for oxygen measurement

In this study, almost all the equipment used for the oxygen measure-
ment is from PreSens Precision Sensing GmbH, Germany. There are three main
components comprising an oxygen meter, accessories and sensors. The OXY-1
SMA-RS232-AO is a compact fiber optic oxygen meter as shown in the figure 3.1.
The oxygen meter has temperature correction which allows to obtain the most
accurate measurements in temperature-changing situations. The oxygen meter
is connected with a polymer optical fiber (POF) that has a wide-range oxygen
sensitive coating or PSt3. The excitation light is transferred to the sensor and the
sensor’s response is transferred back to the meter via the POF. This excitation
light is generated from the LED inside the oxygen meter at a wavelength of
505 nm. The chemical optical oxygen sensors SP-PSt3-SA23-D5-OIW-US with a
diameter of 5 mm were used to measure the oxygen concentration with a time
solution of 1 s. The sensors have self-adhesive technology and can be attached
to the surface of a glass or plastic vessel. For monitoring and collecting the
oxygen concentration, the oxygen meter has been operated using PreSens.EOM
STS software.
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Figure 3.1 A compact fiber oxygen meter OXY-1-SMA-trace-RS232-AO (PreSens
Precision Sensing GmbH, 2015)

3.1.1 The measurement principle

The measurement for detecting oxygen is based on the luminescence
quenching principle by oxygen molecules, which is a quencher in general. After
the optical fiber transfers the excited light from the oxygen meter to the spot
sensor, the luminophore in the sensor absorbs that light to increase the energy
level from the singlet ground state (S0) to the excited electronic singlet state
(S1), as shown in the Jablonski diagram (Figure3.2). The singlet state (S1) can
be de-excited by the intersystem crossing and drives it to an excited triplet
state (T1). In order to return to the singlet ground state, the luminophore
in the singlet excited state emits short-lived light known as florescence (Ast
et al., 2012). Whereas in the excited triplet state, the luminophore returns to
its original ground state by long lived emission or phosphorescence. Since the
oxygen molecule’s ground state is a triplet ground state (3O2), the luminophore
in the excited triplet state is extremely efficient at interacting with the oxygen
molecule. After collision, energy from the luminophore is transferred to the
oxygen molecule, resulting in the change in the states of oxygen molecule
by changing from the ground state to its excited state (1O2). As a result,
the excited indicator molecules no longer emit light, reducing the overall
luminescence lifetime. Collisional quenching reduces the luminescence lifetime
(τ ) of the luminophore depending on an oxygen concentration. The quenching
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behavior is described in the Stern-Volmer equation (PreSens Precision Sensing
GmbH, nd):

τ0

τ
= 1 + KSV · [O2] (3.1)

τ is luminescence decay time in presence of oxygen
τ0 is luminescence decay time in absence of oxygen
KSV is Stern-Volumer constant
And [O2] is oxygen concentration.

Figure 3.2 Jablonski diagram describes the possible state of the indicator molecule
(phosphore). The triplet excited states of the luminophore can interact with
the oxygen molecule by electron transfer, generating radical species (Type I
mechanism) or energy transfer to the oxygen molecule, changing the state of
oxygen (Type II mechanism) (Alemany Ribes et al., 2013).

3.1.2 Container setups

Since there are two different parts of the experiments: low-dose
rate irradiation with the X-ray beam and ultra-high dose rate irradiation with
electron experiments, the sample containers were designed into two different
configurations suitable for each experiment.
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Figure 3.3 shows the container used for X-ray irradiation. It is made
up of four main parts: an empty plastic container, an inset, a rubber stopper
and a spot sensor. The spot sensor was glued on one side to the inner wall
of the empty plastic container in the center between the container and the
inset. The inset was formed to fit the empty container in a similar shape and
to have the empty area for liquid samples. One side of the inset is opened
for the oxygen measurement. It is attached against the wall of the empty
container that has a spot sensor. To have an area for containing the sample,
the inset and the container are firmly glued together with silicone rubber glue.
There is a circular hole at the top of the inset used to fill the liquid sample.
Next, the rubber stopper is used to seal the sample area, keeping the sample
gas-tight and preventing oxygen from diffusing in. The pre-assembled container
will be able to contain a liquid sample of approximately 1 cm3 in volume. A
small plastic connection is affixed to the outer surface of the container, in the
same position as the spot sensor, with a small fitting hole for connecting the
fiber optic cable for measuring oxygen in the sample.

The container used in laser-accelerated electron irradiation is shown in
figure 3.4. The complete container is made up of three cylindrical parts. These
three parts have different functions and are attached together to provide a
suitable container for the experiment. The first part is the middle part which
is a one-open-end cylindrical container with a 5 mm inner diameter and a
5 mm depth. The open end is covered with a thin piece of transparent
plastic with a spot sensor in the center. This side is glued to the second
part, a part with a hole for holding the optical fiber cable. The bottom
of the container has a tiny hole for filling the container with the sample
using a needle. This side is sealed and glued with a third part that has a
spiral hole for connecting a screw and holds the container the proper position.
Both inset pieces for X-ray irradiation and the cylindrical container for electron
irradiation were produced at GSI using polyetheretherketone (PEEK) material to
avoid radiation intelligence or chemical leaching. PEEK is a semicrystalline linear
aromatic polymer that is usually recognized as the top performing thermoplastic
material with excellent hydrolysis resistance. Moreover, the crucial point is that
it is radiation- and chemically resistant and does not release oxygen into the
sample when irradiated. 
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3.1.3 Samples preparation

Full oxygenated water, deoxygenated water, phosphate buffered saline
(PBS), culture medium (Ham’s F12) and lysed cells are used as samples in this
study. All samples preparation were handled differently according to sample
types and containers. For ready-made samples such as full oxygenated water,
PBS and culture medium, there is no special preparation required. Thus, we
can fill them directly into containers (under clean conditions). In contrast,
more preparation steps are required for other samples such as deoxygenated
water and lysed cells. To prepare deoxygenated water, a laboratory bottle
was filled with full oxygenated water and progressively added nitrogen gas to
reduce the oxygen level in the liquid for 10-15 minutes. For the lysed cells,
a confluent T-75 flask of LM8 (Osteosarcoma) cells was trypsinated, centrifuged
and resuspended in a 0.1 g/ml suspension in PBS. Cells were sonicated in a
bioruptor sonicator 18 times in 30 s, and the complete disruption of nearly
all cells was confirmed under the microscope. For both experiments, X-ray
irradiation and laser-accelerated electron irradiation, it is important to check air
bubbles that may occur during or after the container is filled with the sample.
For the container in the X-ray irradiation, the container was gently tapped in
order to help dislodge any visible air bubbles before sealing the sample area
with a rubber stopper. For laser-accelerated electron irradiation experiments,
after filling the container with sample, sample is injected again with a syringe.
If there are any air bubbles, they will come out with the sample overflowing
through the sample injection channel. Finally, the container is sealed completely
using the remaining cylindrical parts.

3.2 Sensor calibration

Sensor calibration is an important step in any measurement. Although
the oxygen measurement has default constants that are predetermined for
the measurement by the manufacturer, oxygen sensor spots still have to be
calibrated before using in the experimental condition for reliability and accuracy. A
traditional two-point calibration must be performed in an oxygen-free environment
and air-saturated.

The first calibration point is oxygen-free water. It is labeled as Cal 0.
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Figure 3.3 A container was filled with the sample for X-ray irradiation. A spot
sensor was installed in the container’s wall. A nose holder was affixed to
the container on the outside to hold the optical cable in the same place as
the spot sensor. For the sample, a PEEK inset was bonded to the container’s
wall with a hole on top for a rubber stopper to maintain a steady oxygen
concentration.

To make the calibration standard Cal 0, 1 g of sodium sulfite (Na2SO3) was
dissolved in 100 ml of water. The reaction between oxygen and Na2SO3 produces
oxygen-free water as Na2SO3 is used to remove oxygen that diffuses from air into
the water. Next, bottle filled with solution was shaken for approximately one
minute to ensure that the water is oxygen free. The solution was poured into
the containers as in the sample preparation process so that the calibration is in
similar condition to the actual experiment. Next, the second calibration point is
water vapor-saturated air which is used as a calibration standard, Cal 100. For
calibration with a container for X-ray irradiation, the wet cotton was placed on
top and the channel is closed to fill the liquid sample. For calibration with
a container for laser-accelerated electron irradiation, the wet cotton was placed
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Figure 3.4 Samples for electron irradiation using the PHELIX laser and some
experiments with X-ray irradiation were contained in a cylindrical container with
inner dimensions of 5 mm x 5 mm. The spot sensor was positioned on the
lid of the container. The optical fiber holder was fastened to the top of the
container. A small hole in the bottom of the container was used for injecting
samples and was glued with the screw holder.

in an empty bottle. The container was added with a small amount of water
and was placed in the same bottle near the wet cotton. In order to ensure
the air inside container is water vapor-saturated, leave the container around 2
minutes and then, start the calibration afterwards.

3.3 Irradiation modalities

Two separate beams were used to investigate the oxygen removal in
irradiated samples at two different dose rates; low and ultra-high dose rates.
The low dose rate irradiation comes from a 250 kV photon X-ray system.
Meanwhile the ultra-high dose rate employed MeV electron beams generated
by the PHELIX-laser with an electron energy of > 7 MeV for the ultra-high dose
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rate irradiations. Both irradiations were carried out at Darmstadt, Germany’s GSI
Helmholtz Centre for Heavy-Ion Research GmbH.

3.3.1 PHELIX laser

The Petawatt High-Energy Laser for Heavy Ion Experiments (PHELIX) is
one of the largest lasers in Germany. It is a laser facility capable of producing
powerful laser beams with energies of up to 1 kJ in 10 ns for long pulse mode
and 200 J in 20 ps for short pulse mode. It has been used to investigate
a variety of studies, the majority of which are linked to plasma and atomic
physics. Figure 3.5 shows the target chamber for intense laser experiment in
the PHELIX experiment area. Electrons were produced and accelerated by the
interaction of laser pulses of relativistic intensities with foam targets of near
critical density (NCD). The foam target in this study is the low-density polymer
foam layer, triacetate cellulose (TAC, C12H16O8). A high number of electrons
are generated by an effective mechanism called direct laser acceleration (DLA)
(Zähter, 2020).

Figure 3.5 The experiment area of PHELIX laser building at GSI Helmholtz Centre
for Heavy-Ion Research (GSI Helmholtz Centre for Heavy-Ion Research GmbH, nd).
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3.4 Experimental Setup and Dosimetry

3.4.1 X-ray irradiation setup

In X-ray irradiation, samples were placed in both types of containers.
Full oxygenated water, deoxygenated water and PBS buffer samples were filled
into the large container (figure 3.3) at a volume of approximately 1 cm3. Culture
medium, lysed cells and some PBS buffer samples were put into the small
vacuum tight containers as in the section 3.1.2. The samples were irradiated at
the center below the X-ray target and the Semiflex ionization chamber (IC, type
number TM31013, PTW, Germany) was placed beside the sample operating as
a dosimetry of the X-ray irradiation as shown in figure 3.6. In addition, these
samples were irradiated at different dose rates depending on the containers.
The dose rate for the large container was between 4.5 and 4.8 Gy/min, while
the dose rate for the tiny container was between 10.0 and 10.4 Gy/min.

Figure 3.6 Experimental setup for X-ray irradiation in irradiated samples in the
large container (left) and the small container (right). The dosimeter was placed
beside the containers under the PMMA slab for the large container or inside
the chamber lid for the small container.
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3.4.2 Laser-accelerated electron irradiation setup

For irradiation using the PHELIX laser, all samples were filled into small
containers except for deoxygenated water which was handled the same way
as in the X-ray irradiation. The sample is attached to the mounting device
in a direction parallel to the direction of the laser. In this irradiation, XD
radiochromic films (RCFs) and TLD cards are used as dosimetry to measure the
dose provided at various distances in front of and behind the sample as shown
in figure 3.7. This setup is placed in the target chamber. Two optical fiber
cables were used: the first cable in the target chamber is used for sending
the signal from the sample to the second cable via a feedthrough and then
the second cable forwards the signal back to the oxygen meter. To evade
the electromagnetic radiation coming from the external environment during the
irradiation, the oxygen meter and laptop are kept in a Faraday cage. Due to
the setup, the results cannot be observed in real-time thus another laptop
which was connected wirelessly to the laptop in the control room was used
to control the display screen and observe the measurement results. Figure3.7
(a), (b) show mini-RCFs placed inside the container to measure the dose inside
the container for some shots. The dose rate is roughly 30 Gy in 20 ps. Two
XD-RCF sheets were positioned behind the foam target to absorb the produced
short-range proton component.

3.4.3 Dosimetry

Radiation dosimeters are devices or systems that measure various values
of ionizing radiation. There are many types of dosimetry, but in this study, we
focused on the ionization chamber, radiochromic film and thermoluminescent
dosimeter (TLD).

Ionization chamber

The ionization chamber measures the dose and dose rate of X-ray
irradiation. The basic structure of an ionizing chamber is a gas volume between
two electrodes coupled to a high voltage source. When irradiated, the ion
pairs consisting of positive and negative charges are created in this gas volume.
Then the electrodes receive these charges and create a current that can be
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Figure 3.7 Experimental setup used for laser-accelerated electron irradiation. A
sample was placed between XD-RCF sheets, and a TLD card was placed behind
this setup. Both the XD-RCF sheets and the TLD card were used as the
dosimetry. To absorb the proton component, two large XD-RCF sheets were
employed (a). Mini-RCFs were employed to measure the dose inside container (b).

measured by an electrometer. The absorbed dose in air (Dair) is defined as:

Dair =
Q

mair

(
Wair

e

)
(3.2)

where mair is air mass, Q is ionization charge, Wair is the average energy
expanded in the air per ion pair and e is the electron charge (Bushberg et al.,
2005). The mean energy required to produce an ion pair in dry air or Wair/e is
33.97 eV/ion pair or 33.97 J/C. To determine the absorbed dose at a point in
the medium (usual water) Dw, the subsequent conversion of the air cavity dose
Dair to medium Dw is based on the Bragg-Gray or Spencer-Attix cavity theories.
Dw is proportional to the mean absorbed dose in the detector D̄air with the
ratio of the mass stopping powers water to air Sw,air which can be described
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as:
Dw = Dair · Sw,air. (3.3)

Radiochromic films

Radiochromic films (RCFs) are composed of two main layers: radiation-
sensitive material layers and a thin polyester base with coating. These dosimeters
are based on the property of ionizing radiation to alter the structural characteristics
of their crystalline sensitive elements. The interaction of ionizing radiation with
the film produces a polymerization process in the layer of the radiation-sensitive
material which changes the film’s color. The darkening of the film is related
to the radiation dose.

Thermoluminescent dosimeters

    Thermoluminescent dosimeters (TLDs) are based upon the formation
of a metastable crystalline structure with valence electrons to absorb and store
the energy of ionizing radiation. The valence electron is excited by the ionizing
radiation. The electron travels through a solid state in a conducting band for
a short time and then drops into the trap of a gap between the conduction
and valence bands. When heated, the electrons escape from the trap and
return to the valence band with the emission of light and we call this light
thermoluminescence or TL.

 



CHAPTER IV
PRELIMINARY TEST

In this chapter, two dosimeters were used for the dosimetry test. Full
oxygenated water and PBS samples were irradiated with the X-ray in different
directions of sample containers. Finally, oxygen removal in irradiated samples
was kept as the preliminary result of the experiment.

4.1 Dosimetry Test

Ionization chambers and dosimeters have played a crucial role in
experimental studies related to irradiation. The factors influencing radiation
measurement vary across different experiments, and these variations can be
attributed to either the type of dosimeter used or the amount associated with
the radiation field.(INTERNATIONAL ATOMIC ENERGY AGENCY, 2001).

The Semiflex ionization chamber (IC, type number TM31013, PTW,
Germany) is a conventional dosimeter that is used in the X-ray machine in
this experiment. But the sample area is small. Therefore, another dosimeter
as the Pinpoint chamber (type number TM31009, PTW, Germany) is used to
do the dosimetry test in this experiment with the advantage that the Pinpoint
ionization chamber is smaller and gives superior spatial precision inside the
radiation field than the Semiflex ionizing chamber. A dosimetry test has been
performed to verify the accuracy of the Pinpoint ionization chamber. In this
test, two parameters consisting of the dosimeter and the dosimeter’s position
were defined as influence qualities that affect the dosimetry.

The first part of the dosimetry test started with a sensitivity comparison
between the Pinpoint ionization chamber and the Semiflex ionization chamber.
The radiation doses were measured under the same conditions and at the
same irradiation time. The Pinpoint ionization chamber was placed under the
PMMA (Polymethyl Methacrylate) slabs and measured the radiation dose for two
minutes. Then, the Pinpoint ionization chamber was replaced by the Semiflex
ionization chamber and it was irradiated for two minutes. There were three
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repetitions with the same dosimeter and setup to find the average value of the
radiation dose. The experimental setup revealed discrepancies in the measured
radiation doses when utilizing different dosimeters. Thus, the dosimeter becomes
a significant factor in dosimetry. To compensate for the disparities between the
Pinpoint ionization chamber and the Semiflex ionization chamber, a correction
factor is required when quantifying radiation dose. The correction factor of the
dosimetric factor (Cd) was determined as the ratio between doses given from
the Semiflex ionization chamber and the Pinpoint ionization chamber under the
same condition of irradiation (see equation 4.2.).

The next influential parameter is the dosimeter’s position. Directly
measuring the irradiation dose at the sample’s position is not feasible. Con-
sequently, dosimetry near the sample area in different positions was deemed
essential. The dosimetry was separated into two sections consisting of the
dosimetry where the Pinpoint ionization chamber was placed under the slabs
and under the container. First, the pinpoint ionization chamber was placed
below the slabs. The irradiation was carried out for two minutes. There were
three repetitions for each irradiation setup. Next, the dosimeter was placed in a
different position to measure the doses by placing it under the container below
the sample area. The sample was irradiated for two minutes and repeated three
times. The layout of the container is divided into two directions: horizontal and
upright. Following the measurement, the results revealed that the given doses
differed depending on the position of the dosimeter. Therefore, the dosimeter’s
positions were another quality that affected the dosimetry. The correction factor
of geometry (Cg) was described as the ratio of given doses when the dosimeter
was placed beside the container and under the container (see equation 4.3).

The real dose that the pinpoint dosimeter received was corrected from
the relation between the measured dose and the correction factor as shown
in the equation 4.1. Moreover, the correction factors were differently defined
depending on the positions of the dosimeter (beside or below the container)
and the directions for container placement (an upright or horizontal direction).

Real dose = Displayed dose × Cd × Cg (4.1)
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Cd =

(
Received dose from Semiflex
Received dose from PinPoint

)
(4.2)

Cg =

(
Received dose under the PMMA slab

Received dose under the sample container

)
(4.3)

Table 4.1 List of correction factors according to the position of container and
dosimeter during irradiation.

container’s position
Dosimeter’s position

Under container Beside container
Cd Cg Cd Cg

Upright 0.717 1.202 0.730 1Horizontal 0.730 1.287

4.2 Preliminary results

In this particular section, preliminary experiments involved the utilization
of easily prepared samples, consisting of fully oxygenated water and PBS, for
X-ray irradiation. The samples were exposed to 2-3 irradiation steps, with a
dose rate ranging from 4.2 to 4.9 Gy/min, with the Pinpoint ionization chamber
serving as the dosimeter. Depending on the correction factor as described
in Section 4.1, the samples received an actual dose of 50 to 66 Gy in a
single irradiation step. The graph illustrating the removal of oxygen during the
irradiation process is presented in figure 4.1. In this particular section, preliminary
experiments involved the utilization of easily prepared samples, consisting of
fully oxygenated water and PBS, for X-ray irradiation. The samples were exposed
to 2-3 irradiation steps, with a dose rate ranging from 4.2 to 4.9 Gy/min, with
the Pinpoint ionization chamber serving as the dosimeter. Depending on the
correction factor as described in Section 4.1, the samples received an actual
dose of 50 to 66 Gy in a single irradiation step. The graph illustrating the
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removal of oxygen during the irradiation process is presented in figure 4.1. The
results show the maximum value of the oxygen removal was measured in the
first step of irradiation and then the oxygen concentration was decreased in
the next step or when the cumulative doses were increasing, varies according
to different setups. Only in the PBS studies, where the container is upright
and the PinPoint chamber is positioned beneath it, the average oxygen removal
in the second step is slightly greater than the first measurement (first step),
increasing from 18 µM/Gy to 19 µM/Gy, as shown in table 4.2.

Finally, the Semiflex chamber was used for the dosimetry in the
final irradiation setup because the PinPoint chamber was unsuccessful in the
orthovoltage energy range (at voltages of 150-500 kV) (Medina et al., 2008). The
final experimental setup was performed by placing the sample container in the
horizontal direction and having the dosimeter beside the sample container as
mentioned in Section 3.4.1.

Figure 4.1 A preliminary result from X-ray irradiation where a container filled
with a water sample is placed in the horizontal direction and the PinPoint
chamber is placed beside the container. The sample was irradiated for 3 steps
at 51 Gy/step at a dose rate of 4.75 Gy/min.
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Table 4.2 The average oxygen removal in different setups depends on the
container’s direction and the dosimeter’s position after X-ray irradiation

Step

Average oxygen removal [µM/Gy]
Water PBS

Sample-Upright Sample-Horizontal Sample Sample
-Upright -Horizontal

IC-Under IC-Beside IC-Under IC-Beside IC-Under IC-Under
1 0.22 0.37 0.36 0.30 0.18 0.28
2 0.21 0.31 0.33 0.28 0.19 0.23
3 - 0.28 0.30 0.26 0.13 0.22

 



CHAPTER V
RESULTS

5.1 Oxygen removal in X-ray irradiation

In the experiment, the average oxygen concentrations before irradiation
were found to be highest in PBS, with a value of 290.46 µM . Subsequently, the
concentrations decreased to 283.87 µM , 224.22 µM , 207.42 µM and 180.54
µM in full oxygenated water, cell culture medium, deoxygenated water, and
lysed cells, respectively. Different samples were subjected to X-ray irradiation at
various low dose rates, ranging from 4.5 Gy/min to 10.4 Gy/min. The irradiation
process involved 2 to 3 steps, with each step delivering a dose of 50 Gy.
Following each irradiation step, the beam was turned off for approximately five
minutes before proceeding to the next step. Examples of oxygen removal curves
during irradiation can be seen in figures 5.1-5.5. The presented curves depict
the variations in oxygen concentration over time throughout the experiment.
Notably, the oxygen concentration decreased during the beam-on periods while
remaining constant during the beam-off periods. To provide a summary of the
results, the irradiation experiment was repeated several times, and the values of
oxygen removal per irradiated dose from all repetitions were compared with the
cumulative dose. These comparisons are illustrated in figures 5.6 to 5.9. Finally,
the data on oxygen removal were averaged based on the irradiation steps.

The average values of the removed oxygen are summarized in figure
5.10 and tables 5.1-5.5. The results reveal that the amount of oxygen removal
was highest during the first irradiation step and then decreased in subsequent
steps. For full oxygenated water, the average oxygen removal per dose in the
first three steps was measured at 0.28, 0.25 and 0.23 µM/Gy. In the case of
deoxygenated water, the average oxygen removal per dose was observed as
0.26, 0.22 and 0.18 µM/Gy respectively. Moving on to the biochemical samples,
in PBS, the average oxygen removal per dose was 0.26 µM/Gy in the first step,
followed by values close to full oxygenated water, namely 0.26 and 0.23 µM/Gy
in the second and third steps of irradiation, respectively. When comparing all
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sample types quantitatively, the average oxygen removal per dose for irradiated
cell culture medium samples consistently remained the highest across all steps,
measuring at 0.42, 0.38 and 0.37 µM/Gyin the first, second and third steps,
respectively. Finally, for lysed cells, the average oxygen removal in the first
and second irradiation steps displayed similar values of 0.27 µM/Gy.

Figure 5.1 An example graph of the oxygen concentration during three steps of
X-ray irradiation in full oxygenated water. A sample was irradiated with a dose
of 50 Gy/step.
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Figure 5.2 An example graph of the oxygen concentration during three steps of
X-ray irradiation in deoxygenated water. A sample was irradiated with a dose
of 50 Gy/step.

Figure 5.3 An example graph of the oxygen concentration during three steps of
X-ray irradiation in PBS. A sample was irradiated with a dose of 50 Gy/step.
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Figure 5.4 An example graph of the oxygen concentration during three steps of
X-ray irradiation in cell culture medium. A sample was irradiated with a dose
of 50 Gy/step.

Figure 5.5 An example graph of the oxygen concentration during two steps of
X-ray irradiation in lysed cells. A sample was irradiated with a dose of 50 Gy/
step.
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Figure 5.6 The oxygen removal per dose in each irradiation step of (a) full
oxygenated water and (b) deoxygenated water. Different lines represent experi-
ments using different containers. Solid and dotted lines represent the irradiation
in samples contained in containers P1 and P5, respectively.
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Figure 5.7 The oxygen removal per dose of irradiated PBS samples compared
to the given dose. The experimental results are from the large containers P1
and P5.

Figure 5.8 The oxygen removal per dose of irradiated cell culture medium
samples compared to the given dose. The cell culture medium results are from
the container number 10, 15 and 17.
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Figure 5.9 The oxygen removal per dose of irradiated lysed cell samples
compared to the given dose. The lysed cells results are from the container
number 21, 22 and 23 respectively.

Furthermore, additional experiments were conducted where the beam
resting time was extended to approximately two to five hours after the initial
irradiation, followed by the second irradiation. The results of these experiments
are depicted in figure 5.11 and table 5.6. In the second irradiation step, there
was observed variation in the oxygen removal per dose, with some values
higher, some equal, and some lower than the oxygen removal per dose in the
first step. However, when considering the values presented in table 5.6, the
average oxygen removal in the second step was found to be similar to that of
the first step, with a value of 0.27 µM/Gy.
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Figure 5.10 The graph compares cumulative doses with the average oxygen
removal across all sample types. Each line in the graph represents two to three
points. The first point indicates the average oxygen removal in the samples
after a radiation exposure of 50 Gy. The second and third points correspond
to the average oxygen removal during the second and third irradiation steps,
respectively.

Table 5.1 The average oxygen removal per dose of full oxygenated water that
received doses of 50 Gy per step. These average values were obtained from a
total of 43 single data values (steps).

Step

Cumulative Average oxygen Standard
doses removal deviation
[Gy] [µM/Gy]

Full oxygenated water
1 50 0.28 0.039
2 100 0.25 0.023
3 150 0.23 0.024
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Table 5.2 The average oxygen removal per dose of Deoxygenated water that
received doses of 50 Gy per step. These average values were obtained from a
total of 17 single data values (steps).

Step

Cumulative Average oxygen Standard
doses removal deviation
[Gy] [µM/Gy]

Deoxygenated water
1 50 0.26 0.048
2 100 0.22 0.033
3 150 0.18 0.019

Table 5.3 The average oxygen removal per dose of irradiated PBS samples in
large container that received doses of 50 Gy per step. These average values
were obtained from a total of 20 single data values (steps).

Step

Cumulative Average oxygen Standard
doses removal deviation
[Gy] [µM/Gy]

PBS
1 50 0.26 0.064
2 100 0.26 0.054
3 150 0.23 0.050

Table 5.4 The average oxygen removal per dose of irradiated culture medium
samples that received doses of 50 Gy per step. These average values were
obtained from a total of 9 single data values (steps).

Step

Cumulative Average oxygen Standard
doses removal deviation
[Gy] [µM/Gy]

Culture medium
1 50 0.42 0.019
2 100 0.38 0.016
3 150 0.37 0.019
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Table 5.5 The average oxygen removal per dose of irradiated lysed cells samples
that received doses of 50 Gy per step. These average values were obtained
from a total of 6 single data values (steps).

Step

Cumulative Average oxygen Standard
doses removal deviation
[Gy] [µM/Gy]

Lysed cells
1 50 0.27 0.024
2 100 0.27 0.028

Table 5.6 The average oxygen removal per dose of irradiated full oxygenated
water samples that received doses of 50 Gy per step. After the irradiation
in the first step, the experiment is in the rest periods (∼1-5 hr) before the
irradiation in second step. These average values were obtained from a total of
16 single data values (steps).

Step

Cumulative Average oxygen Standard
doses removal deviation
[Gy] [µM/Gy]

Full oxygenated water
1 50 0.27 0.061
2 100 0.27 0.033
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Figure 5.11 The oxygen removal per dose in irradiated water samples compared
to irradiated time. The first point on each line reflects the oxygen removal in
the first step, which is always in time = 0 s. The second time point is when
the irradiation in the second step begins after the beam has been turned off
for an extended period of time (∼ 1–5 hours). (a) The results are based on
the amount of oxygen removed per dose. (b) The oxygen removal in the first
step results in normalization.
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5.2 The irradiated samples from the PHELIX laser-accelerated
electrons

Experiments at higher dose rates employing accelerated electrons from
the PHELIX laser have been performed. Samples were irradiated for approximately
20 ps per shot. The overall number of experiments for irradiation was 32 shots,
including 5 beam references, 5 dosimetry experiments, 4 coumarin experiments
and 18 sample irradiations. This study was focused on the results of irradiated
samples. Among those 18 irradiations, there are 4 shots for water, 4 shots for
PBS, 5 shots for cell culture medium and 5 shots for lysed cells. The curves of
all samples show the constant value of the oxygen level before the irradiation,
then instantaneously drop in a short frame time during the irradiation and finally
return to another constant level that is lower than the beginning (see figures
5.12-5.13).

Due to the complicated process of calculating the given doses for
each shot, the average oxygen removal in each sample group was analyzed
and summarized in figures 5.14 - 5.15 and table 5.7. The cell culture medium
sample showed the minimum oxygen removal with a value of 2.74 µM while
the PBS sample showed the maximum oxygen removal with a value of 23.07
µM. Moreover, the average oxygen removal in all shots is 14.10 µM.

The film results allowed for the estimation of radiation doses at
positions behind the sample, revealing a range of dose values for each shot,
spanning from 13.63 Gy to 115.91 Gy. Comparing these dose values to the
average oxygen removal in the irradiated samples yielded values ranging from
0.30 µM/Gy to 0.42 µM/Gy, as presented in figure 5.16 and table 5.8. Among
the samples, the PBS sample exhibited the highest average oxygen removal, with
a value of 0.42 µM/Gy. Both fully oxygenated water and lysed cell samples
displayed the same level of average oxygen removal, with a value of 0.31 µM/
Gy. The culture medium sample showed the lowest average oxygen removal,
with a value of 0.30 µM/Gy.
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Figure 5.12 The graph examples of the oxygen removal in irradiated (a) water
and (b) PBS from the irradiation by PHELIX laser-accelerated electrons. Graphs
showed oxygen levels drop rapidly during the irradiation.
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Figure 5.13 The graph examples of the oxygen removal in irradiated (a) cell
culture medium and (b) lysed cells from the irradiation by PHELIX laser-
accelerated electrons. Graphs showed oxygen levels drop rapidly during the
irradiation.
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Table 5.7 The average oxygen removal of irradiated samples in four different
types of samples from PHELIX laser-accelerated electron experiments.

Samples
Number of shots Average

oxygen removal
[µM ]

Water 4 12.15
PBS 4 15.10

Culture medium 5 13.66
Lysed cells 5 15.30
Total shots 18 14.10

Figure 5.14 The oxygen removal in irradiated samples after irradiation with
laser-accelerated electrons in each shot divided by four different sample groups
consisting of (a) water, (b) PBS, (c) cell culture medium and (d) lysed cells.
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Figure 5.15 The average oxygen removal in irradiated samples after irradiation
with laser-accelerated electrons divided by four different sample groups consisting
of water, PBS, cell culture medium and lysed cells.

Figure 5.16 The average oxygen removal of irradiated samples from PHELIX
laser-accelerated electron after estimating the radiation dose divided by four
different sample groups consisting of water, PBS, cell culture medium and lysed
cells.
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Table 5.8 The average oxygen removal of irradiated samples in four different types
of samples from PHELIX laser-accelerated electron experiments after estimating
the radiation dose.

Samples
Average Standard

oxygen removal deviation
[µM/Gy ]

Water 0.31 0.089
PBS 0.42 0.214

Culture medium 0.30 0.077
Lysed cells 0.31 0.059

 



CHAPTER VI
CONCLUSION AND DISCUSSION

This study aims to verify oxygen removal during irradiation in different
samples using two distinct dose rate ranges: X-ray beams for irradiation with a low
dose rate range (CONV) and electron beams for irradiation with an ultrahigh dose
rate (FLASH). The samples were divided into two main categories: water (including
full oxygenated water and deoxygenated water) and biochemical samples (PBS,
culture medium, and lysed cells). Preliminary experiments were conducted to
ensure the suitability of the experimental setup. In the experimental study of
irradiation with low dose rate ranges and short intervals of irradiation time (5
minutes). The oxygen removal during the irradiation had the highest value in
the first irradiation step, which was consistent across all irradiated samples. The
maximum value of the average oxygen removal is in the irradiated cell culture
medium with a value of 0.42 µM/Gy and has slightly different quantities in
full oxygenated water, deoxygenated water, PBS and lysed cell samples with
values of 0.28, 0.26, 0.26 and 0.27 µM/Gy, respectively. From these experimental
results, we confirmed that the oxygen concentration in all samples decreased
during the X-ray irradiation. It is in agreement with the previous research,
in which the cell culture medium had greater oxygen removal than buffered
water (Evans, 1969; Whillans and Rauth, 1980). In addition, our data show
that the oxygen removal in the cell culture medium was significantly noticed
when compared with full oxygenated water (P<0.05) in the third irradiation step.
Calculating the significance between five sample groups was performed using
the One-Way ANOVA test in GraphPad Prism Software (version 8.02; GraphPad
Software, Inc.). We considered that the highest oxygen depletion in the culture
medium was caused by the presence of a wide variety of organic molecules
such as fatty acids and amino acids. They have reactions with other radicals
during the irradiation such as the reaction with hydroxy radicals (OH·). From this
reaction, the organic molecule is changed to organic radical R·+ H2O and then
reacts with the oxygen molecule (Boscolo et al., 2021). Moreover, in general,
solvated electrons (e−aq) and hydrogen radicals (H·) are produced throughout
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each step of irradiation. These are two primary species that can interact with
oxygen molecules and transform into superoxide (O·

−

2 ) and perhydroxyl radicals
(HO·

−

2 ). These radicals which still remain can react with the new radicals in
the next irradiation step competing with the oxygen, resulting in oxygen removal
decreasing (Boscolo et al., 2020). Subsequently, the experiment conducted with a
longer interval time (1–5 hr) demonstrated that the average oxygen removal was
consistent between the first and second irradiation steps. This observation can
be attributed to the fact that the radicals generated during the first irradiation
step had already formed stable molecules prior to the commencement of the
second step. Consequently, there were no radicals to compete with the oxygen
molecules to react and create the new radiolytic radical in the second irradiation
step.

For the irradiation with laser-accelerated electron or FLASH irradiation,
due to the limitations of the irradiation shots, deoxygenated water samples were
not used in this experiment in order to increase the experimental repetition and
obtain more reliable results. Full oxygenated water, PBS, cell culture medium
and lysed cell samples were exposed to the accelerated electron and found
to instantly drop their oxygen levels during the irradiation. The dose analysis
is still in progress using Monte Carlo simulation. The estimated delivered dose
ranged between 30-35 Gy, with an irradiation duration of 20 ps per shot. Based
on the available data, the average oxygenation reduction per irradiation step
was estimated to be 12.15, 15.10, 13.66 and 15.30 µM in the full oxygenated
water, PBS, cell culture medium and lysed cell samples, respectively. Although
radiation doses were estimated, the data are not fully conclusive because the
uncertainty for the PHELIX experiment is very high. Therefore, it is currently not
possible to determine the final trend of oxygen removal with the FLASH dose
rate.
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APPENDIX A
CALIBRATION FOR EXPERIMENT

A.1 Calibration for X-ray irradiation experiment

These calibrations were used in the X-ray irradiation experiments. Cables
with lengths of 1.5 and 2.5 m were connected together with a screw to measure
the oxygen level. Calibrations of large (P1 and P5) and small containers were
showed in tables A.1 and A.2.

Table A.1 Cal 0 and Cal 100 calibration of P1 and P5 containers.

Calibration for large container Container
P1 P5

Cal 0
Phase [◦] 57.06 58.75
Temperature [◦C] 21.10 21.40
Pressure [hPa] 1011.12 1011.69

Cal 100
Phase [◦] 25.57 26.28
Temperature [◦C] 23.40 21.70
Pressure [hPa] 986.0 1011.92

Table A.2 Cal 0 and Cal 100 calibration for a small container.

Calibration for small container container

Cal 0
Phase [◦] 54.93
Temperature [◦C] 21.0
Pressure [hPa] 1011.53

Cal 100
Phase [◦] 22.27
Temperature [◦C] 23.20
Pressure [hPa] 986.0
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A.2 Calibration for laser-accelerated electrons irradiation experi-
ment

These calibrations were operated under the vacuum system in order
to adapt the system in the actual experiment. Cables were connected together
with a feedthrough which connects the vacuum chamber system to the oxygen
level measurement installed outside the chamber.

Table A.3 Cal 0 and Cal 100 calibration of a small container in the vacuum
condition.

Calibration for laser-accelerated electrons experiment

Cal 0
Phase [◦] 54.40
Temperature [◦C] 22.44
Pressure [hPa] 1016

Cal 100
Phase [◦] 23.45
Temperature [◦C] 22.25
Pressure [hPa] 1016
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Pharewa Karoon, Chinorat Kobdaj, Chutima Talabnin, and Martina Christina
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Fuss. (April 2023). Experimental Study of Radiolytic Oxygen Depletion from X-Ray
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Conference on Sciences and Technology 2023, Pathum Thani, Thailand.
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Figure B.2 The certificate of participation in the 8th RSU International Research
Conference on Sciences and Technology 2023
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