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Dear Scientists,

Turkish Journal of Nuclear Sciences, published by TENMAK, publishes scientific studies on
nuclear and radiation Technologies

Our journal started to be published in printed form in 1974 under the name of "Technical Journal",
then it was named "Turkish Journal of Nuclear Sciences" and continued its publication until 2003.
Interrupted its publication for a while, our journal has been published twice a year, in June and
December, only electronically since 2018.

Our journal is national and international refereed and aims to include original articles in scientific
indexes.

We would like to thank the authors who enrich our journal with their publications and the valuable
scientists in the editorial and referee boards who contribute to the journal with their evaluations. Best

regards.

Prof. Dr. Abdulkadir BALIKCI

Aims Scope

Turkish Journal of Nuclear Sciences is published to meet the needs of the public and researchers in this
field by publishing scientific studies conducted in Tiirkiye to ensure the use of atomic energy for the
benefit of the country.

The Turkish Journal of Nuclear Sciences includes scientific articles on nuclear and radiation

technologies.
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DUSUK ENERJILERDE ''B(p, a)2a. REAKSIYONU ICIN S-FAKTORUNUN OLCUMU: KARBON BUILD-UP ETKISI
Abstract:
The astrophysical S-factor for the ''B(p, a))2a reaction has been evaluated at effective center of mass (CM) energies of 110, 113, 115, 117,
119, 121, 124, 126, 128, 131, and 133 keV. It was observed that there was a significant difference between the calculated values and the literature
values. Another difference with literature is the increased yield ratio No/N; of the reaction channels ''B(p,a0)*Be and "'B(p,u1)*Be with increasing
energy. The reason for the discrepancy was attributed to being carbon build-up on the target surface during irradiation. Due to the Carbon build-up
effect in the energy range studied, effective energy (Ecrr) values for the ''B(p, o)2a reaction decreased by about 30 keV.

Ozet:

"B(p, )20 reaksiyonu igin astrofiziksel S faktori, 110, 113, 115, 117, 119, 121, 124, 126, 128, 131 ve 133 keV etkin kiitle merkezi (CM)
enerjilerinde degerlendirilmistir. Hesaplanan degerler ile literatiir degerleri arasinda anlamli bir farklilik oldugu goriilmiistiir. Literatiirle olan diger bir
fark, artan enerji ile !'B(p,00)*Be ve 'B(p,01)®Be reaksiyon kanallarinin No/Ni verim oraninin artmasidir. Elde edilen degerlerin literatiir degerleri ile
farklilagmasimin nedeni, 1stnlama sirasinda hedef yiizeyde ulusan karbon birikmesine atfedildi. Incelenen enerji araligmdaki karbon birikimi etkisi
nedeniyle, ''B(p, )20 reaksiyonu igin etkin enerji (Ecr) degerleri yaklagik olarak 30 keV azaldig1 goriildii.

Keywords: S-factor, carbon build-up, ''B(p, a))*Be, ''B(p, a)2a reaction,

Anahtar Kelimeler: S-faktorii, Karbon build-up, ''B(p, a)*Be, 'B(p, a)2a reaksiyonu,

1. Introduction

The '"B(p,0)*Be reaction has been the focus of researchers since
the 1930s and was first studied by Oliphant and Rutherford (Oliphant &
Rutherford, 1933). Interest in the reaction tends to increase in recent
years, with the increasing number of studies on aneutronic fusion
(Belyaev et al., 2015, Wessel et al., 2000). Contrary to conventional
fusion reactors where D-T reaction is used, 'B(p,a)*Be appears to be
more advantageous in terms of radioactive contamination since there are
no neutrons generated in the reactors utilizing this reaction. Another
reason for the interest in the reaction is the need to know the reaction
rates of this reaction in order to understand the relative abundances of B,
Li, and Be in astrophysical studies (Boesgaard et al., 2005, Lamia et al.,
2011).

Techniques such as nuclear reaction analysis (NRA), Rutherford
backscattering spectrometry (RBS), heavy ion recoil detection analysis
(HERDA) are used to determine the distribution of elements on various
material surfaces. NRA is used in conjunction with the RBS as a
complementary method. Its sensitivity in light elements is the advantage
of NRA over RBS. Depth analysis of light elements can be performed at
the nanometer (nm) level thanks to NRA. NRA using the ''B(p,a0)*Be
reaction has two important advantages; having a high cross-section and
an alpha peak that is completely isolated from the energy of protons
impinged on the surface, thus minimizing the margin of error arising
from data analysis (Kokkoris et al., 2010), (Mayer et al., 1998).
Furthermore, the experimental method used in NRA and RBS is almost
the same with the method used in the present study. This increases the
importance of the present study to gain infrastructure for some ion beam
applications (IBA) like NRA and RBS.

The '"B(p,3a) reaction basically has the possibility to occur through
three different channels;

Channel.1p+'"B—"2C*— 3Be+ao— ao1+aor+oo
Channel.2p+'"B—'2C*— 3Be*+ai—an+onto
Channel.3p+!"B—"2C*— oai+02+o3

Channels 1 and 2 are called sequential reactions, while channel 3 is
called direct reactions. No evidence was found in the analyses that the
reaction took place through the 3rd channel. All findings point to
sequential decay. While the decays occur in the 1st channel to the ground
state energy level of the ®Be nucleus, the reactions from the 2nd channel
take place to the 1st excited level of the ®Be nucleus (Becker et al., 1987).

In this study, S-Factor of the 'B(p,a0)*Be and ''B(p,01)*Be*
reaction channels at effective energy range 110-133 keV (CM) and at
135° detector angle was measured. The energies are effective CM
energies calculated by considering the stopping power of the thick target
(56pg/cm?) used in the experiment. Yield ratios of the first and second
reaction channels are calculated for the energies studied. When the S-
factor values, obtained in this study, were compared with the literature
values, there is a significant difference. It was considered that the carbon
build-up effect was the reason for the difference and according to the
results, this effect causes approximately 30 keV to decrease Eefr values
at the energy range studied.

Carbon build-up is the accumulation of some organic compounds on
surfaces irradiated with ions in ion beam applications. This effect mainly
occurs because of some hydrocarbons and other gases like CO, CO2, H2O
etc. remained in the vacuum chamber. These gases are usually vapors of
vacuum pump oils or vacuum greases and gases released from o-rings,
the walls of the vacuum chamber etc.. The other most important reason
for carbon build-up is the various organic residues accumulated on the

target material that is not cleaned sufficienly before irradiation.
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2. Experimental

Irradiations were carried out in the SAMES J-15 ion
accelerator installed in Nuclear Energy Research Institute
(NUKEN), Istanbul. SAMES J-15 accelerator is a Van de Graff type
accelerator with a maximum voltage of 150 kV (Fig. 1). The ion
source is an RF type with an extraction voltage of 5kV. A detailed
explanation about J-15 Accelerator can be found at the (Alagayur,
2015, Baykal, 1997, Tarcan et al., 1998).

The scattering chamber (Alagaywr, 2015, Baykal, 1997)
experimental set-up, and counting system are shown in Figure 2. The
scattering chamber is a cylindrical vacuum chamber made of
stainless steel with a diameter of approximately 250 mm and a depth
of 85 mm. The target holder placed in the centre can be moved
vertically thanks to a rotary-linear feedthrough without disturbing
the vacuum, so that different points of the target can be irradiated.
The target holder can be rotated around its own axis so that the beam
angle can be adjusted. Two surface-barrier detectors can be placed
inside the vacuum chamber, one of which is fixed and the other can
be rotated 360° around the target with the help of a rotary
feedthrough.

Figure 1. Low Energy lon Accelerator- Sames J-15 and Van-de
Graaff Generator

The collimators consist of three consecutive metal bracelets
with an inner diameter of 3 mm. The current read in the micrometer,
which gives the collimator current since they are in contact with each
other, is the total current value of the three collimators. There is an
electron suppresser ring in front of the target with an inner diameter
of 10 mm (Fig. 2, a). The suppresser ring has a voltage of -180V
while irradiations. A Beaudouin oil backing pump and an Edwards
B04 model oil diffusion pump were used to maintain the vacuum in
the beamline and scattering chamber at 5.0x 10 Torr during
irradiation. Detection of alpha particles formed in the reaction was
carried out with a 300 mm? surface barrier detector (Ametec-Ortec
U-016-300-100, Ultra Ion-Implanted Detector) (Fig. 2, b). In the
counting system, an Ortec 401B Bin, an Ortec 428 detector bias
supply, a Canberra 2003B model preamplifier, a Canberra 2020
model amplifier, and a Canberra Multiport-1I multichannel analyzer
(MCA) were used (Fig. 2, b).

Irradiations were carried out at SuA beam current for 4250 s. Beam
current is measured during the irradiation with an Ortec 439 digital
current integrator and an Ortec 875 Counter. On the other hand,
because the beam energy was not sufficient, energy calibration could
not be done for the accelerator. Hence the projectile/proton energy is
taken directly as the high voltage value plus extraction voltage. The

high voltage was measured with an error less than 1.0 keV.

After each irradiation, the target was shifted, and it has been ensured
that all irradiations are carried out with a fresh target. The targets to
be irradiated were prepared by thermal evaporation of natural B2O3
on thin aluminium foil at a pressure environment of 10 Torr. The
target thickness was calculated as 56 pg/cm? as a result of the
measurements made before and after coating.

Irradiations were carried out at S5uA beam current for 4250
s. Beam current is measured during the irradiation with an Ortec 439
digital current integrator and an Ortec 875 Counter. On the other
hand, because the beam energy was not sufficient, energy calibration
could not be done for the accelerator. Hence the projectile/proton
energy is taken directly as the high voltage value plus extraction
voltage. The high voltage was measured with an error less than 1.0
keV.

After each irradiation, the target was shifted, and it has been
ensured that all irradiations are carried out with a fresh target. The
targets to be irradiated were prepared by thermal evaporation of
natural B2O3 on thin aluminium foil at a pressure environment of 10"
4 Torr. The target thickness was calculated as 56 pg/cm? as a result
of the measurements made before and after coating.

Surface barrier

barrier detector
Detector Blas Computer
Supply [Genie 2000)
Preamplifier . AMplifier Lol MiitpOR

(MCA)

b}
(a)

Figure 2. a) Experimental set up, scattered chamber (collimators,
electron suppresser, target, and surface barrier detector) b) and
counting system

Calibration of the surface-barrier detector was performed
with an Amersham calibration source, consisting of Americium-241,
Curium-244, Plutonium-239 isotopes (Amersham, 1992). Since the
alpha counts caused by the vacuum environment are close to zero
and the alpha counts caused by the reaction are only a few per
second, the detector efficiency is accepted as 100%. The detector is
placed at an angle of 135° with the direction of the beam. In order to
prevent the photons scattered from the target from reaching the
detector, a thin 250 pg/cm? aluminized mylar foil was used.

The solid angle is calculated assuming the target is closer to
the elliptic geometry. Sacalc-Ellipsoid computer software (Whitcher,
2014) using the Monte Carlo method was used. Cross-section data
calculated using the solid angle value resulting from the elliptic
target approach were compared with the values in the literature.

3. Results and discussion

The alpha () particles emitted from the ''B(p,o)20. reaction
as a result of irradiation of the B2O; target with protons at energies
of 110-133 keV were counted with a surface-barrier detector. The
alpha spectrum with different energies has been visualized with the
Genie 2000 program. Alpha particle spectra have been obtained at
effective CM energies 110, 113, 115, 117, 119, 121, 124, 126, 128,
131, 133 keV. As an example, the alpha spectrum for proton beam
energy at 115 keV was given in Fig. 3. Although the counts at 115
keV proton energies is greater than the counts at the other energies it
doesn't mean anything if the size of the error bars are considered
(Fig.5). In the literature, although the cross section values are
increased regularly in direct proportion to projectile/proton energy,



it seems our values are irregular.

The reason for this situation can be shown as the low
homogeneity of the target thickness and the different Carbon build-
up thickness for each irradiation. Since the ag peak is completely
separate from the spectrum, the number of oo particles (No) was
calculated directly using this peak. On the other hand, the a1 peak is
unfortunately intertwined with the secondary alpha counts. Since
three particles are created after the reaction, one of which is the
primary alpha particle (o) and the other two is secondary alpha
particles (ou1 and ai2), the total number of oy particles (N1) was
calculated by taking 1/3 of the total count in the spectrum (Stave et
al., 2011, Davidson et al., 1979). As seen in the spectra, the low-
energy region of the spectrum was cut to avoid electronic noise. The

counts in this region were calculated by the extrapolation method
(Fig. 4).

ml_

Ea=115 keV

o IL‘;

ofd S .\.‘wl\.f“\: T Fh g
1000 oo 000 4000 mm&] B0 00 B0 000

Figure 3. The alpha spectrum at ECM 115 keV of 'B(p,a)2a

reaction, the low energy region of the spectrum was cut to avoid
the electronic noise.
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Figure 4. Alpha energy spectrum and extrapolation region

To determine the uncertainty in target thickness, different
points of the target were bombarded with 117 keV (CM) energy
protons. The oo yield was determined directly by taking the total
counts under the ao peak in the obtained alpha spectra. The total
uncertainty was calculated by taking the square root of the sum of
the squares of the uncertainty that comes from the direct measuring

of the target thickness and the uncertainty obtained from these
counts.

The Stopping Range of Ions in Matter (SRIM)
tables (Ziegler et al., 2010) were used to calculate the energy loss
of protons in the target. Then the effective energy of the protons in

the target was found by iterative calculations using the expression
(Angulo et

S Factor(MeV.Barn)

al., 1993)
;"_A o(E)e(E)~*dE = 2 fEE"f Lo(B)e(BYE (1)

where o(E) is the cross-section of the reaction at the CM Energy E.
Here a function o(E) has been formed at these energies by fitting the
data of Ref. (Becker et al., 1987). g(E) is the stopping power of
protons in the target at the CM Energy E. A function has been fitted
here too, using the SRIM data. Eo is the initial CM energy before
entering the target. A is the energy loss of the beam, Eer is the
effective beam energy at the target.

Uncertainty in the effective energy A(Eer) is found as 9 keV which
is calculated by the expression

1 (E 2
A(Eeps) = \[; fE:_A(E — Er) o(E)E )
where N is normalization constant which can be shown as;
N = fE?-A o(E)dE 3)

Here again, the function used at Eq. (1) has been used as o(E).

The partial cross-sections at these energies have been calculated
using the expression;

a(Eeff) = 4m (n, cosO) / (I ny Q) “4)

where

o(Eerr): Partial cross-section at effective CM energy Eesr

Eerr : Effective CM energy

nq : Number of alpha particles counted

I : Number of protons arrived at the target

no : Number of ''B nucleus per unit surface (cm?)

Q : Solid angle (steradians)

90 : The angle between the target normal and the beam direction (6 =
0%

Two different S-Factor sets have been calculated. The first one is for
B(p,00)*Be channel (Fig.5) which was compared with (Becker et
al., 1987), (Spitaleri et al., 2004) and the second one is for

1B (p,a1)**Be channel (Fig. 6) which was compared with (Becker et
al., 1987), (Angulo et al., 1993).
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Figure 5. Calculated S-factor of the 11B(p,a0)8Be channel and
compared with (Becker et al., 1987), (Spitaleri et al., 2004)
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Figure 6. Calculated S-factor of the '"B(p,a1)**Be channel and
compared with (Becker et al., 1987), (Angulo et al., 1993)
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Figure 7. Yield ratio No/N; of the reaction channels ''B(p,0)*Be
and ""B(p,01)*Be.

The S-Factor has been calculated by the expression
S(Eers) = 0(Eers) Eers exp @mn)  (5)
where

S(Eefr) :S-factor at effective CM energy Eff

1 :Sommerfeld parameter

When the S-factor values obtained in this study are
compared with the literature values, it is observed that there is a
significant difference. It has been evaluated that this may be due to
Carbon build-up on the target surface during irradiation. Two factors
were effective in reaching this conclusion. First; When the irradiated
targets are examined, a brown-black darkening is observed in the
irradiated region (Fig.8). Latter; Although the reason could not be
understood during the irradiation, it was observed that the number of
alpha particles reaching the detector decreased over time and almost
no particles came towards the end of the irradiation.

Figure 8. Brown-black darkening in the irradiated region

The particles in the beam lost their energy by passing
through this Carbon layer before reaching the ''B nuclei. The
calculated effective CM energy may be much less than the actual
generated effective CM energy. This may have caused the calculated
S-factor values to be less than expected.

When the Ecf(CM) values in this study are decreased by
about 30 keV (Fig. 9), it is seen that the S-factor values
corresponding to these energies are compatible with the values in
(Becker et al., 1987). Based on this, it can be said that the proton
beam lost about 30 keV of energy before reaching the !'B target. By
assuming a Carbon, Hydrogen and Oxygen accumulation on the
target with a stoichimetric ratio 3:2:1 respecticely (Healy, 1997) with
a stopping power of 0.59 keV/pg/cm? this means an average
accumulation of 51.28 pg/cm? It must be noted that while
calculating the 51.28 pg/cm? value obtained here, the gradual
accumulation of Carbon was neglected, and it was assumed that the
proton beam encountered the same Carbon layer thickness
throughout the entire irradiation. Therefore, the amount of Carbon
deposited at the end of the irradiation is actually more than the
average value of 51.28 pg/cm?.
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Figure 9. The cross-section data of ''B(p,a0)*Be reaction. Energy

reduced values were compatible with (Becker et al., 1987)



Some calculations were evaluated to see if a Carbon build-up of
51.28 pg/cm? was possible. Moller et al., was investigated Carbon
deposition on Ni surfaces bombarded with H*, He* and Li" ions
(Moller et al., 1981). In this study, the authors carried out their
experiments at a pressure of 10°® mbar and measured the amount of
Carbon deposited on the surfaces using the '2C(d,p)'*C reaction. In
Fig.4 of (Moller et al., 1981), the amount of Carbon accumulation
obtained depending on the irradiation dose is given according to
different ion types. In the figure:

j :ion current and j/W : the number of ions arrived to the surface
per carbon atoms formed.

When the (c) part of the figure is examined, it can be said that
roughly one Carbon atom is accumulated for each ion on the surfaces
bombarded with H+ ions with 100 keV energy, at irradiation doses
up to 0.5x1014 ions/s corresponding to 8 pA. For recent study by
using the formulas:

1
voNy oty (et
N' =fg=MN'/g= (ab) (6)
and,
1(N’
d=1 (N—A) M )
Where;
N: the total number of ions hitting the target during the
irradiation

S: the irradiated surface area which is an ellips with
dimentions a =0.25 cm, b =0.07cm

Ni: The ions arrived the target per unit time

t: the irradiation time (4250 s.)

I: the ion current (5 pA)

e: elementary charge (1.6*10°'%)

d: thickness of the Carbon accumulation (pg/cm?)
Na: Avogadro's number

M: Molar mass of the C3H20 (54 g/mole)

It can be found that the number of ions per unit surface and
consequently the number of Carbon atoms accumulated on the target
is N'=2.42*10"® atoms/cm? which corresponds to a thikness of
d=72.36 pg/cm?. This value is greater than 51.28 pg/cm? value. But
as it be noted before, 51.28 pg/cm? is not the final thickness but the
average thickness, the protons encountered. Of course the final
thickness is actually greater than the average one.

Yield ratio No/N; of the reaction channels "B(p,a0)*Be and
"B(p,01)*Be is given in (Fig. 7). It seems No/N; values obtained in
present work are greater tf%an those of (Becker et al., 1987). To
calculate N; we have taken one third of total number of a1, a1 and
an2. But a1 and ai2 particles have less energy compared to oo
particles. Hence these particles can easily be absorbed by the Carbon
layer and the number of a1 and a2 particles arrived to the detector
be decreased, which can effect N| negatively, while the number of oo
particles (No) have been unaffected. That is why No/N; obtained in
this study is greater than that of (Becker et al., 1987).

4, Conclusions

It was observed that there was a significant difference
between the S-factor values measured in this work and the literature
values. The reason for these differences was considered to be Carbon
build-up on the target surface during irradiation. On average, it has
been calculated that the proton beam encounters a Carbon build-up
of 51.28 pg/cm2 before reaching the target.

When the alpha spectra are examined, it can be said that the
cross-section of the !'"B(p,a0)*Be reaction channel increases with
beam energy faster than that of ''B(p,o.1)®Be. In this study, it has been
found that the yield ratio No/N of the reaction channels 'B(p,00)*Be
and ""B(p,01)®Be is greater than that of literature. This result is
attributed to that the alpha particle (011, ai2) energies of the
"B(p,01)®Be reaction channel is small, so that some of them can't
penetrate out of the Carbon layer and can't arrive the detector which
decreases N1 and consequently increases No/Ni.
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Abstract:
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The effect of preliminary radiation-oxidative treatment on the relative change in the resistance (Ap / Ap0) of metallic zirconium has been
studied. The contribution of preliminary radiation-oxidative treatment to the change in the electro physical characteristics during thermal and radiation-
thermal tests in the contact of zirconium with water is revealed. The effect of preliminary radiation-oxidative treatment on the current density and
current-voltage characteristic of metallic zirconium has been studied. The completion of the protective oxide film during the radiation-oxidative
treatment of zirconium (D>80 kGy) is accompanied by a decrease in electrical conductivity and current values in the study of their current-voltage
characteristics. When these samples are tested in the processes of radiation-thermal and thermal decomposition of water, a partial destruction of the
protective oxide film occurs as a result of which additional charge carriers accumulate on the surface. The rate of destruction of the surface oxide film
and the accumulation of charge carriers during radiation-thermal processes are higher than during thermal processes.

Keywords: Metallic zirconium; y-radiation; current-voltage characteristics; electro-physical; radiation-oxidatively.

1.Introduction

Radiation-heterogeneous processes in contact of preliminarily
radiation-oxidative treated zirconium with water causes a change in the
amount of surface oxide film. The formation of an oxide film, in turn,
changes the radiation-catalytic activity and physicochemical properties,
which affect the kinetic parameters. One of them, the most sensitive is
the electro physical and optical properties of metal surfaces. Therefore,
after testing zirconium samples in the process of water decomposition,
the study of the electro physical and optical properties is of great interest
(Liu and Han, 2022; Zhu et al., 2016; Ma, Yuan & Sehgal, 2016; Wang
et al., 2021; Frano, Ciolini & Pesetti, 2020; Du, Bernat & Jay Gerin,
2000; Kang et al., 2009; Guello et al., 2000; Amblard et al., 2006).

The study of the kinetics of radiation, radiation-thermal and
thermal processes shows that in metals used directly in a nuclear reactor,
there is not only a change in natural defect states, but also the appearance
of new defects - displaced interstitial atoms, as well as a change in
surface properties due to adsorption, insertion other substances (for
example O2, Hz), corrosion, etc.

As is known, the accumulation of point defects and impurities
introduced during irradiation (for example, O2, H2) strongly affect the
physical properties of the metal (Zongyang et al., 2021). Thus, a
consistent study of the physical properties before and after thermal and
radiation-thermal treatment makes it possible to judge changes in
electronic and structural defects and draw certain conclusions about the
processes taking place (Garibov et al., 1992; Garibov, 2004; Garibov,
2005; Imanova, Agayev & Jabarov, 2021; Ali et al., 2021; Imanova &
Hasanov, 2020; Imanova, 2021; Agayev, Musayeva & Imanova, 2021;
Imanova, 2020; Imanova et al., 2021).

The purpose of this work is to change the resistance and thermo
EMEF. metallic zirconium, occurring in samples pretreated and tested
under conditions of radiation-thermal and thermal effects. The purpose
of this work is to change the current density and current-voltage
characteristic of metallic zirconium, which occur in samples pretreated
and tested under conditions of radiation-thermal and thermal effects.

2. Experimental

Investigated plates of reactor zirconium (purity 99.99%) with a
thickness of d = 0.012 - 0.20 mm; width b =2.0 - 4.0 mm and length | =
20 - 25 mm. The samples were preliminarily cleaned with ethyl alcohol,
acetone and distilled water, dried first in air, then in vacuum (1 - 10~ Pa)
at T =300 K, and then at T = 473 K. Then the samples were placed in

ampoules with 30% - solution of hydrogen peroxide (CH202 =9 mol/L)
and subjected to preliminary exposure to gamma rays (absorbed dose rate
D =1.14 Gy / s) at different exposure times. Then the samples were dried

and their electro physical parameters were measured. Then the samples
were placed in special ampoules to test their radiation-catalytic activity in
the processes of radiolysis decomposition of water. The required amount
of water was introduced into ampoules with samples by condensation of
water vapor from a graduated volume of a vacuum adsorption unit. The
accuracy of introducing water into ampoules with samples from a vacuum
adsorption installation in the investigated range of water vapor density
values was £ 5%. During the experiments, the temperature was
maintained with an accuracy of + 1°C. Radiation-oxidative treatment and
radiation-thermal tests were carried out on an isotope source of y-radiation
%Co. Dosimetry of the source was carried out with chemical dosimeters -
ferrosulfate, cyclohexane and methane. Measurements of electrical
resistivity and measurement of current-voltage characteristics were
carried out using four probe point contacts by the method of compensation
at constant voltage (Gunel & Kaya, 2021). We used power supplies of the
TES-41 brand, a universal voltmeter of the V7-21 and V7-21A brands (for
measuring the voltage drop), and a combined digital device Sh4313 (for
measuring current).

The electro-physical properties of samples subjected to
preliminary radiation-oxidative treatment were also determined under
conditions of radiation-thermal and thermal tests in contact with a heat
transfer water (density p=5 mg/cm?) at T=673K, D=1.14 Gy/s.

The kinetics of radiation decomposition of hydrogen peroxide in
aqueous solutions has been studied in many works. Some of the
dependencies established in them are consistent with each other. At the
same time, there are some discrepancies. In (Imran et al., 2022; Gunel,
2022; Imran et al., 2020; Murat et al., 2021; Hokman et al., 2021), the
kinetics of the reaction of radiation decomposition of hydrogen peroxide
under the action of radiation in the concentration range 0.5-18 mol -L™!
was investigated. At concentrations up to 4 mol -L™!, the reaction was first
order with respect to hydrogen peroxide; at concentrations above 4 mol-
L, the reaction order is higher. The reaction rate is proportional to the
square root of the radiation intensity; the activation energy is 5.1 kcal-mol
1

In the radioactive decomposition of H2O», ions play a certain role.
Based on this, the following process scheme was proposed;
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H,0, - 20H
OH + H,0, - H,0 + HO,
HO, + H,0 » H,0* + 0,
H,0,+ 0; - HO™ + OH + 0,
H,0, + HO, » H,0 + 0, + OH
OH + HO, - H,0 + 0,

Since the radical is inactive, the reaction should proceed
relatively slowly. The reaction processes should proceed quickly, since
the transitions of the proton and the electron proceed without a significant
energy barrier.

3. Results and discussion

The paper presents the results of a study of changes in the
electrophysical properties of preliminarily radiation-oxidatively treated
zirconium samples as a result of their testing during thermo- and
thermoradiolytic processes of water decomposition. At the same time,
special attention is paid to the following aspects;

v During the operation of radiation-oxidatively treated zirconium

samples under real operating conditions of water-cooled nuclear
reactors, all parameters of these samples change, including surface
physicochemical parameters, corrosion resistance, and electrical
properties. A special place in the change of these properties
belongs to the processes of defect formation in the Zr-ZrOx
system.
The study of changes in the electrophysical properties of
pretreated zirconium samples allows us to judge the mechanism of
defect formation and, ultimately, about all radiation-
heterogeneous processes in the Zr-ZrOx-H20 system. Therefore,
we have carried out studies of changes in resistivity-, thermo emf-
of preliminarily radiation-oxidatively treated zirconium samples
after testing them in contact with water at T = 673K, at various
absorbed doses.

v The current-voltage characteristics of these samples were studied
in order to clarify the state and quantitative features of charge
carriers formed in the Zr-ZrO: system under the influence of
radiation-heterogeneous processes in contact with water.

Based on the experimental results, generalizations are made
about the mechanism of defect formation and their effect on the
electrophysical properties of the Zr-ZrO. system.

When irradiated with y-quanta, which create damage in metals
and alloys, complex processes occur that lead to the formation of defect
structures in the form of electronic and lattice defects, pores, precipitates,
etc. This is the reason for the application of the method of resistivity and
thermoelectric power (Agayev, Imanova & Imran, 2021; Gunel &
Bekpulatov, 2021; Sami & Imanova, 2022; Imran & Imanova, 2022).
Publications in recent years indicate an increased attention to this
method, due to its high sensitivity to smaller defect structures and in
solving many problems in damage physics and radiation materials
science.

In the present work, are investigated the possibilities of
methods for studying the resistivity (Ap / Ap0) and thermo-emf (o) in
the study of the processes of radiation oxidation of the surface of
zirconium in contact with H>O>. During the radiation-oxidative
treatment of metals, an oxide phase is formed on the surface, which
affects the resistivity of materials. Therefore, electrophysical methods
began to be widely used as a method for obtaining information on the
state of structural materials in nuclear technologies.

Figure 1 shows the dependences of the resistivity of
preliminarily radiation-oxidatively treated samples on the time of y-
irradiation at. As can be seen from the figure, at low values of the
absorbed dose D<20kGy, the resistivity of the samples decreases in
comparison with the initial state. The observed decrease in the resistivity
in the initial regions of the time of radiation-oxidative treatment of
zirconium is associated with surface radiation-heterogeneous processes.
In the initial doses of radiation-oxidative treatment of zirconium, there
is an accumulation of defect states in the surface oxide phase.

When irradiated with y-quanta, which create damage in metals
and alloys, complex processes occur that lead to the formation of defect
structures in the form of electronic and lattice defects, pores, precipitates,
etc. This is the reason for the application of the method of resistivity and

thermo-emf (Barkaoui et al., 2022). Publications in recent years indicate
an increased attention to this method, due to its high sensitivity to smaller
defect structures and in solving many problems in damage physics and
radiation materials science.

In the present work, the possibilities of methods for studying
the resistivity (Ap / Ap0) and thermo-emf are investigated. In the study
of the processes of radiation oxidation of the surface of zirconium in
contact with H2O,. During the radiation-oxidative treatment of metals,
an oxide phase is formed on the surface, which affects the resistivity of
materials. Therefore, electrophysical methods began to be widely used
as a method of obtaining information on the state of structural materials
of nuclear technologies.

Figure 1 shows the dependences of the resistivity of
preliminarily radiation-oxidatively treated samples on the time of y-
irradiation at. As can be seen from the figure, at small values of the
absorbed dose D<20kGy, the resistivity of the samples decreases
compared to the initial state. The observed decrease in the resistivity in
the initial regions of the time of radiation-oxidative treatment of
zirconium is associated with surface radiation-heterogeneous processes.
In the initial doses of radiation-oxidative treatment of zirconium, there
is an accumulation of defect states in the surface oxide phase:

Zr-ZrOx—Zr ZrO"
where - Zr-ZrOx is the initial state of the surface with a protective oxide
phase, Zr-ZrO" is the defect state formed as a result of the action of y-
quanta (the defect state can be attributed to the localized state of
nonequilibrium charge carriers, vacancies of anions, surface O- holes) .
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Figure 1. Dependence of the resistivity of zirconium samples on the
time of preliminary irradiation at T = 300K, D=1.14 Gy/s in an H,O>
medium.

As a result of the interaction of surface defect states with the
products of H2O: radiolysis, hydroxyl-containing states of zirconium
atoms are formed and dissolved in the contacting medium. Partial
destruction of the biographical oxide film and the formation of charged
states lead to a decrease in the resistivity of the metal. With a further
increase in the time of radiation-oxidative treatment, an oxide film is
formed. As a result of the interaction of charged and coordination-
unsaturated metal atoms by the products of H2O: radiolysis, a new
oxygen-containing state of the zirconium surface is formed.

After D>123 kQGy, the predominance of the formation of the oxide
phase begins during radiation-heterogeneous processes in the Zr-H2O0»
system, therefore, the resistivity of the radiation-oxidatively treated
samples begins to increase.

The obtained results show that a stable protective oxide film can
be formed in a certain amount on the zirconium surface. Its properties
depend on the methods of'its formation. It was revealed that a stable state
of a protective oxide film is formed on the surface of zirconium during
radiation-oxidative treatment. The stability of the surface oxide state
remains in the range of values of the absorbed radiation dose D=123 +
290 kGy. The observed decrease in the resistivity of the samples
preliminarily radiation-oxidatively treated in an H,O» medium in the



region of the absorbed radiation dose D>290 kGy is apparently
associated with the accumulation of stable charged states in the Zr-ZrOx
system.

In order to elucidate the nature of the dependence of the
resistivity p(t) on the preliminary oxidative treatment of the metal
surface, the relative change in the resistance and thermo emf of the
samples preliminarily radiation-oxidatively treated at times
corresponding to a minimum (5 hours) was studied.

Figure. 2. Dependence of Ap / Ap0 =£ (D) and a = f (D) of metallic
zirconium (Zr) on the absorbed dose.

Figure 2. (curve 1) shows the dependences of the relative change
in resistance Ap / ApO and thermo-emf (a) of radiation-thermally tested
plates on the absorbed radiation dose. It can be seen from the figure that
Ap / Apo initially decreases and at low doses increases intensively, and
at relatively large doses (D>3.5 kGy) the growth of Ap / Apo weakens
and slowly approaches saturation.

As a result of the interaction, Zr-ZrO, appears, the localization
of which proceeds until the surface is saturated with them. The relative
resistance in the samples after the radiation-heat treatment slowly
increases (Fig. 2, curve 1), and the value of the thermo-emf (curve 2)
decreases. As is known, the thermo emf (o) is very sensitive to changes
in the Fermi properties of the metal surface and therefore, by measuring
the thermo emf of the samples, we obtain additional information on the
localization of charge carriers and the defectiveness of the tested
samples. With an increase in the absorbed dose D>50 kGy, the value of
thermoelectric power decreases, which directly confirms an increase in
the concentration of emitted charge carriers.

The article presents the results of experimental studies by
measuring the current-voltage characteristics (CVC) of zirconium plates,
pre-irradiated in an H2O2 medium at various doses, and then tested in the
process of radiation-thermal and thermal decomposition of water at
T=673K, py,o ~ 5mG/sm3,D = 1.14Gy/s.

As is known, the appearance on the metal surface of various
point defects, vacancies and surface oxidation processes strongly affect
the metal conductivity. To identify certain factors affecting the
conductivity of metallic zirconium, we studied the current-voltage
characteristics (CVC) and changes in the current density of thin
zirconium plates 80-200 um thick, depending on the absorbed dose of
gamma quanta.

Figure 3 (t=5 hour) shows the CVC characteristics of the initial
(curve a), pre-irradiated (curve b) in an H2O» medium at T=300K,
t="5hour., D = 1.14Gy/s. samples of zirconium plates and CVC
characteristics of the same samples tested in the process of thermal
(curve c) and radiation-thermal (curve d) decomposition of water at
T=673K, 1= 30 min, py,o ~ 5mG/sm>.

The figure shows that at the same electric voltage (for example, at
U=8-10" V/sm), the current increases by

]pr._]O 9-34 = 1,45; Jr—Jo. _ 7734 _ 106and]RT Jo. =0,15.
Jo S Jo 3,4

where: Jo - is the current strength of the 0r1g1na1 samples, Jpr. -
current strength of pre-irradiated samples, Jt and Jrt - current strength
of the same samples thermally and radiation-thermally tested in the
process of water decomposition. As can be seen from the figures, to
obtain the same current strength, for example J = 4-103A, the following

electric voltages will be required accordingly: for the initial sample
10.5-10° V, for the preliminary radiation-oxidative treated sample
(curve b) - 3, 5-10° V, i.e. almost three times less, for a preliminary
radiation-oxidatively treated sample tested at thermal (curve ¢) 9.5-107
V and radiation-thermal U = 4.5:10° In the processes of water
decomposition, i.e. approximately 2.3 times less.

Hence, it can be seen that when measuring a preliminarily
radiation-oxidatively treated zirconium sample and the same sample
after testing in the process of radiation-thermal decomposition of water
to obtain the same current, the applied electric voltages decrease by
almost 3 and 2.3 times, respectively. This is due to an increase in the
concentration of current carriers.

Figure 3 (t=15 hour) shows the I - V characteristics of the same
conditions at the time of preliminary irradiation with gamma quanta
Tima=15 hours, where it is shown that there is a change in the current
strength in the same value of the electric voltage (U=8-107 V/sm). As
can be seen after thermal and radiation-thermal tests, the J of the samples
increases during the decomposition of water. It can be seen from the
figure that the properties of the CVC characteristics of preliminarily
radiation-oxidatively treated samples strongly depend on the absorbed
dose of y-quantum, since in the sample irradiated during t= 15 hours at
the same electrical voltage (eg U=8-10V) J - the current decreases
(Dr=s _ 91075
(Dr=15  35107°
processes, J (U) changes in the same way as in the samples pre-irradiated
during T = 15 hours.

From Figure 3 (t=30 hour) where the CVC characteristics of the
above processes are shown: a - initial samples; b - pre-irradiated in an
H>O2 environment; ¢ - thermally and d - radiation-thermally tested
samples, it can be seen that the current strength of the samples after
preliminary irradiation in an HO, medium at an irradiation time Tira=30
h., increased by 14.7%, and after the thermal test by 29.4% and,
accordingly, after the radiation-thermal test, it doubled.

With a further increase in the pre-irradiation time, similar results
were obtained.

Figure 3 (=50 hour) also shows the results of studies of the
CVC characteristic in the same sequence of zirconium samples
preliminarily radiation-oxidatively treated (curve b) in an H2O2 medium
during sample. T=50 hours and the same samples tested in the processes
of thermal (curve c) and radiation-thermal (curve d) decomposition of
water (T = 673K, 1= 30 min, py,, = 5mG/sm?).

~ 2,5times. In the samples tested in radiation-thermal
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Figure 3. Current-voltage characteristic of zirconium samples: t=5, 10,
30, 50, 70 and 100 hours, D =1.14Gy/s



a- original sample

b- preliminarily irradiated sample in H2O2 medium at T=300K

c- thermally and

d-radiation-thermally
irradiation in H>O, environment.

tested samples after preliminary

It can be seen from the figure that at the same electric voltage,
the current strength of the samples tested in thermal and radiation-
thermal processes, respectively, increases by 2.1-102 and U=6.6-107 A,
i.e. increases approx. 1.7 and 2.2 times.

Figure 3 (=70 hour) shows the CV characteristics of the initial
(a) samples and the CV characteristics of the same samples tested in the
process of thermal (c) and radiation-thermal (d) decomposition of water
after their preliminary irradiation in an H>O, medium at T=300K for t=
70 hours. As can be seen from the figure, after preliminary irradiation,
the current increased by 8.94%. After heat treatment of the same samples
in the process of water decomposition, the current increased by 26.5%
(Fig. 3 (=70 hour), curve c), and after the radiation-thermal process, it
increased by 1.5 times (curve d), i.e. the current strength increased by
the same percentage.

Figure 3 (=100 hour) also shows the CV characteristics of the
initial (a) samples and the CV characteristics of the same samples tested
in the process of thermal (c) and radiation-thermal (d) decomposition of
water ( T=673K, pp,o = 5mG/sm2, D= 1.14Gy/s) after their
preliminary irradiation in an H>O2 medium at T=300K for t=100 hours.
As can be seen from the figure, under these conditions, the CV
characteristics of the samples are very different from the previous ones.
It was revealed that the current strength of the thermally treated samples
increased by =35.5% and in the samples tested during radiation-thermal
processes almost 3 times.

Comparison of the results of the study 6=f(Dir.) and the current-
voltage characteristic shows that there are satisfactory coincidences
between them. Since during radiation-oxidative treatment at low values
of the irradiation dose D<20-25 kGy, charged states are formed and the
samples have a relatively high electrical conductivity. These samples are
characterized by a relatively high concentration of charge carriers.
Therefore, at the same voltage values, the values of the current strength
of the samples preliminarily radiation-oxidatively treated at D<20-25
kGy are higher than others. With a further increase in the absorbed
radiation dose of radiation-oxidative treatment, a protective oxide film
is formed and therefore the current strength of the samples processed at
the values of the radiation dose D230 kGy is less than that of the samples
tested during thermal and radiation-thermal processes of water
decomposition (Fig. 3 ).

After testing the zirconium samples preliminarily radiation-
oxidatively treated at D25 kGy in the processes of radiation-thermal
and thermal decomposition of water, the protective oxide film is partially
destroyed and, as a result, charged states are formed, which cause an
increase in the current strength. The concentration of charge carriers in
the samples tested during the radiation-thermal process of water
decomposition is higher than that in the samples tested during the
thermal process of water decomposition. Therefore, the current strength
of these samples in all ranges of values of the radiation dose is greater
than that of the original, radiation-oxidative treated and samples tested
during thermal processes of water decomposition.

4. Conclusions

The completion of the protective oxide film during the
radiation-oxidative treatment of zirconium (D>80 kGy) is accompanied
by a decrease in electrical conductivity and current values in the study
of their current-voltage characteristics. The rate of destruction of the
surface oxide film and the accumulation of charge carriers during
radiation-thermal processes are higher than during thermal processes.
Analyzing the results of studies of the electrophysical properties of the
initial, radiation-oxidatively treated and tested during radiation-thermal
and thermal processes of water decomposition of zirconium samples, the
following conclusion can be drawn. When these samples are tested in
the processes of radiation-thermal and thermal decomposition of water,
a partial destruction of the protective oxide film occurs as a result of
which additional charge carriers accumulate on the surface. The rate of
destruction of the surface oxide film and the accumulation of charge
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carriers during radiation-thermal processes are higher than during
thermal processes.
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#Ti/M3c RADYONUKLID JENERATORU ICIN “Ti URETIMININ INCELENMES]

Abstract:

As a positron emitter, Scandium-44 (**Sc) having a short half-life of 3.97 (4) h is a promising PET radionuclide which can be produced *Ti
long-lived parent (60.0 (11) y). In this work, a Ti/**Sc generator was designed to produce *Sc. The separation and purification studies were optimized
by using “Sc (83.787 (16) d) as tracer. Hydroxamate and Dowex resins were used for separation process Sc radioisotopes from titanium. Briefly a

4Ti/*Sc generator system may be a source of **Sc production in hospitals in future. If it is made suitable for hospital use, a hospital will have the
opportunity to work with this generator for many years with a single production.

Ozet:

Bir pozitron yayici olarak, 3,97 (4) h'lik kisa bir yar1 dmre sahip olan scandium-44 (**Sc), uzun dmiirlii “*Ti ana ¢ekirdeginden (60.0 (11) y)
iiretilebilen umut verici bir PET radyoniikliddir. Bu galismada #Sc iiretmek igin “Ti/**Sc jenerator sistemi tasarlanmustir. Ayirma ve saflastirma
caligmalar, izleyici olarak *6Sc (83.787 (16) d) kullanilarak optimize edildi. Titanyumdan Sc radioizotoplari ayirma islemi igin hidroksamat ve dowex
regineleri kullanilmistir. Kisaca *Ti/**Sc jeneratdr sistemi gelecekte hastanelerde *‘Sc iiretim kaynagi olabilir. Hastane kullanimina uygun hale

getirilirse bir hastane tek {iretim ile bu jeneratdr ile uzun yillar ¢alisma imkanma sahip olacaktir.

Keywords: #Sc, “Ti, “Ti/*Sc generator, cyclotron, “*Sc(p,2n)*Ti, hydroxamate resin.
Anahtar Kelimeler: #Sc, #Ti, “Ti/*Sc jeneratérii, siklotron, ¥*Sc(p,2n)*Ti, hidroksamat reginesi.

1. Introduction

PET radionuclides are produced in cyclotron and as generator
products. Recently, the production of PET radionuclides has gained an
interest to use in nuclear medicine both in terms of being economical and
the ease of the applied method. Currently, the search for other
radioisotopes that can replace '8F, the most common PET radionuclide
produced in particle accelerators, is still ongoing (Ferreira et al., 2012;
Jokerst & Gambhir, 2011). It has been proven that especially the new
metallic PET radionuclides have better organ involvement and therefore
good solubility (Sadeghi, Enferadi & Nadi, 2011; Walczak et al., 2015).
Although #Sc does not have a single production method, there are also
different production conditions. Although this radionuclide is a
generator product, it can also be produced in accelerators with different
targets (Daraban et al., 2009; Hoehr et al., 2014; Severin et al., 2012).
However, the general method is often the method obtained by irradiating
the natural scandium compounds of *Ti. Due to the economic and
physical convenience of this method, studies on this subject have
increased in recent years (Kerdjoudj et al., 2016a; Lee, Kong & Hur,
2016; V. Radchenko et al., 2016; Valery Radchenko et al., 2017; Wittwer
etal.,2011). As a result of loading the main radioisotope into the system
and elution with certain chemicals, this process takes seconds. Another
feature of the generators is that they can be used for much longer periods
than the half-life of the product radionuclide, depending on the half-life
of the main radionuclide. Since the half-life of *Ti, the main
radionuclide, is approximately 60 years in this project, the use of a single
generator will be possible for many years (Ayranov & Schumann, 2010;
Filosofov, Loktionova, & Rosch, 2010; Lange et al.,1999; Pruszynski et

al., 2010; Roesch, 2012). This is of great importance in terms of ease of
use and economy.

With its long half-life, “*Ti is promising as a “Ti/**Sc generator.
However, the production of *Ti can be expensive because the irradiation
time to reach higher activities is long. There are two primary production
methods of *Ti: the first is “*Sc(p,2n)*Ti reaction in particle
accelerators (Daraban et al., 2009; Yug et al., 2005), and the second is
using “’Ca with alpha particles (Alliot et al., 2015; Severin et al., 2012;
Szkliniarz et al., 2016). For the first method, the optimum parameters for
irradiation are 22 MeV proton acceleration for 10 days in a cyclotron.
Yet, with these parameters, only about 1 mCi is achieved because of the
low cross-section values. After production, a long cooling time is also
needed due to the generation of other products. Nevertheless, such other
products are negligible because of their short half-lives and are easily
separated using resin systems (Valery Radchenko et al., 2017). After the
separation of “Ti using this method, the *Ti/*Sc generator can be
produced using known ways, e.g., as for a *Mo/"Tc generator
(Filosofov et al., 2010; Kerdjoudj et al., 2016b; Pruszynski et al., 2010;
Valery Radchenko et al., 2017; Roesch, 2012). For the second method,
when ??Ra is used as an alpha particle on Ca targets, >°Ra can decay
with the same energy levels to “Ti gamma energy levels. Thus, the
separation of “Ti and other products from **Ra (such as 2'“Pb) is
essential. Of note, **Ti and 2'“Pb are not easily separable with gamma
spectroscopy.
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1. Material and Method
1.1. Reagents and equipment

As for the chemicals used in this study, thin layer
chromatography paper (ITLC-silica), TiCls, CaCl, methanol,
hydrochloric acid, 2,3,5,6-tetrafluorophenol (TFP), oxalic acid, sodium
hydroxide (NaOH, pH adjuster), acetonitrile were purchased from
Merck Chemical Co. (Darmstadt, Germany); CaClz, Dowex 1X8, 8-
hydroxyquinoline, EDTA (ethylenediaminetetraacetic acid), 2,3,5,6-
tetrafluorophenol (TFP), and N-(3-dimethylamino propyl)-N'-ethyl
carbodiimide hydrochloride (EDC) were supplied from Sigma Aldrich
(Darmstadt, Germany); and Accell resin in the Sep-Pak cartridge was
purchased from Waters Co. (Milford, USA).

The following equipment from Ege University Institute of
Nuclear Sciences was used: high-performance liquid chromatography
(HPLC) SPD-10AV UV/vis and Nal (T1) scintillation

gamma detector and diode array detector (DAD) (Shimadzu SPD-
M20A) systems with LC-10Atvp pump (Shimadzu Corporation, Kyoto,
Japan), SIL-20A HT automatic sampler (Shimadzu Corporation, Kyoto,
Japan), Inertsil ODS-3 C-18 4.6 x 250 mm HPLC 5 pm column (G.L.
Sciences Inc., Tokyo, Japan), column oven (Shimadzu CTO-10ASvp),
AR-2000 radio TLC imaging scanner (Eckert & Ziegler, Berlin,
Germany), 1024-channel multichannel gamma spectrophotometer with
1 x 1 inch LaBr3(Ce) Detector (ORTEC), and **RaCl, standard.

1.2. Separation of “sc*® and Ti*

The separation of radioactive [**Sc] Sc** from Ti*" was achieved
using either hydroxamate or Dowex resin

1.3. %S¢ and Ti** Separation Using Hydroxamate Resin

Hydroxamate resin was prepared by functionalizing the carboxy
groups of silica-based weak cation exchanger resin. Initially, Accell
resin (0.42 g) was soaked in 8.0 mL of water in a 15 mL falcon tube for
approximately one day. 30 pL of 3 M HCI, a fresh solution of TFP (0.8
g) in 250 pL of acetonitrile, and EDC (0.8 mmol) were added. The
reaction mixture was mixed for one hour at room temperature using a
magnetic stirrer, and then the reaction was continued by mixing for
another 3 hours at room temperature. Afterward, the resin was separated
by filtration and washed three times with 10 mL of water and then three
times with 10 mL of acetonitrile to separate unreacted impurities. The
resin containing TFP ester groups was converted into hydroxamate resin
by reacting with hydroxylamine in the next step. After 0.01 mol, 694.9
mg of hydroxylamine hydrochloride was dissolved in a mixture of 1 mL
of 1.0 M NaOH and 2 mL of methanol. The pH was adjusted to 5.3-5.4
with 25-50 pL of 1.0 M NaOH. Then, the solution was added to the
activated resin in a 15 mL falcon tube, and the reaction (pH 5.0-5.2) was
continued at room temperature for 18 hours using a magnetic stirrer. The
product was purified by filtration and washed five times with 10 mL of
water and 10 mL of acetonitrile, then dried in vacuum. 333 mg of dried
resin was placed in an empty syringe. Then, the column was activated
by washing with 8 mL of acetonitrile, 15 mL of water, and 2 mL of 2.0
M HCI, respectively. The Ti*"and *Sc*® mixture was passed through the
prepared resin (200 pL) and its radioactivity was counted.

1.4. *Sc*® and Ti** Separation Using Dowex 1X8 Resin

Here, 10~ M ScCls and 10°° M TiCls were dissolved in 5 mL of
methanol and mixed in equal volumes. Then, **Sc*3 was added, and the
resulting solution was saturated with 5 mg of 8-hydroxyquinoline. The
resin was activated before the prepared solution was passed through
Dowex 1X8 resin. For this, a mixture containing 10% NaCl and 0.2%
NaOH was heated at 80 °C for 2 hours, passed through the resin, and the
resin was activated by passing through 0.5% HCl immediately afterward.

The mixture of *Sc®" and TiCls passed through Dowex 1X8
resin was examined with an ORTEC 1024-channel multichannel gamma
spectrophotometer with a 1 x 1-inch LaBr3(Ce) detector. At the first,
background activity was measured. Then, background and elution
spectra were determined. 5 mg of 8-hydroxyquinoline solution and
46S¢3* and TiCls solutions were mixed and passed through Dowex 1X8
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resin. The radioactivity of the eluents was counted on a multichannel
analyzer. Then, 200 pL of the elution profiles were obtained by passing
through 12 M HCl and their radioactivity counts were determined using
a multichannel analyzer. In the last step, the count and gamma spectrum
of the 200 pL sample taken from the elution obtained by passing 2 M
HCI were determined. In addition, HPLC analyzes of *Sc** and Ti*"
separated by passing through Dowex 1X8 resin were performed.

2. Results and Discussion

Szkliniarz reported that “*Sc, %S¢, and *“mSc were produced by
irradiating alpha particles accelerated in the cyclotron, using Ca and
natural K targets, and highly pure *Sc was obtained (Szkliniarz et al.,
2016). Cyclotrons are known to be economical and advantageous.
Several studies of nuclear reactions with deuterium and protons in
cyclotrons have been conducted (Tarkéanyi et al., 2019). While **Sc can
be produced directly with isotopes of #*Ca and “*Ca, we hypothesized
that it is possible to produce a *Ti/**Sc generator by creating “Ti by
reacting “*Sc with protons or deuterons. The disadvantages of *Ti that
we produced directly under our working conditions compared to
cyclotron production are its lower particle energy, lower particle density,
and the impurities of 22Ra from other radionuclides in the decay chain.
Our results are particularly valuable for individuals or groups that do not
have the opportunity to work with a cyclotron within an academic
environment. Table 1 presents possible reactions

for “Ti production expect “*Sc.

Table 1. Q-values and threshold energies to produce 44Ti.

Reaction Products Q-value (keV) Threshold Energy (keV)
“Cala,y) Ti 5.127 0
STi(p.2n+)MTi -36.747 35477
Ti(d,In+)MTi -36.972 38.525

SV (pdn+ a)*Ti -42.076 42.908
*Ti(n,5n)"Ti -43.229 44.139
SV(d,Sn+a)#Ti -44.301 46.052
SIV(n,Sn ) Ti -61.890 63.116

In these reactions, the simplest isotope, which can be worked
with, is 40Ca. Some of the

by-products that can be formed according to the “°Ca(a,y)*Ti reaction
are #Ti(a,p)*"V, “Ti(a,y)*Cr, “Ca(0,p)**Sc, ¥Sc(p,y)*Ti, “Ti(p,)*V,
and ®V(p,y)*Cr. Based on these results, there was no chemical or
radiochemical damage of any by-product. Gamma energies of the 2*Ra
isotope (used as an alpha source) and of its decay products are presented
in Table 2.



Table 2. Gamma energies after 226Ra decay chain (Chisté, Bé, &
Dulieu, 2007).

Gamma energies for the 44Ti isotope and reaction by-products after
226Ra decay are presented in Table 2.

Table 3. Gamma energies and half-lives of the 44Ti isotope and other
primary products after 226Ra alpha particle’s reaction with 40Ca.

3.1 Results of Separation with Hydroxamate Resin using “Sc
radiotracer

In this study, we achieved the separation of *°Sc from the target
system using hydroxamate and Dowex resins. The results show that
hydroxamate resin is suitable for separating “*Sc from the target. With 6
M HCI and hydroxamate resin, 97.4% of the total radioactivity of “Sc
was separated. These results are in line with those reported previously
by Gagnon et al., who used hydroxamate resin previously for the
separation of ¥Sc and who reported that the extraction of **Ti was
possible with > 50% recovery in 1 mL of 1 M oxalic acid (Gagnon et al.,
2012). They also reported that this resin could also be used successfully
in %Zr separation. Indeed, in our previous study, the hydroxamate resin
was used for the production of ¥Zr, whereby 75% of %°Zr was eluted
from the hydroxamate resin with oxalic acid (Bulduk et al., 2019).
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3.2 HPLC Analysis of the Dowex 1X8 Resin, ScCls and
TiCl, Separations

468, a relatively long-lived radionuclide that decays by B8 and
¥ radiation with a half-life of 83.8 days of Sc, was used as a carrier to
determine Sc separation and purification of “Sc.

u
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Figure 1. 46Sc elution profile passing through Dowex 1X8 Resin
(activity as a percentage).

Figure 1 shows that “6Sc radioactivity can be eluted with 12 M
HCI at a rate of 93.86% with Dowex 1X8 resin. Our results agree with
Bartos et al. who separated ¥’Sc with 0.5 M ammonium acetate by
adsorbing it on Dowex 50 cation resin. The *’Sc separation efficiency in
the proposed procedure is about 90%, with a separation time of fewer
than 2 hours. The resulting carrier-free ’Sc was used to label the
DOTATATE conjugate (Barto$ et al., 2012).

2. Conclusion

An in-house *Ti/**Sc generator can be highly valuable for
hospitals, making profound contributions to the health system. In
addition, such a generator affords the convenience of working with a
single generator for many years thanks to the long half-life of *Ti,
dramatically reducing the costs of producing *Sc.
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ASSESSMENT OF GEOMETRIC CHANGES IN REGION OF INTEREST AND ITS DOSIMETRIC CONSEQUENCES
USING DEFORMABLE IMAGE REGISTRATION FOR HEAD AND NECK ADAPTIVE RADIATION THERAPY

Siimeyra CAN', Didem KARACETIN?
2[stanbul Basaksehir Cam and Sakura City Hospital
*sumeyracn@gmail.com,

BAS VE BOYUN ADAPTIF RADYOTERAPI iCIN DEFORMABLE GORUNTU KAYDI KULLANILARAK ILGILI
BOLGEDEKI GEOMETRIK DEGISIMLERIN VE DOZIMETRIK SONUCLARIN DEGERLENDIRILMESI

The aim of this study was to evaluate the change in volume and center of mass for a region of interest (ROI) and how
changes affect the cumulative dose through Geometric Processing Unit (GPU)-based Deformable Image Registration.
Ten head and neck cancer patients treated with simultaneous integrated boost in tomotherapy were analyzed
retrospectively. Planning computed tomography (CT) and pretreatment weekly CT images were obtained for each
patient. Cumulative dose and geometric changes were calculated for critical organs using these images, GPU-based image
recording. The cumulative dose was evaluated according to geometric changes and compared with the planned dose.
There was no statistical difference between the cumulative dose and the planned dose for Dmean, V100% and V90% of
planning target volume (PTV1) (p > 0.05). However, the cumulative dose was 14.8% and 8.8% lower than the planned dose for
V100% and V95% of PTV3, respectively. The cumulative dose delivered to the spinal cord was 7% higher than the planned
dose; however, 6.6% and 4.1% were less than the planned dose for the left and right parotid glands, respectively.
Because head and neck cancer patients undergo many anatomical changes during treatment, cumulative dose assessment is an
important parameter for determining how well treatment planning is actually being achieved. GPU-based three dimensional
(3D) deformable image registration enables real-time assessment of dose accumulation and tracking of inter-fraction
volume variation for a region of interest. Deformable image recording is an important tool for the evaluation of adaptive
radiotherapy.
Key Words : Adaptive Radiotherapy, Deformable Image Registration, Head and Neck Cancers, Radiation Dose, Tomotherapy

Bu caligmanin amaci, ilgilenilen bir bolge i¢in hacim ve kiitle merkezindeki degisimi ve degisikliklerin kiimiilatif
dozu nasil etkiledigini Geometrik Islem Birimi (GPU) tabanh deforme edilebilir goriintii kaydi yoluyla degerlendirmekti.
Tomoterapide simiiltane entegre boost ile tedavi edilen on bag boyun kanseri hastasi retrospektif olarak analiz edildi. Her hasta
i¢in planlama BT ve tedavi oncesi elde edilen haftalik BT goriintiileri elde edildi. Bu goriintiiler, GPU tabanli gdriintii kaydi
kullanilarak kritik organlar igin kiimiilatif doz ve geometrik degisiklikler hesaplandi. Kiimiilatif doz geometrik degisikliklere
gore degerlendirildi ve planlanan doz ile karsilagtirildi.

Plananlanan hedef hacmin (PTV1) Dmean, V1o ve Vo't i¢in kiimiilatif doz ile planlanan doz arasinda istatistiksel bir fark yoktu (p

> 0.05). Ancak kiimiilatif doz, PTV3'iin Vieo ve Vos'i i¢in sirasiyla planlanan dozdan sirasiyla %14,8 ve %8,8 oraninda daha
diisiik oldugu goriildii. Medulla spinalise verilen kiimiilatif doz, planlanan dozdan %7 daha yiiksekti; ancak sol ve sag parotis
bezleri igin sirasiyla planlanan dozdan sirasiyla %6,6 ve %4,1 daha azdu.

Bas boyun kanseri hastalar tedavi boyunca bir¢ok anatomik degisiklik gegirdiginden kiimiilatif doz degerlendirmesi tedavi
planlamasinin ne kadar gergekte saglandigini belirlemek i¢in 6nemli bir parametredir. GPU tabanli 3 boyutlu (3D) deforme
edilebilir goriintii kaydi, gercek zamanli doz birikiminin degerlendirilmesini ve ilgilenilen bir bolge i¢in fraksiyonlar aras1 hacim
degisiminin takip edilmesini saglar. Deforme edilebilir goriintii kaydi, adaptif radyoterapinin degerlendirilmesi i¢in 6nemli bir
aragtir.

Anahtar Kelimeler: Adaptif radyoterapi, Basg boyun kanserleri, Deforme edilebilir goriintii kaydi, Radyasyon dozu, Tomoterapi
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1. Introduction

Radiotherapy, along with surgery and/or chemotherapy, is the
main treatment for head and neck cancers (Atwell, 2020). Modern
therapy techniques, namely intensity modulated radiation therapy and
volumetric arc radiation therapy, allow the delivery of the treatment
dose to target volumes while simultaneously sparing critical
structures. On the other hand, patients with head and neck cancer
undergo many anatomical changes caused by weight loss during
radiotherapy (Toledano, 2012). In addition, tumor volume and parotid
gland volume decrease, and this decrease is usually asymmetrical
(O'Daniel, 2007; Sharma, 2020;). Innovations in patient
immobilization and imaging technology allow us to minimize setup
uncertainties; however, there may be differences between planned
and absorbed doses due to anatomical changes. Anatomical
change can be evaluated using kilo- voltage computed tomography
(kVCT) or mega voltage computed tomography (MVCT) scans with
an advanced imaging system (Heukelom, 2020; Lowther, 2020;
Kanehira, 2020).

Adaptive radiation therapy (ART) 1is to revise the
original treatment plan based on the patient's random or systematic
anatomical changes  during 6-7 weeks of fractionated
radiotherapy, thereby improving the quality of treatment (Capelle,
2012). In ART, the patient's CT image is taken again and after the new
contouring and re-planning, the patient continues the treatment
according to the new treatment plan. However, manual target critical
structures delineation in offline ART takes time (Loo, 2011; Veiga,
2014). Recent studies have shown that deformable image registration
(DIR) plays a crucial role in ART to monitor anatomical changes
(Fung, 2020). In addition, it is possible to determine target volumes
and calculate the cumulatively absorbed dose in the respective
volumes via DIR, however, image quality is very important (Veiga,
2015; Zhang, 2018; Scaggion, 2020). Although MVCT scans can
confirm the patient's position and anatomical change, they have lower
quality than kVCT scans for soft tissues (Nobnop, 2019).

On the same ground, in this study, it was aimed to evaluate
changes in volume and center of mass and how these changes
affect the cumulative dose for the region of interest, considering
patient-specific anatomy with Geometric Processing Unit (GPU)-
based Deformable Image Registration.

2. Materials and Methods
2.1. Patient population and Target delineation

Ten head and neck cancer patients treated with Tomotherapy
Hi-Art (Accuray Inc., Sunnyvale, CA, USA) using the
simultaneous integrated boost (SIB) technique were selected for this
study. Seven patients were diagnosed with tonsil malignant neoplasm,
1 patient with nasopharyngeal CA, and 2 patients with tonsil
carcinoma. Weight changes in patients were recorded before and
after treatment. Patient information is shown in Table 1.

Table 1. Patients’ characteristic regarding treatment

Patient 1) Diagnosis Prescription Dose (Gy)  Tx Duration  (Day) Weight Change (kg)
1 Tonsil CA 70.00 53 8.80
2 Base of Tongue 70.00 51 2.00
3 Nasopharynx 69.96 47 540
4 Tonsil CA 70.00 56 10.90
5 Tonsil CA 70.00 39 7.00
6 Tonsil CA 70.00 50 210
7 Tonsil CA 70.00 43 9.60
& Tonsil CA 0.0 45 1150

0
@ Tonsil CA 70.00 43 4.40
0

100 Base of Tongue 70.2¢ 50 10.70

For treatment planning, a planning CT image with a slice thickness of 3
mm was taken for each patient. Three different target volumes
were defined for each patient. Thermoplastic masks with head and neck
micro-perforations were used for patient immobilization. All targets,
including clinical target volume (CTV1) (gross volume of disease), CTV2
(next stage nodal regions), and CTV; (areas harboring subclinical
disease) were contoured in relation to other anatomical boundaries of
the structures. Tighter margins have been added to create planning
target volumes (PTVs). Based on our clinical protocol, PTVs were
generated from respective CTVs by adding a 3mm margin with all
expansions for setup uncertainties. In addition to the parotid glands,
brain stem, medulla spinalis, mandible, and oral cavity, optic nerves,
lenses, and eyes were contoured for dosimetric analysis.

2.1. Treatment Planning and Evaluation

Helical tomotherapy plans were created with Accuray’s integrated
treatment planning system (TPS) Hi-Art PlanningStation 5.1.1.6 using
the TomoTherapy (Accuray Inc., Sunnyvale, CA, USA) platform. The
prescription dose of PTV: was 70 Gy in 35 fractions with a minimum
coverage of 95% for all treatment plans while protecting as much critical
structures as possible. In addition, 62.7 and 56.1 Gy were prescribed for
PTV2and PTV3, respectively. The field width was defined as 2.5 cm, the
eigen factor was 0.277, and the modulation factor was 2.5. Dose
restrictions for helical tomotherapy plans were optimized according to
the Radiation Therapy Oncology Group (RTOG) 0615 protocol. Data
from dose volume histograms (DVHs) of all plans were used to
determine the dosimetric difference between the planned dose and the
cumulative dose. Vioow, Vosu, Voo, (volume that receives 100%,
95%, 90% of prescription dose) and Dmen (mean dose) of target
volumes were considered to evaluate tumor coverage. In addition, the
maximum dose (Dmax) for the spinal cord and brain stems was limited to
<45 Gy and <54 Gy, respectively. Also, Dmean for the parotid glands
was limited to <26 Gy. Also, Dmax for lenses, optic nerves, eyes was
taken into account.

e—/’m

Figure 1. Tumor coverage and weekly delivered dose through DIR
during 6 weeks of the treatment course for selected case. (Patient-3)



2.2. The change in volume and center of mass for ROI

Six to eight Daily kVCTs obtained to correct set-up errors
before the treatment were selected for each patient in this study. In order
to perform kV-to-kV registration, alignment was done to provide a close
overlaid for two scans as much as possible, so, these kVCTs were
superimposed on the planned CT images to delineate targets and critical
structures. And then resizing and resampling of CT images were
performed to track anatomical changes via GPU based deformable image
registration algorithm. Deformation vector fields obtained based on each
Cartesian direction were used for contour propagation to map the
delineated ROI on planning CT to each weekly kVCT. A Jacobian
analysis was performed for the deformed anatomy. In order to determine
non-rigid change in the patient setup, deformation based on each
contoured structure was evaluated. U, V, and W matrices were used for
the Jacobian determinant for each voxel to evaluate the volumetric
changes in the target volumes and surrounding critical structures. The
determinant was defined as follows:
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Ji= & o, M
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The change in the center of mass and the distance between the PTVs and
the left and right parotid glands were determined based on Cartesian
coordinates using DIR helped to compensate for the inter-fractional
motion of the target volumes and critical organs. The doses were then
recalculated from each kVCT to determine the actual delivered dose to
the targets and the critical structures. Linear interpolation was used for
the dose mapping. The cumulative dose was calculated by summing,
week by week, to obtain the total absorbed dose. In order to make a
comparison between the accumulated dose and the planned dose, Gamma
analysis was performed. Based on our model, all patients were treated
identically, and the change in anatomy was not considered for dose
distribution. For Gamma analysis, 1% and 1 mm were chosen as the
default criteria. Gamma analysis was defined by:
2(72 72 2(72 72
177 ) = ey S0en) )
where Ad and AD are the distance to agreement and HU difference
criteria, respectively, re is the position at the evaluated pixel, and r: is
the position of the reference voxel (Guerrero, 2006).

2.3. Statistical analysis

Finally, SPSS statistical software version 28.0.1. (SPSS, Chicago, IL,
USA) was used to examine the statistical differences in each of the
planned dose obtained from helical tomotherapy plans and the delivered
dose obtained by a GPU-based 3D image deformation/visualization tool.
A paired sampled t-test was applied to determine the difference between
planned and accumulated doses. For this study, according to the null
hypothesis, there should be no difference between the mean planned dose
and the mean cumulative dose. In addition, correlation analysis was
applied to evaluate the effect of geometric changes in volume and center
of mass (COM) displacement on the delivered dose to both parotid
glands. Based on Pearson’s correlation, it was measured whether there is
a linear dependence between the aforementioned variables. Pearson’s
correlation was defined by:
2(x—my )(y-my)

_— 3)
VEG-my)? [Z(y-my)?

where mx and my were the mean of geometric changes in volume and
COM displacement, respectively. The p value (significance level) of the
correlation was calculated based on the t value, which is defined by:

-
t= =z Vn — 2 “4)
Statistical significance of p < 0.05 was considered for both analyses. If
the p value was < 5%, the correlation was considered statistically

significant.

r =

3. Results
3.1.

Based on the Jacobian and Gamma analysis, the accumulated
dose versus planned dose was evaluated for ROI. Planned and
accumulated doses for target volumes were listed in ~ Table 2 and Table
3, respectively. According to the test results, there was no statistical
difference between the accumulated dose and the planned dose for Dimean,
Vioow and Voo, of PTV: (p>0.05); however, there was a statistical
difference between the planned dose and the accumulated dose for Vos of
PTV: with a maximum difference of 8.6%. The accumulated dose was
~3% lower than the planned dose for Vosy, of PTV1; however, the planned
dose was delivered to PTV, as expected considering Dmean, Vioo% and
Voo%. Tumor coverage and weekly delivered dose for the selective case
was shown in Figure 1. Additionally, there was no statistical difference
between the accumulated dose and the planned dose for PTV2 (p>0.05);
however, dose differences were observed in Vioow and Vosy, of PTV3
(p<0.05). The accumulated dose was 14.8% and 8.88% lower than the
planned dose for Vieow and Vose, of PTV3, respectively. The dosimetric
comparison between planned and accumulated doses for target volumes
was shown in Figure 2. All p-values and plan evaluations for the ROI
were listed in Table 5. Moreover, weekly doses were shown in Figure 3
for target volumes from ten patients. As a result, the planned dose was
delivered to the target volumes; however, dose discrepancies were
observed for several parameters of PTVs in the patient where maximum
weight loss was observed.
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Figure 2. Dosimetric comparison between planned and accumulated
dose for target volumes. All parameters are normalized to 100%
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Figure 3. Weekly delivered dose were shown for target volumes from
ten patients. Doso, of target  volumes were considered.
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Table 2: Planned dose of target volumes.

Planned Daose

PTVI PTV2 PTV3

Dian VIOD V95 V90 Dpoy VIO V5 Vo0 Duen  VIOD VOS5 VOD
Gy (7 (665 (63 Gy (63 (98 (567 Gy (57 (41 (513

Patient Gy) Gy) Gy) Gy) Gy) Gy) Gy) Gy) Gy)

n % % % % % % % % %
1 T097 9140 9985 10000 7121 9403 10000 10000 7046 7862 9246 9654
2 7075 8763 9766 9977 7080 8688 9990 10000 6690 9409 9934 9532
3 TLOO 8657 9659 9835 6454 9953 9979 9992 6687 8987 9862 9794
4 7172 9117 9970 9997 6893 9LIT 9970 9357  ST.S6 9494 9994 100.00
5 7094 9003 9893 9969 6874 9003 9893 9801 5740 9991 9997 10000
G 096 9231 9944 9979 6752 9689 9231 0088 6447 9420 9432 9689
7 TLIO 8828 9942 9999 7066 9429 9814 9998 6691 8828 OLIT 9956
8 081 80.01 9518 9875 G723 9613 9940 9660 5825 9199 9800  99.62
9 6701 8657 9823 9939 6556 9199 9898 9060  SR48 9222 9628 9923
10 TLOL 9134 9982 10000 G611 9328 9956 9991 6193 9342 9409 9924
Mean T0.14 8853 9848 9957 G813 9342 9867 9694 6292 9176 9671 9843

Table 3: Accumulated dose of target volumes

Accumulated Dose

PIVI rIv: PIV3

Dmean VIO V95 V90 Dyae VIO VIS V9D Dy, VIOD V95 V90

Gy (70 (665 (63 Gy (63 (598 (567 Gy (57 (541 (513
Patient Gy) Gy) Gy) Gy) Gy) Gy) Gy) Gy) Gy)
m % % % % % % % % %
1 F083 8744 9933 9996 7103 9155 9924 9993 7052 73Kl 9438 9819
2 050 9037 9803 9940 098 9320 9985 10000 6728 9037 914D 9440
3 IS 8329 9669 9945 6476 9576 9659 9833 6393 8709 9135 9766
4 TL63 9077 9KI1 9935 6951 9128 8329 0480 5790 8657 9695 9835
5 092 8981 9882 9958 6909 B3Il 9LI7 954 5753 BOT8 9494 9990
6 095 9088 9839 9958 6743 8608 B6S6 9231 6433 RS0 8953 9085
7 TLO3 8603 9841 9987 7053 8766 9340 9R05 6719 8799 9003 9267
8 6816 8763 9155 9613 6583 K754 9L10 9518 5689 B2E9 9678 9973
9 66.18 7592 9038 9504 6448 9237 9544 8325 5802 8821 9532 9684
10 00 6001 9292 9822 6498 9275 9657 9060 5931 8130 8641 9765

Mean 7011 E 12 96.26 ‘J-H.Es% 67.86 EI-U.H 9335 95.10 62.49 83.65 9172 90.60

3.2. Cumulative dose for OARs

A paired sample t-test was also applied for the medulla spinalis
and parotid glands. Overdose of the medulla spinalis was observed in two
patients, and the accumulated dose was higher than the planned dose by
18.4% and 26.2% in Patient-7 and Patient-10, respectively. On the other
hand, there was no statistical difference between the accumulated dose
and planned dose considering all patient data for the medulla spinalis (p
= 0.211). Additionally, there was a statistical difference between the
planned dose and accumulated dose for the left parotid gland (p = 0.045),
and the delivered dose was less than the planned dose by 6.6%. On the
other hand, there was no statistical difference between the planned dose
and accumulated dose for the right parotid gland (p = 0.07). Moreover,
the accumulated dose was lower than the planned dose by ~ 4% for the
right parotid gland. The weekly delivered doses of the left and right
parotid glands from each patient were shown in Figure 4 and Figure 5.
As a result, the planned dose was delivered to the organs at risk (OARs).
The difference between the planned dose and the accumulated dose for
critical structures was given in Table 4.

Accumulated dose of Left Parotid
120

100

80

60

40
y - 0,99x + 0,0839
R*=1096.79

20 P

Total Fraction

Figure 4. % Ratio of accumulated dose to planned for left parotid
glands from all patients.

Accumulated dose of Right Parotid

120 4
100 +

80 4
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R*=0.9670

20 _“_‘.","_.“.

Total Fraction

Figure 5. % Ratio of accumulated dose to planned for left parotid
glands from all patients.

Table 4: Planned and accumulated dose for critical structures.

Medulla Spinalis Left Parotid Gland Right Parotid Gland

Diss (G¥) Dieaa (GY) Disa (GY)
Paticnt [ Planned Accumulated Planned Accumulated Planned Accumulated
1 43.30 4181 22.60 2112 3452 3404
2 41.90 4367 2398 2310 36.75 5580
3 ke 30.69 36.44 36.70 49.08 47.05
4 40.74 40.96 3733 3013 2365 0273
5 39.65 3004 36.46 329 2476 249
3 30.72 4367 25.25 2.9 2487 2304
7 43.07 5100 40.95 39.96 14.12 1497
8 414 477 27.63 2831 23.13 273
9 43,10 4155 7.58 7.58 3895 37,82
10 4239 57.51 2290 18.50 2097 1790
Mean 40.85 4317 30011 2822 3108 2045

Table 5: Plan comparison for target volumes and organs at risk

b Values
PTV] Duean 0083 =005
PTV] Vieo 0216 =0.05
PTV] Vas 0.041 =0.05
PTV] Vag 0.093 =0.05
PTV2 Dinesn 0.250 =0.05
PTV2 Vi 0.072 =0.05
PTV2 Vs 0.060 =0.05
PTV2 Vao 0.142 =0.05
PTV3 Duesn 0.188 =005
PTV3 Vioa 0.010 <005
PTV3 Vs 0.004 <0.05
PTV3 Vg 0.060 =005
Medulla Spinalis Dyay 0211 =005
Left Parotid Gland Digen 0045 <005
Right Parotid Gland Dy 0.070 =005

*p = Significance
3.3. The Change in volume and COM displacement

Since head and neck cancer has a complex shape and many
factors can affect tumor location and size, weight loss did not affect the
volume shrinkage of targets by itself. The mean volume reduction in

PTVi was 3.3 % (range of 6.3%—1%), PTV2 was approximately 7%
(range of 18 — 0.8%), CTV3 volume was 8.6% (range of 18 —5.2%). The
mean volume reduction in the right parotid gland was 11.7 % (range of
29.3 - 1.3 %). The mean volume reduction in the left parotid gland was
13.5 % (range of 25.9 - 5.7 %). The weekly volume change of the ROI
was shown in Figure 6. The mean reduction in the distance between the
parotid glands was 2.2 % (range of 3- 0.5 %). The average change in
distance between the center of mass of the ROI and the parotid glands of
ten patients during the treatment course was shown in Table 6. Even
though the decrease in the distance was small, it caused a change in the
dose delivered to the parotid glands.
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Volume Change of ROI
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Figure 6. Volumetric Changes of ROI from 10 patients during the
treatment course. The volumes were normalized to the planning
volume. Average volume change was considered. Error bars are
standard error.

Table 6. Average change in distance between center of mass of ROI
and parotid glands of ten patients during the treatment course.

Average Change in Distance

Right Paratid - PTV1 Left Parotid - PTV1 Right Paratid - Left Parotid

{mm}) (mm} {mm)

Patient 1D

6.27 112

515 1058

693 1264

1
5
3
4 4.74 9.06 1255
5 829 11.70

597 1139
7.31 2001
7.46 1204
441 119

675 12,00

6.42 6.76 1257

Moreover, correlation analysis was applied to each patient to
evaluate the effect of the change in volume and COM of critical structures
and target volume on composite dose, was shown in Table 7. A strong
negative correlation was obtained between volume change and composite
dose of the left and right parotid glands (r=-0.25 and r = -0.90). The same
analysis was also applied to determine the correlation between the COM
displacement of the PTV - right parotid, PTV - left parotid, and both
parotid glands. A strong positive correlation was obtained for the right
parotid gland (r=0.449); however, this correlation was not statistically
significant (p=0.193). Additionally, a strong positive correlation was also
obtained for the left parotid (r=0.826) and this correlation was not
statistically significant (p=0.03). Since the tumor location was closer to
the left parotid gland and the shift was observed towards the left side, the
COM displacement increased the composite dose of the left parotid
gland.

Table 7. Correlation between the distance of parotid glands to PTV and
accumulated dose.

Correlation between Distance and Accumulated Dose

T values p values

Right Parotid Gland 0,499 (=005) 0,193 (= 0.05)

Left Parotid Gland 0.826 (= 0.035) 03 (= 0.05)
#r = Correlation Coefficient
*p = Significance
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4. Discussion

Effective radiotherapy requires knowledge of the accumulated dose
of ROI and the evaluation of the treatment results during the
entire treatment course. Structural delineation and quantification of the
change in volume of ROI between the planning CT and daily
kVCT and/or MVCT images is possible with DIR (Weppler, 2020).
The obtained results based on in-room daily kVCT data showed that
DIR is an essential tool for tracking the volume of the ROI and the
distance between the target volume and critical structures because the
image resolution of kV CT is superior to MVCT (Zhang, 2018). For
this reason, many studies focused on the dose evaluation of OARs
kV-kV alignment via DIR (Pukala, 2016; Branchini, 2017).

Mclntosh et al. used an atlas-based approach to predict the dose.
The predicted dose distribution was converted to a complete treatment
plan via voxel-based dose-mimicking optimization. Target volume
coverage and the dose of critical organs were evaluated. Based on their
result, for target coverage, automated plans achieved of 0.6% overdose
and 2.4% lower dose for OARs. Additionally, a GPU based-3D image
framework was used to evaluate real-time dose accumulation and to
track inter-fractional anatomical change for ROIL. Moreover, the
optical flow registration was used for the kV to kV alignment
(Mclntosh, 2017).

Elstrom et al. evaluated daily kV cone beam CT and
deformable image registration for one patient. Fractional dose and
change in volume of the parotid glands and PTVs were taken into
account. The volume change between the planning and final fraction
was 30% (Elstrem, 2010).

On the other hand, volume change and change in the center of mass
for the parotid glands and target volumes were investigated in this
study. Even though the DIR is an essential tool to track anatomical
changes, there are still unknown questions regarding these changes that
fluctuate among patients. In addition, weekly cumulative dose
assessment plays a crucial role in quantifying whether the planned dose
is delivered to the target while protecting organs at risk. DIR has been
a vital method for radiation therapy applications; however, its
integration into clinical practice requires further investigation.
Moreover, dose accumulation via DIR is still under development and
DIR cannot be used directly in clinical practice due to the limitations of
dosimetric and clinical studies. On the other hand, DIR is a crucial
step for adaptive radiation therapy ART; because modification of
the treatment plan based on maintaining treatment objectives is
aimed for ART.

5. Conclusion

One of the main problems in head and neck radiation therapy is
the location of a tumor that is in close proximity to the surrounding
structures. In addition, patients undergo many anatomical changes during
the course of a radiation treatment. It was showed that, the in-house
developed GPU based-3D image framework is an essential tool to allow
for evaluation real time dose accumulation and tracking inter fractional
volume change of ROI for adaptive radiation therapy. Additionally, the
efficacy of radiation treatment depends on tracking geometric changes
and their dosimetric consequences followed GPU-based algorithm
systematically.
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