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1 INTRODUCTION

1.1 PHOTON DOSIMETRY

In workplaces with radiation-generating devices and radio-isotopes, such as an
accelerator, X-ray tube, and radioactive nuclei, radiation dose must be controlled properly to
prevent hazards caused by exposure to radiation. Photon dosimetry is indispensable for this
situation since photons are always produced as secondary radiation of energetic charged
particles and neutrons, and emitted from activated materials due to irradiation of primary
particles. Many dosimeters, methods, and standard fields have been developed that involve
the energy region of interest to the present research.

To date, there are many different dosimeters available, and it is important to select one
suitable for specific application. Commercially available dosimeters or survey meters are air
ionization chamber, Geiger counter, Nal(Tl), Csl(Tl) and silicon. To be useful dosimeters,
several studies have been conducted to understand their basic properties. Examples include
the development of standard calibration fields, calibration of dosimeters and studies of the
energy dependence of dosimeters. Such investigations are very useful in making dosimeters
more reliable as a photon dosimeter.

Currently, air ionization chamber is widely used as a standard to evaluate the photon
dose. The air ionization chamber is a common reference for dose measurements in various
fields since it has a flat response, independent of incident photon energy. As examples,
ionization chamber was used as a survey meter for monitoring the environment photon dose
and perform quality control (QC) for diagnostic radiology. While in radiotherapy, two
standard protocols (IAEA TRS-398 [1] and AAPM TG-51 [2]) have been developed for
ionization chamber dosimetry of high-energy photon and electron beams.

For medical applications such as interventional radiology (IVR) or depth dose
measurements in phantom, the dose measurements for a small photon fields and area drives
the needs of smaller size dosimeter with high accuracy. The use of small size air ionization
chamber is possible with main limitation- low efficiency due to the low density of air.
Mainardi and Bonzi [3] had mentioned the smaller volume of plastic scintillator was adequate
to obtain doses with same accuracy as with a large air ionization chamber with a volume of
being in the ratio of 1:863. The use of detector system with a small size plastic scintillator had
also been studied by workers in radiotherapy [[4],[5],[6]]. The use of other dosimeter such as
Nal(Tl) is available with high efficiency but is known to exhibit a strong energy dependence

[7].

1.2 ENERGY DEPENDENCE

It is important not to determine only the absorbed energy in the materials. Energy
dependence is one of the important properties of photon dosimetry. The primary issue of
energy dependence comes from the difference of atomic composition used in actual
measurement and the one that should be measured. Soft-tissue is often the medium of
interest in dosimetry. As an example, the photon response in scintillators differ for different
incident energies compared to that of air or soft tissue due to their difference in atomic
composition. Most of the scintillators have effective atomic numbers relatively higher than
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that of soft-tissue. This problem is eliminated when both materials are identical; for example,
air kerma should be measured with an air ionization chamber.

Figure 1 shows the mass attenuation coefficient of several materials as a function of
photon energy.[8]. In the case of Nal below 200 keV, the photoelectric absorption is
dominant because dependence of the photoelectric cross-section is proportional to Z*©r3),
As a result, for low energy photons Nal(Tl) detector exhibits strong energy dependence or
higher response. It is mainly attributed by the enhanced photoelectric absorption at low
energy photons. Accordingly, it will give higher reading than the actual dose. Therefore care
must be taken in using such materials for dose-related measurements. In plastic scintillators
Compton scattering is dominant for photons with the energy over 20 keV. The probability of
a full-energy deposition event in the detector is often negligibly small. Thus, the energy
dependence is less distorted and would be ideal as a photon dosimeter. This is an advantage
over Nal(Tl) scintillator dosimeter. Water photon cross section was plotted together shows
almost equivalent to that of plastics in a wide energy range in comparison to Nal or silicon.

In 1963, Murai et al [9] used a plastic scintillator for dose measurement. The choice of
plastic scintillator material in their study was because it is near the tissue equivalent, which
is useful for measuring tissue dose. In early 1990s, many studies focused on its application in
high-energy photon beams [[4], [5], [6]]. In their studies, several advantages of plastic
scintillators were identified including higher detection efficiencies, lower cost, flexibility in
shape, and independence of atmospheric factors (e.g. pressure, humidity, and temperature).

1.3 PHOTON ENERGY AND DOSIMETER OF STUDY INTEREST

Following the nuclear reactor accident in Fukushima, Japan (2011) concern for Cs-137
contamination has increased along with an interest in radiation safety. From distribution of
Cs-137 during the Fukushima accident, many detected photons have an energy of ~200 keV
as a result of multiple Compton scattering [10]. This is an energy region of interest for medical
dosimetry researches including the y—sources used in nuclear medicine, surface
radiotheraphy and diagnostic radiology.

For photon (gamma/X) detectors and dosimeters, the energy of the incident radiation is
a major factor that can distort their responses. The dosimeters are commonly calibrated at a
high energy photon with Cs-137 (662 keV), but then used at a lower energy region. The
variation of the response of a dosimeter as a function of photon energy must be checked. As
an example, the 200 keV energy region is critical for the response of a dosimeter owing to
the transition point of photon interaction from the photoelectric effect to Compton
scattering. Some dosimeters might have a higher response and indicate higher dose rate for
~200 keV photons.

For medical dosimetry, the dose to tissue is often the quantity of interest. Tissue-
equivalent material is preferable to create dosimeters that directly represent the absorbed
dose on human soft tissue. Table 1 shows the atomic compositions of soft-tissue [11].
Standard plastic scintillators (e.g., EJ-200, NE102A and BC-408) are normally fabricated from
polyvinyl toluene, which only contain hydrogen and carbon with none of the higher atomic
numbers. Thus, plastic scintillators are suitable candidates because the density and effective
atomic numbers are close to those of human soft tissue.



However applications of plastic scintillators in the low energy photon region is not
straight-forward. Plastic scintillators are well-known for their non-linearity below 200 keV
[[71,[9]]. Several studies have reported that decreased light output distorts the response of
incident photon energy below a few hundred keV due to the ionization quenching effect
[[12],[13]]. The influence on energy response from the effect should be obtained to evaluate
the accuracy of the measured absorbed dose by using plastic scintillators.

1.4 APPROACHES OF STUDY CONCERNING LOW ENERGY PHOTON DOSIMETRY
As a dosimeter in this energy range, ionization chamber is widely used as a standard.
Recently, several applications are reported using plastic scintillator with combining optical
fiber in medical field as a relative monitoring device of dose since it has advantages of high
sensitivity, flexibility on shape and tissue equivalence. Thus, studying for response of plastic
scintillator is meaningful to develop dosimeter applicable for wide photon energy range.

As a reference field, several radioisotopes have been used frequently, such as Cs-137 and
Co-60. These nuclides provide relatively high-energy photons for dosimeters covering few
tens of keV to MeV. According to above-mentioned applications, main energy is around 200
keV for both environmental and medical fields, since the former should consider scattering
photons and the later should measure photons from X-ray generator. The reference field
around 200 keV is strongly desired to confirm dosimeter readings.

The dosimeter being applicable to wide energy range and counting rate, and reference
field to calibrate detector response should be prepared to obtain accurate readings for few
tens of keV to MeV photons. Therefore, an approach of low energy photon dosimetry was
performed to improve above situation through development of detector and calibration field
for few tens of keV to MeV energy region. For the former point, photon dosimetry using a
plastic scintillator was examined by considering quenching, a lower effective Z value, and the
influence of surrounding materials. To compensate for the quenching effect and the lower
effective Z, a lead-doped plastic scintillator (0.5%) was used to achieve a soft-tissue dose
response in regions of less than 200 keV. For the latter point, a backscatter layout with a
radioactive source was developed to provide a monoenergetic field with energy around 200
keV that were compared with those of an existing field with an X-ray generator. The
acquisition and analysis of the photons spectrum were performed with a cadmium zinc
telluride (GR1) detector and KSpect software (see section 3).



Table 1 Elemental compositions of soft-tissue weight by fraction (ICRU-4 component)

[11].
Element Fraction by
weight
H 0.1012
C 0.1110
N 0.0260
0 0.7618
1.0x10* . .
«, Photoelectric absorption Na| """"""
Plastics ]
Silicon s
Water
1.0x10° } ]
(Data are from NIST) ;
}Q.‘ —'
§ 1.0x10
&
i 3
1.0x102 F o]
' Compton scattering ., ]
toxto4 b0 o N
0.001 0.01 0.1 ]

Photon Energy (MeV)

Figure 1 Mass attenuation coefficient, u/p, of several materials as a function of incident
photon energy [8], where p is the mass density of the material.



2 LITERATURE REVIEWS

2.1 DEVELOPMENT OF DETECTOR

2.1.1 Plastic scintillator as a dosimeter

The absorbed dose by using plastic scintillator (PLS) could be obtained directly based on
pulse height distribution spectra. When we researched the studies comparison of the
calculation and measurement of pulse height distribution of PLS with low energy photons, it
is obvious that there is not enough comparisons had been carried out. Understanding the
pulse height distribution is a key to the use of PLS as a dosimeter, and this was a problematic
situation.

The application of PLS as a photon dosimeter (below 100 keV) in medical field had been
studied in the current-mode widely. However the pulse height distribution is rarely
measured. One of the reasons why there is little written about comparison of pulse height
distribution in PLS photons seems to be that its response function is not clearly defined.

Kohan et al. [14] had calculated the pulse height distribution spectra of NE102
scintillators with joint codes: FLUKA for gamma transport and PHOTRACK for light transport.
The calculated result was broadened by applying a Gaussian energy resolution to the output.
However, the sigma (o) value was not measured but was randomly added to the pulse
heights. While in recent study by Ghadiri and Khorsandi [15] had adopted an optical photons
model in the calculation. Both studies had obtained a good agreement at the around
Compton edge peak of the Cs-137 source. However the comparison graphics of calculation
and measurement of pulse height distribution do not show the lower level energy, and that
makes it stand out less. The disagreement appeared at the low energy region after the
Compton edge peak is important to evaluate in order to extend the use of plastic scintillator.

To date, few studies have addressed the use of plastic scintillators for gamma ray
measurement of low-energy sources such as Am-241 (16.1 keV, 26.3 keV, and 59.5 keV)
photons [14], [15],[16] ,[17]. A comparison of measured and calculated spectra in absolute
values at such energy levels is useful for checking plastic scintillator response while
considering the ionization quenching effect that is required for low-energy photon dosimetry.

2.1.2 lonization quenching effect

lonization quenching results in reduction of the scintillation response at low electron
energies. Compton scatterings in the scintillator would produce several low scattered
electron energies that are deposited in the scintillator. The generated ionizing particles will
excite the scintillator molecules before de-excitation to emit the scintillation light. However,
it may de-excite with less scintillation light as a result of quenching. It is therefore of interest
to determine the response of scintillators particularly in low-energy regions to explain the
possibilities of using plastic scintillators for photon dosimetry.

The electron response of plastic scintillator has been studied with various method for
many years. Typically below 125 keV electron energies the scintillation light is significantly
reduced in organic scintillators. Several semi-empirical models have been proposed to
guantitatively describe the reduction in light output by ionization quenching of organic
scintillators. The first model is introduced by Birks in 1951 to explain the degradation of light
output through unimolecular quenching effect. In his formula, the author introduced a
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constant parameter, kB, to represent the quenching effect. In 1953, Wright [18] introduced
his model that considers unimolecular and bimolecular quenching. Heavy ionizing particles
were suggested to introduce additional quenching due to bimolecular process. A more
detailed approach was introduced by Voltz et al. [19] in 1966. It makes improvements to the
previous models.

2.1.3 Birks formula of ionization quenching effect

The results of electron response were analyzed with the commonly used description of
the non-proportionality by Birks. According to the Birks approach, light output of ionizing
particles in scintillator material depends not only on its energy (E) but also on its stopping
power (dE/dXx). In this theory, Birks assumed that the high ionization density along the particle
track is responsible for the reduction of scintillator response, i.e., quenching effect. The
response of organic scintillators decreases due to the ionization quenching effect at less than
a few hundred keV. There is one free parameter in the approach, the kB value (Equation 1);

dL b

dx
— = A—, (1)
dx g 4 kpdE

dx

in which dL/dx is light output per unit path length, A is the scintillation efficiency, and dE/dx
is the electron stopping power.

For the typical organic scintillator compositions, the electrons will significantly lose their
energies (dE/dx) with decreasing energy. Figure 2 shows the total stopping powers of
electrons calculated with the ESTAR database [20] for vinyltoluene-based materials. The
stopping values is higher at low electron energies below 200 keV. Thus, the amount of the
light output per unit path length (dL/dx) decreases at the high dE/dx region.

Equation 1 is Birk’s formula that gives the differential light output per unit path length.
For the total light output, L(E,), from an electron of initial energy (E,) should account for all
light produced as the electron slows. Electron eventually loses all energy in the scintillator.
The total light outout is obtained via the integration of Equation 2 over the energy interval
from 0 to E,:

Eo
L(E)—J—A dE 2)
o) = dE
o 1+kB—=

in which E, is the initial electron energy and dE/dx is the total stopping power.

It has been reported that the response of well-type plastic scintillators is proportional to
the energy deposition in the medium down to energies of 20 keV [21]. This result counters
that of Birks’s study for non-proportionality in plastic scintillators due to ionization quenching.
Another study of liquid scintillator response to electron energies less than 20 keV confirmed
Birks’s formula with different values for kB (0.013-0.019 cm/MeV) depending on chemical
concentration [22]. Craun and Smith had published a summary of Birks’s constant kB for
NE102 extracted from fits of Birks’s formula to eight sets of experimental data, seven of
which consisted of experimental data previously published by other authors. The values of
kB ranged from 0.0096—0.0159 g cm2MeV?, primarily for proton particles ranging from 0.25—
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11 MeV. Experimental data were described well, yet with different kB values for different
measurements.

In many papers, the constant value of quenching parameter (kB) were reported for a
wide energy range of particles. From current understanding, even if the non-proportionality
of light outputs for electrons could be described based on the Birks law, the kB value might
not necessary be the same for other particles such as protons. As an example, Chou [23]
introduced one additional constant parameter to the Birks formula that give superior fits to
the proton experimental data as published by Craun and Smith. Nevertheless, additional
investigations are needed for possible relation to the kB parameter between low energy
electrons and protons. While several values for kB were reported, it is important to know the
effect of non-proportional light outputs of plastic scintillators, especially at low-energy
photon dosimetry.

2.1.4 Compton coincidence technique (CCT)

The electron response of plastic scintillators is measured using a Compton coincidence
technique [24]. The technique based on detecting Compton electrons produced by incident
photons in the scintillator. At the same time, the scattered photon created as a result of
Compton scattering interactions would escape from the scintillator. The escaped scattered
photon and its energy are measured by a calibrated reference detector. By knowing the initial
energy of incident photon and the final energy of scattered photon, one can evaluate the
remaining energy transferred to the Compton electrons inside the scintillator.

For the measurements reported here, the target scintillator (EJ-200) was exposed to a
collimated beam of 662 keV gamma rays from Cs-137. In Compton coincidence
measurements, the incident y-rays of 662 keV deposit part of their energy to an electron after
undergoing Compton scattering interaction inside the target scintillator (EJ-200). Meanwhile,
the Compton-scattered y-rays’ energy is deposited in the reference detector (Nal(Tl)) in
coincidence. The energy deposition due to Compton electron energy within the target
scintillator (Eei-200) can thus be calculated by using the conservation of energy:

EE]-ZOO B Ey Nal(TI) 3)

in which E,is the energy of the incident photon and Enam is the energy of the Compton-
scattered y-rays deposited in Nal(Tl).

2.1.5 Compensation for plastic scintillator response

Several researchers have made an attempt to compensate the difference of plastic
scintillator between soft tissue in response at low-energy photon region (< 200 keV). To
optimize the air or soft tissue equivalent of low-energy photons, Mainardi et. al [[25],[26]]
had proposed doping the plastic with silicon (14Si) and chlorine (17Cl) through Monte Carlo
simulations, respectively. In tissue-equivalent material the absorbed energy should be
proportional to that in the soft tissue. The author had mentioned that it was impossible to
apply the same atomic composition of plastic scintillator to the whole energy region for
medical application. Instead doping with chlorine at two different concentrations were
proposed; low concentration for the diagnostic photon energies while higher one for
radiotherapy. However the details of the concentration was not mentioned.



For the former point, BICRON Co., a commercial company making plastic scintillators
verified that the silicon-doped scintillator is chemically unstable with poor optical clarity
because high concentrations of silicon are necessary to increase the absorbed energy
efficiency [26]. For the latter point, Williamson et al. in 1999 [27] tested the proposed
chlorine-doped plastic scintillator (4% of Cl) for its response to low energy X-ray beams. The
author considered the quenching effect by measuring the current value to determine the
light output. Nevertheless, the compensation is less than expected for the flat response. The
higher atomic number materials such as Pb or Bi would be good candidates for doping into
plastic scintillators. In contrast, Lessard et al. [28] recently demonstrated that the standard
plastic scintillator could be applied for photon dosimetry in the low energy X-ray field. The
expected underestimation of response in low energy X-rays field was compensated by
applying the correction factors based on the medium differences, to overcome the energy
dependence or quenching effects.

2.2 DEVELOPMENT OF CALIBRATION FIELD

In application of photon (gamma/X) detector and dosimeter, energy of radiation is one
of the major sources to distort their response. When radiation detector is calibrated, it is
desirable to calibrate for wide energies. Most of the detector and dosimeter are calibrated
with Cs-137, 662 keV mono-energetic gamma-ray source. As an example, the 200 keV energy
region is critical for the response of a dosimeter owing to the transition point of photon
interaction from the photoelectric effect to Compton scattering. Thus, calibration for the low
energy region is necessary to reduce any uncertainty contributions from the detector’s
energy response to the measured data. Stable sources mostly concern higher monoenergetic
regions and one must accept the presence of errors in low energy measurements because do
not have an adequate calibration field. Therefore, a low energy monoenergetic field would
be desirable to determine the energy dependence of dosimeters in this energies.

For ensuring the accuracy of photon dosimetry, calibration of dosimeters is actively
carried out at several laboratories such as at the Facility of Radiation Standard, JAEA (Japan)
and at National Institute of Standard and Technology, NIST (US). Monoenergetic photon
fields are preferable for this purpose since the energy response of dosimeters becomes more
obvious. Several radioactive sources with known activities have been widely used for this
purpose—primarily photon energies exceeding 600 keV except for Am-241 (60 keV).
Between 60-600 keV, filtered X-rays are also candidates though they are broader in energy
width and are less affordable to prepare. Around 200 keV is missing energy for calibration
(Figure 3). Several short, half-life radioactive sources that suit this energy range are
inadequate as references. As such, a stable monoenergetic field with approximately 200 keV
of energy was most desirable for study purposes.

Figure 4 shows a Compton-scattered photon and its energy dependence as a function of
scattering angle. Backscatter radiation is the radiation scattered with a large angle after
undergoing Compton scattering interaction inside the material. According to kinematics of
Compton scattering, the Compton-scattered photon energy can be calculated by:

ho' = hv
v . @)

N v
1+ proysy (1 —cosb)
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where hv is the energy of the incident photon, hv'is the energy of the Compton-scattered
photon, ¢ is the scattering angle between the directions of the incident and Compton-
scattered photons, and mc? is equal to 511 keV, denoting the energy of an electron at rest.

As far as | searched the literature, no paper has been published on the use of Compton
scatted photon for calibration field. In this thesis, backscattered is proposed to produce
qguasi-monoenergetic radiation around 200 keV. From Figure 4, all the gamma rays from Co-
60, Mn-54, and Cs-137 have Compton-scattered photon energies from 180 to 210 keV for
scattering angle, 8, between 150-180". Theoretically, the Compton-scattered photon energy
widths at this scattering angle range for Co-60, Mn-54, and Cs-137 are 12.7 keV, 10.5 keV,
and 9.4 keV, respectively. If the Compton-scattered photon which has a scattering angle of
150-180"is selected, its energy range is about 200 keV.



25 -
20 L O 0 SO .
E
ci54H ]
>
Q
=3
5 10 ........................................................................................... .
L
©
5 ............................... -
0 | 1 L | 1 .
0 0.2 0.4 0.6 0.8 1

Electron Energy (MeV)

Figure 2 Total stopping powers of electrons calculated with the ESTAR database for
vinyltoluene based materials [20].
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Figure 3 The available candidates of photons radiation for calibration. The rectangle red box
is concerning candidates of photons energy around 200 keV such as short half-life (T1/.)
sources and broad X-ray beam. Development of a calibration field is highly desired
within this energy range.
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Figure 4 Compton-scattered photon energy as a function of the scattering angle 6, calculated
according to the Compton scattering equation for Cs-137 (662 keV), Mn-54 (835 keV),
and Co-60 (1173 and 1333 keV).
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3 EXPERIMENTAL SETUP AND CALCULATIONS

3.1 DEVELOPMENT OF DETECTOR

3.1.1 Preparation of plastic scintillators

The scintillation detector consists of plastic scintillator and photomultiplier tube (PMT).
The properties of the plastic scintillators (Eljen Technology, Sweetwater, TX, USA) [29] used
in this study shown in Table 2. Matching their emission spectra to the readout device’s
photocathode-sensitivity spectra is important for efficient light collection. The emission
spectra of EJ-200 (and EJ-256 for lead-doped scintillator) as functions of wavelength vary
mostly from 400-500 nm (Figure 5(a) & (b)). The emission spectrum peaked at 425 nm. The
readout device used was a photomultiplier tube Model R375 from Hamamatsu [30] with a
diameter of 5.1 cm. The quantum efficiency of the photocathode also varies as a function of
wavelength (Figure 5 (c)). The peak wavelength of the PMT’s spectral response occurred at
420 nm, which is close to the photon emission spectra of both scintillators. The effective
diameter of PMT is 4.6 cm.

The whole setup has to be light-tight wrapped to avoid any background light that may
cause damage to the PMT. The scintillators were prepared with the following steps: (1) Three
layers of white Teflon tape were applied to fully cover all of the non-exiting surfaces of the
scintillator (Figure 6). (2) Optical silicone grease (Model: EJ-550) was applied between the
PMT and scintillator for coupling. To remove any air bubbles, light pressure was applied
between them during the coupling process. (3) The scintillator-PMT was then wrapped with
a black tape to improve the light reflection and for the safety of PMT. (4) All of these were
wrapped with aluminum foil.

3.1.2 Calibration of plastic scintillators

In this study, the y—y coincidence technique was adopted. Pulse-mode ADC was used as
the readout electronics for pulse processing and triggering. The lower-level discriminators
(LLD) of the ADC were fixed to 15 channels for spectra with 1024 channels. The same
discriminators were applied to other ADC channels used (including reference detectors). The
zero baseline of all the amplifier outputs were checked (and adjusted if necessary) prior to
the measurement by monitoring with an oscilloscope. The pulse height was then calibrated
with a high precision pulse generator (Model 419, ORTEC). The zero offset of the pulse height
was deduced for each ADC channel.

Two sets of detectors—target (EJ-200/EJ-256; 5.1 cm diameter x 1 cm long) and reference
(Nal(Tl); 5.1 cm diameter x 5 cm long)—were arranged to face each other at a distance of 10
cm, as shown in Figure 7. The same design and dimension of the detector holders (acrylic) of
both detectors ensures they are in aligned to each other. The gamma ray source was placed
between the target detector and the reference detector. The photons from the gamma ray
source that enters the target scintillator will be reflected to the reference detector in 180°
scattering angle owing to the face-to-face geometry.
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High voltages of +550 V and +500 V were applied to the PMTs of the target scintillator
and reference detectors, respectively. Signals from the PMTs were fed into preamplifiers
(Model 5548, Clear Pulse for target and Model 5626, Clear Pulse for reference detector), the
outputs of which were processed by the primary amplifiers (ORTEC 572A). All amplifier
outputs were fed into an analog-to-digital convertor (ADC) (A3400, Niki Glass Co Ltd.). Pulse
height data were accumulated using VMEbus and recorded event by event with timestamps
(5 ns step) in the hard disk drive of a personal computer connected to Gigabit Ethernet. The
data acquisition system can be applied to up to 16 channels with 10° events per second for
each ADC board.

3.1.3 Electron response of plastic scintillators

Figure 8 shows the experimental setup. Cs-137 (200 MBq) was placed inside the full lead
housing consisting of blocks 5 cm thick, one with a collimator hole 1 cm in diameter. The
distance between the source to the collimator was 20 cm. The target scintillator (EJ-200; 5.1
cm diameter x 5 cm long) was placed 30 cm from the outer surface of the lead housing. The
side wall of the target scintillator was arranged to face the collimator hole. The beam
diameter irradiating the target scintillator was 2.2 cm. The central axes of the source,
collimator hole and the target scintillator were aligned. The distance between the target
scintillator and reference detector was 40 cm, and both were aligned.

Figure 9 shows the block diagram of the readout electronics. High voltages of +800 and
+500 V were applied to the PMTs of the target scintillator and reference detectors,
respectively. Signals from the PMTs were fed into preamplifiers (Model 5548, Clear Pulse
target and Model 5626, Clear Pulse for reference detector), the outputs of which were
processed by the primary amplifiers (ORTEC 572A). The minimum dead time occurred with a
shaping time of 0.5 ps. All subsequent measurements were performed with the same
settings. All amplifier outputs were fed into an analog-to-digital convertor (ADC) (A3400, Niki
glass Co Ltd.). Pulse height data were accumulated using VMEbus and recorded event by
event with timestamps (5 ns step) in the hard disk drive of a personal computer connected
to Gigabit Ethernet. The data acquisition system can be applied to up to 16 channels with 10°
events per second for each ADC board. The low-level discriminator of the ADC was set at 15
channels over 1024 channels. The target scintillator count rate per second was 7135 + 18 cps.
The electronic parts and their parameters were kept constant throughout the experiment.

Experimental data are taken for the fourteen scattering angles from 15 to 140 degrees
by changing the position of the reference detectors. The angle range corresponds 34 to 462
keV for a Cs-137 source. Each run typically takes two hours to obtain enough statistics for
coincidence counts. Data are also taken for Nal(Tl) (OKEN, standard type 8A8) of 5 cm in
diameter and 5 cm in length by coupling to the same photomultiplier (Hamamatsu, R375) as
a target scintillator. This confirms the validity of the experimental data through comparison
with data taken previously. For Nal(Tl), nine hours was required for each run due to a lower
probability that a gamma ray paths through the scintillator with one Compton scattering and
without more interactions. Since longer acquisition times were necessary, an additional three
units of reference detectors, Nal(Tl) (Model: OKEN; 5 cm in diameter and 5 cm in length) were
prepared for simultaneous use.
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3.1.4 Energy resolution of plastic scintillator

The pulse height distribution for photons at a hundred keV or more usually lack a total
energy absorption peak, and is only a Compton continuum. Due to this, it is difficult to argue
in detail about the energy resolution. As example, the energy resolution had been
systematically studied by Hohara et .al [31] through finding the agreement between the
measured and simulated spectra.

The low energy photons from Am-241 shows a clear photoelectric peak. The energy
resolution of the scintillator was obtained from the measured photopeak of Am-241 by
Gaussian fit (FWHM,). For smearing of calculated spectra, energy dependency of the
resolution (FWHM) was assumed to be a proportional ratio to square-root of the energy (E)
as in Equation 5;

FWHM,
FWHM = —— (5)
E/E,

in which FWHM, value is determined for the photo-peak of Am-241 (E,).

3.1.5 Pulse height distribution spectra

3.1.5.1 Experimental procedure

The pulse height spectra were measured from the 60 keV to 800 keV energy range. Am-
214, Co-57, Cs-137 and Mn-54 were employed as standard sources. Experiments were
performed in an open geometry with a source located at a distance of 10 + 0.15 cm on the
axis of the scintillator (Figure 10). The measurements were performed for both standard (EJ-
200) and lead doped (EJ-256 0.5 % Pb) plastic scintillator of the same size (5 cm diameter x 1
cm long). Both were coupled to the same single photomultiplier tube (Hamamatsu, R375),
which is the same one used in Compton coincidence measurements. The environment
background measurements were performed at the same place to obtain the net counts.

The same bias voltage, shaping time and data acquisition system were used as in section
3.1.3 for energy calibration. The quality of the detector wrapping was checked with and
without the light shield-box by monitoring the average background count rate in both
conditions. For the measurements reported here, the difference between count rates was
negligible. Poor wrapping condition may introduce unnecessary counts or noise which affects
the pulse height spectra.

3.1.5.2 Calculation procedure

3.1.5.2.1 Calculation of pulse height distribution

Monte Carlo code for electron and photon transport (EGS5 code [32]) was used to
calculate the scintillator pulse height spectra. The photons interaction such as photoelectric
absorption, Compton scattering and pair productions were considered. The branching ratio
of the gamma sources were sampled as the JRIA data book [33]. The calculation geometry is
shown in Figure 11. The photons were emitted in the 4mn direction to include the effect of
plastic source casing. The scintillators material data and its density for the calculations
correspond to the manufacturer’s data (Table 2). For accurate calculation of scintillator pulse
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height spectra, two parameters were determined experimentally to include in the
calculations; the non-proportionality of light output and energy resolution in the plastic
scintillator. The energy resolution will be discussed in the section 4.1.3

For the first case, calculation of the spectrum corresponds to the energy deposition of
the gamma sources (C1). In the second case, the scintillator non-proportionality (ionization
qguenching) was considered (C2). A subroutine consisting of the data of total light output as
Equation 2 (kB=0.016 g cm? MeV?) was included inside the user code to calculate the
absorbed energy with light output dependent. The Birks parameter of the kB value comes
from an experimental measurement as reported in section 4.1.2. The measured relative
electron response is normalized at 0.462 MeV as per experiment data. A normalization factor
at the same energy was calculated to apply on the all calculated light output results inside
the user code.

3.1.5.2.2 Calculation of a normalization factor for electron Quenching effects

The light output as a function of electron energies were calculated with the Birks formula.
The effect of electron binding energy and Moller scattering were included in the calculation.
According to the Birks formula, there are two parameters needed for input in the calculation;
the kB value and the total stopping power (dE/dx). The kB value of 0.016 is used as
determined from the measurement. The total stopping power of EJ-200 scintillator was
deduced from the EGS5 code and extrapolated down to 1 keV (Figure 12). The user code was
opted for unrestricted collision and radiative stopping power for the material data of EJ-200.
The ratio of light output to the incident electron energy is shown in Figure 13. For the
calculation reported here, the normalization factor was calculated at 0.462 MeV. The value
of normalization factor derived from the figure is 1.186. Nevertheless, Figure 13 indicated
that above 0.462 MeV, the results with quenching effect are similar to the energy deposition.
They are not dependent on the kB value. Finally, the same normalization factor was applied
on the light output results inside the user code to yield the pulse height distribution with
normalized quenching effect. The pulse height spectrum of several gamma-ray sources were
calculated for both scintillators of EJ-200 and EJ-256 (0.5 % Pb) to be compared with the
experiment.
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3.2 DEVELOPMENT OF CALIBRATION FIELD

3.2.1 ~200 keV photon field by backscatter layout

The basic backscatter layout is shown in Figure 14. A lead block was used to absorb the
direct component. The floor served as the scattering material. When the primary photon was
removed on a sufficiently thick lead block, the backscatter photons that were scattered by
the floor with large angles could be measured, as indicated by the solid arrow line in the
figure.

3.2.1.1 Backscatter Layout Optimization by Calculations

In order to improve the backscattered field photon spectra, the arbitrary parameters of
the backscatter layout were studied with Monte Carlo simulations. The first three parameters
shown in Table 3 were optimized to enhance the backscatter peak and to reduce the lower
energy components.

The EGS5 code was used to calculate the backscattered photon spectra and ambient dose
equivalent (Sv/photon). Surface crossing was used to calculate the back-scattered photon
dose and spectra on the surface of 2 cm x 2 cm (X-Y axis system) scoring region. In order to
obtain ambient dose equivalent, air absorbed dose (Gy) was calculated as a first step by using
kerma approximation. A function was adopted in the calculation to evaluate the ratio of
ambient dose equivalent (Sv) to air absorbed dose. Then the ambient dose equivalent was
calculated by multiplying the ratio of ambient dose to air absorbed dose.

The geometry used in the calculations is the same as that shown in Figure 14. The scoring
region was positioned at a detector-to-lead distance (DPD) of 15 cm from the top of the 10
cm x 10 cm x 10 cm lead block. The source was placed at a source-to-floor distance (SFD) of
20 cm from the surface of the concrete floor. A single-energy, 662keV point isotropic source
was used in the calculation, and the solid angle of the source photons was 4m, as in
experiment. The concrete floor was a cylinder with a radius of 150 cm and a height of 1 m.

Two indicators were used to study the obtained photon spectra: the mean energy and
the peak-to-total ratio. The average energy (<E>) of a photon spectrum was calculated by the
Equation 6:

/Ooo E - f(E)dE
/OOO f(E)dE

where f(E) is the number of photons with energy E. Each photon was multiplied by its
corresponding energy and all the product was integrated over the whole spectrum. The
integral of all the products were divided by the total number of photons to yield the mean
energy. The peak-to-total ratio is defined as the ratio of the integral number of photons of
the backscatter peak to the total number of photons over the entire spectrum. The peak
boundary of backscattered photons was determined as = 10 keV from the peak centroid. The
ambient dose equivalent (Sv/photon) was also calculated for each examined layout
parameter.

< B >=

(6)
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3.2.1.2 Uniformity of the Backscattered Photon Field

The optimal backscatter layout to provide a uniform backscattered field was obtained
from experiments and calculations. The goal was to obtain a uniform backscattered radiation
field with less than 10 % variation over a wide area. Thus, the position dependence of the
field was examined for the spectral shape and dose rate by changing the detector position
and scoring region (temporarily set as DPD=15 cm) under the predetermined backscatter
layout. It is important to establish a uniform radiation field at the detector location to reduce
the position dependence of the calibration field for application to various sizes of dosimeters
and detectors.

The experimental backscatter layout used in this study is shown in Figure 15. The layout
features optimized parameters, such as lead block thickness of 10 cm, SFD at 20 cm, and the
added 1.4 m x 1.4 m x 0.05 m square of iron on the concrete floor. The uniformity of the
backscattered radiation field in the tested area was examined vertically and horizontally. The
same optimized layout was also modelled in EGS5-CGview [34]for uniformity studied as
shown in Figure 16.

The Cs-137 source used (AEA Technology QSA Inc., Code no: CDC 805) was sealed within
a stainless steel capsule with dimensions of 6 mm (diameter) x 8 mm (length). The source
was then placed under an aluminum case 45 mm (diameter) x 15 mm (thickness) with an
acrylic window with a thickness of 1 mm. The source activity at the time of the experiment
was 208 MBq (5.62 mCi).

The spectra of the backscattered photons were measured by a Cdi«ZnsTe detector
(KROMEK, Model GR1) whose size was 1 cm x 1 cm x 1 cm. The dose rate was measured by a
Nal (TI) scintillation survey meter with a crystal size of 25.4 mm (diameter) x 25.4 mm (length)
(ALOKA, TCS-171), and with an ionization chamber survey meter of 400 cm?3 effective volume
(ALOKA, 1CS-321). The uniformity of the backscattered radiation field was examined at
different DPD values in the vertical direction and with respect to the horizontal position of
the detector.

3.2.2 ~200 keV photon field by an X-ray generator

Monoenergetic photon fields are indispensable for calibration of radiation detectors and
dosimeters. An X-ray generator could produce photon energies about 200 keV by using
appropriate filtration and voltage. Primary X-ray beams are polychromatic in nature with
most of the photon average energy being one-third of the maximum energy of the X-ray.
Therefore, filtration of the primary X-ray beam would reduce the total number of X-ray
photons in the beam and removes a greater portion of the low-energy photons. Filters added
to the X-ray beam are most often constructed of high atomic number materials such as lead,
tin, and tungsten. In this present study, several sets of filters and applied peak voltages are
demonstrated to provide a few hundred of keV mono-energetic photon field. Selection of
filter materials and their thicknesses are based on data from ANSI, 1SO, JAERI and NIST
organizations [[35], [36], [37], [38]].

3.2.2.1 Calculation of photon spectra for filtered X-rays
SpekCalc software [39] was used to obtain the unfiltered X-ray spectra as a source input
for EGS5 code. The code is used to select candidates for filter materials, thicknesses and
combination. A strong single filter, Tungsten (W, with 5 mm thick) is chosen due to its narrow
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calculated photon spectra in comparison to literature filter sets with one drawback— the
clear observed K X-rays of the tungsten filter. Figure 17 shows the calculated photon spectra
for filtered X-rays of 250 kVp. The mean energy for (a) to (c) are 203, 209 and 206 keV,
respectively. It was expected that the broad peak of the filtered X-rays will be measured
concerning the broad width of the calculated photon spectra.

3.2.2.2 Measurements of suggested filter materials

The experiment is performed with the X-ray tube (Comet; MXR-320/26) at the radiation
calibration facility, KEK, Japan. A distance of 5.3 m = 1 cm between CdZnTe and filter surface
was adequate to avoid significant dead time losses. The detector has a higher detection
efficiency at X-rays energies. The lower energy threshold of the CZT was set to 24 keV (lower
than default energy=32 keV) without any significant dead time effect observed for
measurements. Three data were taken for each filters; (1) direct measurements with the
filters, (2) measurements with filters with a lead bar was placed in front of the CZT to account
the room-scattered radiation, and (3) background of radiation measurement. The measured
spectra properties are evaluated as a result of mean energy, full energy peak, energy width
and dose rate.

3.2.3 Spectrum measurement using CdZnTe detector

CZT detector have several advantages such as its compact size as well as stability and
good energy resolution are very useful in the study and understand the photons field. To
evaluate energy width for both backscatter and X-ray generator fields, a 1-cm® CdZnTe
detector (KROMEK Model GR1) was used. In previous studies, the problems of inactive layer
and incomplete charge collection efficiency had been reported for the CZT detector (1-cm?3).
In this study, the measured peak efficiency (%) was compared to the literature data [40] and
calculated in absolute values.

3.2.3.1 Measurement - calculation geometry

The check sources (as listed in Table 4) were placed 10 cm away from the surface of CZT
as shown in Figure 18. All the sources used were encased in a plastic discs and were aligned
to the center of CZT surface. The data acquisition and analysis of the photon spectrum were
performed with its software (KSpect) running on a personal computer. The background
radiation was taken at the same place as where the measurements were conducted. Figure
19 shows the model of CdZnTe detector in EGS5-CGview for particle trajectory. The main
parameters of the geometry are:

(a) The active crystal areais 1.0 x 1.0 cm?,

(b) The active crystal thickness is 1.0 cm,

(c) The outer case is 1.2 mm thick aluminum,

(d) The window is 0.5 mm thick aluminum,

(e) The distance from the window to the surface of the crystal is 5 mm.

The proportion numbers of CZT material components are 0.9, 0.1, and 1 for Cd, Zn, and
Te respectively. Density is set as 5.86 g/cm3. The source was positioned at a 10 cm distance
from the window corresponding to the measurement and literature geometry. The 4n
isotropic source photons go toward the CZT and cover only the front face of CZT crystal area
as shown in Figure 19.
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From preliminary calculation, calculated peak efficiency exceed measurement. Thus
calculation for CZT of several sizes were performed.

The peak efficiency depends on the geometry of the detector and crystal size. To assume
the effect of insensitive region, the active crystal area was re-modelled. While remaining the
original size of the crystal area (1.0 cm x 1.0 cm), the “effective” area that registered the
events was reduced. The outer part of the “effective” area would become the reflector. The
geometries of the remodelled crystal depicted in Figure 20.
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Table 2 Physical characteristics of the plastic scintillators studied

Scintillator model EJ-200 EJ-256 (0.5% Pb)
Size
Diameter (cm) 5 5
Length (cm) 1, 5% 1
Light output (% of anthracene) 64 56
Density (g/cm?) 1.023 1.028
Decay time (ns) 2.1 2.1
Max. emission spectrum (nm) 425 425
Typical light attenuation (cm) 380 -
Composition H: 0.084 H: 0.084
(proportions by relative C:0.916 C:0.911
atomic weight) Pb: 0.005

*A length of 5 cm was used for electron response measurement and 1 cm for photon dosimetry study.
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Figure 5 Scintillator emission spectrum of EJ-200 (a) and EJ-256 (b) [29]. The wavelength peak
of both scintillators is 425 nm. Figure 5 (c) shows PMT photocathode sensitivity as a
function of incident wavelength of light [30]. The wavelength peak is 420 nm. The
matching of the scintillator photon emission spectrum and PMT response is important
for efficient light collection. The figures were adopted from the manufacturer’s
webpage.
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(b)

Figure 6 Final appearance of the self-wrapped scintillator of both thicknesses with white
Teflon tape; 5 and 1 cm are ready for use (a). Three layers of Teflon tape were used for
better light reflection. The exit face of the scintillator (non-wrapped part) is optically
coupled to the PMT of the same diameter with optical silicon grease (b).
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Figure 7 Block diagram showing the electronics used in the experiment of y—y coincidence.
Two sets of detectors, target (EJ-200) and reference (Nal(Tl)), are arranged face to face.
The separation between the target and reference detector is 10 cm. The gamma ray
source is placed in the middle of the target detector and reference detector. The
photons from the gamma ray source that enter the target scintillator will be reflected
to the reference detector at a 180° scattering angle because of the face-to-face
geometry.
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TOP VIEW

Figure 8 Schematic diagram of the setup for Compton coincidence technique in the actual
scale size. The measurement was performed at the radiation calibration facility, KEK
with a Cs-137 source intensity of 200 MBq. The Cs-137 source inside the lead housing
was collimated to irradiate only the target scintillator. The collimator hole diameteris 1
cm. The beam diameter irradiated the target scintillator is 2.2 cm. The distance between
the target and reference scintillator was fixed at 40 cm as for scattering angles (15° to
140°). The collimator opening, source, and target scintillator were in alignment. The
same acrylic detector holder design and dimensions aligned both the target and
reference detectors.
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Figure 9 Block diagram showing the electronics used in the experiment.
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Figure 10 Picture showing the direct measurement of gamma sources in open geometry. The
distance is 10 cm between the sources and surface of the scintillator. All sources were
encased in the same plastic housing.

Figure 11 Simulation geometry modelled in EGS-CGview for calculation of the scintillator
energy deposition. The photons were emitted in 4m that was isotropically incident to
the plastic scintillator (PLS=5 cm long) which was coupled to the PMT window (Quartz=5
mm long). The wrapping materials such as Teflon tape and aluminium foils were ignored.
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Figure 12 Total stopping power of electrons (dE/dx) passing through the plastic scintillator.
The closed square is the data of the vinyltoluene-based scintillator from the ESTAR
database [20]. The data for the scintillator (EJ-200) were calculated down to 1 keV by
EGS5 code as open red circle.
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Figure 13 The ratio of calculated light output to the electron energy deposition for a kB value
of 0.016 g cm™ MeVL. At 0.462 MeV, the normalization factor is 1.186 and is applied to
the light output results of EJ-200.
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Figure 14 Basic setup of backscatter layout. The primary photons of the sources were
absorbed by the lead block. The backscattered photons with energy of ~200 keV
detected at the tested area as a result of Compton scattering with the floor by a large
scattering angles.

Table 3 Example of layout parameters of Figure 14.There are four parameters would be
optimized; lead block sizes, source to floor distance (SFD), scattering material, and detector
to lead distance (DPD).

Layout parameters Value of parameters

Lead block 10cm x 10 cm x 10 cm

Source to floor distance (SFD) 20 cm

Scattering material Concrete floor of 1 m thickness
Detector to Pb block distance (DPD) 15cm
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Figure 15 Partly optimized the setup of backscatter layout. The schematic consists of arbitrary
(DPD) and the other optimized parameters. The tested area was investigated by
optimizing the DPD parameter both vertically and horizontally.
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Figure 16 The backscatter layout modelled in EGS5-CGview as Figure 15. Calculation
performed on square of Iron blocks 1.4m x 1.4m area x 0.05m thickness on cylinder
concrete floor of 3m radius with 1m thickness. Most of the scattered photon scored
were mainly from the Iron floor.
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respectively. A K X-ray peak of the filter tungsten yield is obvious in (a).
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Table 4 The list of check sources used for measurements. The sources activity ranging from

120 to 400 kBq (as on 01.01.2015).

Code Serial Energy Branching Activity
Source
no No. (MeV) ratio (%) (kBq)
Am-
QCR310 NY 235 241 0.06 35.9 405.2
CT402 579 Co-57 0.122 85.6 263.2
QCR310 NY237 Cs-137 0.662 85.1 348.9
MN402 579 Mn-54 0.835 83.5 323.6
QCR310  NY239  Co-60 1.173 3.3 1923
1.332 100 :

Figure 18 The experimental setup used for measuring the absolute peak efficiency values.
The gamma sources was aligned to the CZT front surface at a distance of 10 cm. The
measured values obtained were compared to the literature and calculated data.
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Figure 19 The model of CdZnTe 1cm3 crystal (KROMEK, Model GR1) in EGS5-CGview for
particle trajectory. The outer case is aluminum of 1.2 mm in thickness. The window is
aluminum of 0.5 mm in thickness. The distance from the window to the surface of the
crystal is 5 mm. The density is 5.86 g/cm3. The proportion numbers of CZT material
components are 0.9, 0.1, and 1 for Cd, Zn, and Te respectively.

(@) (b)
Figure 20 The calculated crystal areas of CZT from the front view. Several areas of the crystals

were calculated. Figure (a) is the original area of 1.0 x 1.0 cm? and (b) is 0.9 x 0.9 cm?
area of the region used to score in calculation while remaining its original size.
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4 RESULT AND DISCUSSIONS

4.1 DEVELOPMENT OF DETECTOR

4.1.1 Calibration of plastic scintillator

Energy calibration of an organic scintillator is performed by gamma ray sources. The
positions of the Compton edge in pulse height spectra that have known energy values will be
identified. However the Compton edge is normally very broad. It is difficult to determine the
exact point corresponding to that particular Compton electron energy. Several researchers
have made use of the Compton edge for energy calibration. For example Miyajima et al [41]
obtained a linear energy calibration curve for NE102A scintillator by with several high-energy
gamma sources. The sources used were Mn-54, Bi-207, Co-60, Na-22 and TI-208.

There are three possibilities for the positions of the Compton edge as depicted in Figure
21; the Compton maximum (Em) where the channel value is at the highest part of the
Compton edge in pulse height spectra, the half-height of Compton maxima (Ex) in pulse
height spectra, and the true Compton edge (E.) where the position is in between E, and En,.

A.A Nagqvi et al. [42] studied NE213 (5 cm in diameter x 5 cm long) and mention that the
separation between the real Compton edge position, E. with the half of Compton maxima, En
is proportional to the detector resolution. In a similar study, Swiderski et al. [43] compared
the separation of E. to the Compton maxima itself, E, of BC408 (4 cm in diameter x 5 cm
long).

For comparison with the EJ-200 (5 cm in diameter x 5 cm long) used in this study, the En,
position was determined directly from the pulse height analyzer. While the half-height of
Compton maxima, E, was obtained by fitting the Compton edge region of interest (see Figure
22). A Gauss-error function was used to fit the Compton edge region as:

(X - xo)
f(x) =aerf — +c, (7
where the control parameter c is the half counts of Compton maxima and x, is the output for
the channel number corresponding to the location of its half-height (En).

Many researchers use several fitting functions and Monte Carlo simulations to determine
the position of the Compton edge. For example, Proctor & Wellman [44] used a straight line
fit to the linear part of the Compton edge and extrapolated a zero count. While A.A. Naqvi et
al [42] and L. Swiderski et al. [43] used a method based on a back-scattered coincidence
measurement to measure the position of the Compton edge in organic scintillators. y-y
coincidence technique was widely applied when the position of the Compton edge needs to
be determined precisely. In this section, the position of the Compton edge relative to the
position of the Compton maximum and the half height of the Compton maximum will be
discussed.

Three mono-energetic gamma ray sources of higher energy such as Cs-137, Mn-54 and
Na-22 were employed. Both direct and y-y coincidence spectrum were acquired for each
sources. The results for Cs-137, Mn-54, and Na-22 sources are shown in Figure 23(a)-(c) of EJ-
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200 that is 5 cm long. The 200 ns time window was applied for Cs-137 and Mn-54. Na-22 has
a pair of 0.511 MeV photons from the annihilation process where a pair of gamma rays are
detected in both detectors in coincidence events. A narrower time window of 25 ns was
applied gated on after the coincidence events.

The results of the Compton electron spectrum for each gamma sources show a Gaussian
shape peak. The centroid and FWHM of the distribution were determined with a Gaussian
fitting to represent the Compton edge position as shown in Figure 23 (a)—(c). Figure 24 (a) to
(c) are corresponding energy calibration curves for 5 cm EJ-200, 1 cm EJ-200 and 1 cm EJ-256,
respectively. The error bar shows the error of peak position.

The summarized results of the position of the Compton edge are shown in Figure 25 (EJ-
200; 5.1 cm diameter x 5 cm long). All three Compton edge positions were fitted linearly. The
positions of Compton edges were compared to each other (Table 5 and Table 6) to
understand the pulse height resolution. The measured and literature data show the same
tendency where the E. shifts relative to En, or Ey and decreases as the energy of the Compton
electron increases. This demonstrates that the energy resolution is better towards higher
energies. From measurements, the deviation of E. to En is from 5.4 to 4.2 % while the
deviation of Ec to Ey is from 8.3 to 4.5% for Na-22 (511 keV), Cs137 and Mn-54 sources. It was
observed that the Compton edge (E.) is closer to the Compton maxima (En) than the half-
height of the Compton maxima (En) for all y-sources. From this relative position of the
Compton edge, it could be concluded that the typical assumption that the Compton edge
corresponds to the half-height of the Compton maxima is inadequate for this scintillator
model. Instead, it is better to use the Compton maxima for rough energy calibration of the
scintillator.

4.1.2 Electron response of plastic scintillators

Two calibrated Nal(Tl) (BICRON) reference detectors with a diameter of 7.62 cm and
length of 7.62 cm were used at the same time for CCT. Figure 26 (a) & (b) shows the energy
calibration curves of the two reference detectors using photo-peak positions of known
gamma ray energies. The error bars were determined from the error of peak position.

The recorded data of CCT are processed in accordance with the following procedure: (1)
First, events having time stamps within a specified time window of true coincidence events
are selected as coincidence events from a large number of events recorded. The term “time”
refers to the time of arrival of a pulse in both target and reference detectors. The time
window for coincidence events is 10 channel steps for the total time window of 50 ns, as
described in section 4.1.1. Figure 27 shows a two-dimensional scatter plot for the pulse
heights of an EJ-200 target scintillator and reference detector. (2) Next, from the scatter plot,
Compton scattering events are identified and sorted into a histogram of pulse height data for
the target scintillator. The Compton electron energy was calculated by Equation 3. (3) Then
the peak channel of the histogram is deduced by using a Gaussian fitting representing the
light output corresponding to the Compton electron energy. Figure 28 shows the Compton
electron energy spectrum for the EJ-200 scintillator and its corresponding Compton-
scattered photons deposited in Nal(Tl) as measured by CCT for several scattering angles. (4)
Finally, the ratios are computed between light output (3) and the deposited electron energy
(2) to yield the electron response, L/E..
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The uncertainties in the relative light yields such as counting statistics, centroid
calculations and calibration have been discussed by Rooney et al [24] to be less than 0.6 %.
For the measurements reported here, the peak position uncertainty (og,) was calculated as
Equation 8 [45]. It introduces an uncertainty of less than 1 %.

FWHM

Opy = ——— (8)
B 235 /Ny’

Here FWHM is the full width at half maximum of the peak and Ny is the total counts under
the peak. The uncertainty of both reference detectors for conversion from channel number
to energy are 0.048 and 0.045 % respectively. The error was calculated as the propagation
error of the linear equation established for each reference detectors. For each run, the
average Nal(Tl) instability was estimated to be 1.5 % (620 ch £ 9 ch for Cs-137). In the case of
the target scintillator, the scintillator and photomultiplier tube performance were assumed
constant throughout the measurements.

The chance coincidences depend on the width of the time window for the coincidence
events in both the target and reference detectors. Due to a narrow time window (within 50
ns), the rate of contamination from background scattering or by chance-coincidence was low
compared to coincidence events as shown in Figure 27. Therefore it was anticipated that the
chance-coincidence events would have no impact on the obtained energy spectrum. The
value of the time window as a function of the scattering angle are shown in Table 7.

4.1.2.1 Calculation of the CCT geometry

PHITS code of the version 2.76 [53] was used to simulate the CCT geometry to check the
data quality of the measurement. The same size of the target and reference detectors was
modelled in the calculation. The distance between the target and reference detectors is 40
cm as per experiment. The calculations were performed for several scattering angles. The
measured scattered photon for several angles were compared with calculated one (see in
Figure 29). The output of PHITS calculation were fitted to the Gaussian for its peak centroid.
The difference of measured to calculated peak centroids values are within 2 %. The calculated
spectra peak width was not included the Nal(Tl) detector resolution, showing the inherent
width due to the geometry of CCT. Figure 30 shows the effect of distance between the target
and reference detector at the angle of 25 degree. The spectra of distance less than 30 cm
have a broad inherent width and higher detection efficiency as a result more scattered
photons from deposited. The peak was not adequate for Gaussian fitting. The narrower and
Gaussian shape peak was observed as the distance between both detectors above 30 cm.
Thus, it is recommended that the distance between both detectors to be at least at 30 cm.

The effect of angle uncertainty (+ 1 degree) was also evaluated as shown by Figure 31. The
1 degree uncertainty is corresponding about 1 cm shifted of the Nal position to the particular
angle. The calculated scattered photon spectra was calculated at a distance of 40 cm from
the target scintillator as per experiment. Three angles were calculated at 24, 25 and 26
degree to understand the impact of Nal angulation on the spectra. Each spectra was analysed
for its peak centroid by the Gaussian fit. The percentage of different either 24 or 26 to the
angle of 25 degree is within 0.86 %. Thus, the impact of different angle within 1 degree was
very small.
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Figure 32 shows the relative light output per unit of electron energy deposited for both
plastic and Nal(Tl) scintillators together with the data obtained from previous studies. The
data of BC-408 (40 mm diameter x 50 mm long) from the literature was plotted together [46]
as BC-408 is equivalent to the model of EJ-200. The author had measured the electron
response from the technique of wide angle Compton coincidence. The response of the plastic
scintillator decreases significantly below 150 keV as the electron energy decreases. The
degradation of light output shows the effect of ionization quenching as the stopping power
of free electrons increases for lower electron energies. In contrast, Nal(Tl) data increases with
decreasing electron energy. The measurements with Nal(Tl) supports the data from the
literature [24], validating the measurements performed with a plastic scintillator. However,
it is clear that the response somehow disagree at the point of 350 keV. This disagreement
was mainly due to the calibration error of an individual reference detector calibration of
(Nal(Tl); 2” x 2”) used for a particular angle. The deposited energy of Compton-scattered y-
rays was found to be lower than the theoretical energy of Compton-scattered photon energy
at the same scattering angle of 75 by 7.2 %. Thus it would yield the lower light output per
electron energy absorbed in the target detector. Nevertheless, the observed disagreement
at 350 keV data would not affect the results of the EJ-200, which are measured by the same
two reference detectors (Nal(Tl); 3” x 3”).

The value of the Birks parameter (kB) was extracted from the shape of the light output
curve. Figure 33 shows the least squares result of comparing the light output measured
during this experiment with Birks formula for different kB values. The least square
minimization (x?) was calculated by:

Xt =) (M= €Y 9

where M is the experimental data and C is the number generated by the Birks formula (2).
When the plot curve of kB=0.016 is compared to the experimental data, the reduction of light
output is consistent with experiment, as shown in Figure 34. The extracted value is important
to be use in calculation of absorbed energy while considering the electron response.

4.1.3 Comparison of measured and calculated pulse height distribution

Energy resolution isimportant in the successful comparison of calculations with measured
results. The photopeak of Am-241 was acquired by direct measurement as shown in Figure
35. The measured photopeak of main gamma from Am-241 at 59.5 keV was analyzed to
obtain the FWHM value. Figure 35 (a) shows that the measured spectrum of Am-241 was
fitted by exponential (green) and Gaussian (red line) functions. The FWHM was deduced by
a Gaussian fit after subtracting the exponential part as shown in Figure 35 (b).

Figure 36 to Figure 40 show the comparison of measured (M) and calculated (C1 and C2)
pulse height spectra for Am-241, Co-57, Cs-137 and Mn-54 sources, respectively. In each
figure, the comparison is shown for each scintillators of EJ-200 and EJ-256 (0.5 % Pb) labelled
with (a) and (b), respectively. The typical shape of the pulse height spectra seen in the low Z
plastic scintillator are presented in Figure 38 to Figure 40. The results show that there is no
photon photopeak in the case of Cs-137 and Mn-54 sources. It is associated mainly with the
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scattering process in the plastic scintillator from high-energy photons. For Am-241 and Co-
57 sources, a few of the primary photons from the primary photons undergo photoelectric
interactions as seen in Figure 36 and Figure 37 (note that the counts are on the log scale for
both figures).

Generally, the Compton edge peak widths reproduced by the calculated spectra are in
reasonable agreement with experiment for all gamma sources. By using the photopeak of
Am-241 source, Equation 5 is adequate to smear the initial calculated spectra of all other
sources once we know the value the photopeak energy (from the calibrated measured
spectra) and its FWHM.

There are two figures show the comparisons for the Cs-137 source; Figure 38 and Figure
39 . In the Figure 38, the comparison of the spectra shows the agreement part only at the
Compton edge peak and disagreed after the Compton edge peak. This result are in agreement
with other researchers [[14], [15]]. In this study, the agreement was further improved as
depicted in Figure 39. A thin Al (2 mm) was added in between the source and scintillator for
re-measurement and calculations. The agreement of the experimental data and calculated
spectra (C1 and C2) was achieved for the entire spectra. The purpose of adding thin Al is to
block the beta ray emission from the Cs-137 source. The well agreement also was achieved
for Mn-54 as shown in Figure 40.

The effect of non-proportionality in the plastic scintillator is clear from Figure 36 and
Figure 37 for low energy gamma sources, Am-241 and Co-57, respectively. When considered
the scintillator non-proportionality (ionization quenching) in the same calculation, the
disagreement between measurement and calculation is improved considerably as depicted
by the C2 spectra in the same figures.

The effect of lead doping on the pulse height spectra could be seen in Figure 41 (a) and
(b) for Am-241 and Mn-54 sources, respectively. Figure 41 (a) shows that the lead doped
improved the detection efficiency and energy absorption with higher pulse height in
comparison to standard plastic scintillator. In the case of Mn-54 sources, both the measured
and calculated results agreed that there is no significant contribution of the lead doping on
the pulse height spectra as depicted in Figure 41 (b). The influence of the optimal
concentration of lead doping scintillator with soft-tissue dose will be discussed in the section
4.1.5.

The study shows that calculation results are in consistent agreement with corresponding
experimental data of both scintillators, EJ-200 and EJ-256 (0.5 % Pb). To summarize the
agreement between the calculated and the experimental data is satisfactory. The agreement
will be discussed in the next section from the viewpoint of absorbed dose.

4.1.4 Absorbed dose from pulse height distribution spectra

The absorbed dose (Gy) was obtained by summing up the absorbed energy (MeV)
deposited in the scintillator from the pulse height distribution spectra. The total absorbed
energy was then divided by it mass to yield the output in the unit of MeV/g. Following
conversion were used to convert the unit of MeV/g to Gy;

1 MeV = 1.602 x 1023 J (10)
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1 MeV/g = 1.602 x 10°3 (J/MeV) x 1000(g/kg) = 1.602 x 10™° Gy (11)

The energy threshold of the summation is 20 keV. Because the plastic scintillator composition
is close to soft-tissue, any deposited energy into plastic scintillator would be similar to soft-
tissue of the same size.

The measured pulse height spectra of each 1 cm long scintillators (EJ-200 and EJ-256 0.5%
Pb) were calibrated by using the established energy calibration line as shown in Figure 24 (b)
and (c). The absorbed dose was deduced from the calibrated pulse height spectra as in
Equation 12;

Absorbed dose (MeV/g);

_ Z Counts of channel i x Energy of channel i (MeV)x Energy bin width (12)
=007 MeV volume (cm?) x density ( g/cm3 ) of scintillator

The proper energy calibration procedure is important for the accuracy of absorbed dose
measurement. For the measurements reported here, the absorbed dose was evaluated from
the pulse height spectra as mentioned in section 4.1.3. No correction was applied to the
developed calibration curve as the Compton edge of the higher energy sources (Cs-137, Mn-
54 and Na-22) were fitted linearly and were close to the origin.

The uncertainty of the measured absorbed dose was evaluated as a statistical uncertainty
due to counting statistics of the measured net counts (vn). For the measurements reported
here, the counting statistics give an uncertainty of less than 4.5 % and 3.1 % in the absorbed
dose of EJ-200 and EJ-256 (0.5 % Pb), respectively. The distance from the source to the
scintillator throughout the measurements was estimated to produce an error of 1.5 %.

Table 8 and Table 9 shows the results of measured and calculated absorbed dose for the
scintillator of EJ-200 and EJ-256 (0.5 % Pb), respectively. These absorbed dose values were
derived from the pulse height spectra as shown in Figure 36 to Figure 40 for Am-241, Co-57,
Cs-137 and Mn-54, respectively. In the case of Cs-137 and Mn-54 sources, the measured
absorbed dose by EJ-256 is higher than EJ-200 by 4 %. There is a significant effect of lead
doping for lower gamma sources of Am-241 and Co-57. The ratio of absorbed dose in EJ-256
to that in EJ-200 is 3.6 and 1.2 for Am-214 and Co-57, respectively. Adding lead at 0.5 % of
the total plastic scintillator weight significantly increased the photoelectric absorption of low
energy gamma photons with a lower effect on higher energy sources. These results suggest
that using a single concentration of lead doped is adequate for photon dosimetry in a wide
energy range.

Table 10 shows the summarized results for the ratio of calculated to measured (M)
absorbed dose of both scintillator EJ-200 and EJ-256, respectively. The calculated absorbed
doses were considered in two situations: C1 for energy absorption and C2 is an energy
absorption including the quenching effect as discussed in section 3.1.5. For higher energy
gamma sources such as Cs-137 and Mn-54, the ratio of either C1 or C2 to the M are within
6 % in both scintillators of EJ-200 and EJ-256. For Am-241 sources, both scintillators disagree
up to 40 % (C1/M). The difference was improved to 13 % (C2/M) once quenching effects were
considered. The results indicated that the energy response was much affected on the
absorbed dose of low energy gamma sources rather than higher energy gamma sources.
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To summarize, the degradation energy response of the plastic scintillator distorted much
of the absorbed energy towards low energy photons. This effect requires a compensation for
soft-tissue dose. Lead-doped plastic scintillator is a good candidate to compensate the
underestimation of absorbed dose by standard plastic scintillator, particularly for low energy
photons.

4.1.5 Compensation of underestimation for soft-tissue dose
In the previous study, the compensation of dose underestimation in the low energy
region had been proposed by doping the plastic scintillator with higher atomic material. The
idea for this investigation is that the addition of a high Z element to plastic scintillator in small
proportions offers substantial increases in gamma interaction probability at energies below
200 keV.

In this section, the absorbed dose of the standard and several concentration of lead
doped plastics scintillator will be compared to the soft-tissue through calculation. Both
energy absorption and quenching effect will be considered in the calculation of plastic
scintillator absorbed dose.

The absorbed dose in the scintillator and soft-tissue of the same size were calculated for
the parallel photon beams. Figure 42 shows the geometry modelled in EGS5-CGview for the
calculation of absorbed dose. While maintaining the diameter of both scintillator and PMT,
the parallel photon beams were incident on the plastic scintillator (5 cm long) which is
coupled to the PMT window (5 mm long). In the case of soft-tissue, the calculation is without
the PMT window. The scintillator materials data are generated with the MIXT option of PEGS.
The plastic scintillator materials data are the same as in section 3.1.5. The elemental
compositions of the soft tissue is based on its atomic weight proportion as described in Table
1. The density is 1.0 g/cm3.

For the first case, the absorbed dose in the scintillators (EJ-200 and EJ-256; 0.5% and 1.0
% Pb) was calculated where only energy absorption was considered. For the second case, the
same subroutine of electron response and normalization factor value as in section 3.1.5 was
applied. The calculated absorbed dose of the scintillators was then compared with the
calculated soft-tissue dose.

Figure 43 shows the ratio of a calculated absorbed dose of plastic scintillators model of
EJ-200, EJ-256 (0.5% Pb) and EJ-256 (1.0% Pb) to the soft-tissue (of the same size) as a
function of incident photon energy. The purpose of this figure is to show the feasibility of
lead-doped scintillator to compensate the underestimation of tissue dose by standard plastic
scintillator, particularly in the low energy photons region.

Initially, the ratio was calculated based on absorbed energy showing a strong
overestimation of the soft-tissue dose from both concentration of lead-doped scintillator (0.5
and 1.0 %). In contrast, a standard plastic scintillator (EJ-200) would underestimate a soft-
tissue dose under 150 keV incident photon as shown in Figure 43 (a). This is expected since
the effective atomic number of the plastic scintillator is lower than that of the soft tissue. By
considering the quenching effect in the calculated absorbed dose, the 0.5% of the lead-doped
plastic scintillator is evidence for soft-tissue dose equivalent, making it ideal for low-energy
photon dosimetry as shown in Figure 43 (b).
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4.1.6 Summary development of detector

In this study, the electron response was obtained experimentally using the Compton
coincidence technique because it is necessary in obtaining absorbed dose from light output
spectra. The electron response as a function of electron energy was not linear and was found
to decrease significantly below 150 keV. The degradation of electron response could be
explained with the quenching effect in scintillator by using the model developed by Birks,
where the high ionizing density along the particle track in scintillator would be responsible
for the reduction of light yields i.e. quenching effect.

With the measured results of plastic scintillator electron response, it was also possible to
apply the same response to a doped plastic scintillator such as silicon-, bismuth- or lead-
doped materials in a photon dosimetry study. In this study, a commercially available lead-
doped scintillator (EJ-256) was chosen as the candidate.

The light outputs were well fitted with the results obtained by the equation derived by
Birks within errors of 3-13% for photons of energies from 59.5 to 835 keV, and a value of
guenching parameter could be obtained. The absorbed dose in scintillator from a few tens of
keV to MeV was assured to be well calculated once a constant quenching parameter was
applied in the calculation. In addition, the calculations suggested that the underestimation
effect could be compensated by doping heavy materials such as lead into the plastic
scintillator.

The lead doped scintillators compensated for the underestimation of the soft-tissue
absorbed dose from standard plastic scintillators. Through calculation, a correction based on
the degradation of electron response in low-energy regions compensated well the effect of
over-response of lead doped scintillator to 15 % and -5 % for Am-241 and Co-57. By
considering the quenching effect, could extend the usefulness of the plastic scintillator to
dose measurements by a soft-tissue dose. Finally, the performance of lead-loaded
scintillators was shown to be better for photon dosimetry, particularly in the low-energy
region.

4.1.6.1 Effect from surrounding material

A plastic scintillator requires a device that collects scintillation light and converts it to an
electronic signal. When a small plastic scintillator coupled with a photo-multiplier tube (PMT)
is employed as a dosimeter, a PMT window of considerable size and weight exists on the side
of the PLS. There is a possibility that the PMT window glasses will influence the absorbed
dose when thin plastic scintillators are used. The contribution of backscattered photon and
electron from the window were evaluated using an EGS5 code.

The parallel photons beam of the same radius with the scintillator was set to incident on
the front face of the scintillator. The electrons or photons generated in the window that were
backscattered to the scintillator were identified. The absorbed energy in the scintillator was
scored separately by considering the contribution of reflected photons or electrons from the
window. For comparison, the absorbed energy was also scored without the window. Figure
44 shows the geometry of the scintillator and particles trajectory of the photons used in the
calculation.

Figure 45 shows influence due to reflected photons and electrons and the calculated
result of 5.08 cm in diameter and 0.05 cm long for a plastic scintillator with and without a
quartz window. There is also a significant additional dose from a PMT quartz window for 400
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to 1000 keV photons (20 % to 43 %) in comparison to one without quartz. To reduce the
unexpected additional dose, a plastic scintillator with considerable thickness in comparison
with a PMT window thickness should be adopted for the ‘soft-tissue’ dose response.

4.2 DEVELOPMENT OF CALIBRATION FIELD

4.2.1 ~200 keV photon field by backscatter layout
By using a Monte Carlo simulation, EGS5 code, the typical calculated photon spectra of
backscattered radiation from the Cs-137 source was given in Figure 46. The calculation was
performed under the backscatter layout with the parameters, as listed in Table 3. The
detector response was not considered in the calculated photon spectra.

The measured pulse height spectra in Figure 47 were obtained under this layout by a 1
cm3 CZT detector (KROMEK, GR1). The red and black dotted represent the measured data
with and without the lead block, respectively. The main gamma of 662 keV was blocked when
inserting a 10 cm x 10 cm x 10 cm lead block. The two peaks represent the unscattered
photons of Cs-137 (peak at 662 keV) and the Compton-scattered photons from the concrete
floor (backscatter peak at 190 keV). The total net count rate of the backscattered field with
the lead block is smaller by a factor 11. Thus, the backscatter layout can be effectively used
to produce the desired quasi-mono-energetic photons.

The calculated peak energy of the backscattered photons under this layout is 190 keV
and corresponds to a scattering angle of 156°, according to Equation 3. The low energy
component of the peak that was caused by multiple Compton scattering inside the concrete
floor should be minimized.

4.2.1.1 Backscatter Layout Optimization by Calculations

For the backscattered field calculations, a lead block area of 10 x 10 cm was selected as
an adequate size, considering the calibration fields used for many dosimeters and detectors.
By keeping the area constant, the necessary lead thickness was estimated. Assuming there
was no other material except air in the vicinity, the attenuation of the 662keV photons from
the Cs-137 source was calculated at 25 cm distance using the EGS5 code. Figure 48 shows the
calculation results for the attenuation (shielded dose rate, uSv/h) as a function of lead
thickness (cm). As an example, a 10-cm-thick lead block would be sufficient to reduce a direct
ray to 1/10 of the environmental radiation when use a 200 MBq Cs-137 source.

While keeping the other parameters for the DPD, the lead block, and the concrete floor
fixed, as in Table 3, the photon spectra and ambient dose were calculated for SFDs of 0.5, 5,
15, and 20 cm. An SFD of 0.5 cm indicated that the source position was the closest above the
concrete floor surface. The source position was aligned with the scoring region throughout
the calculations. The calculated photon spectra showed that the highest peak-to-total ratio
was obtained for an SFD of 20 cm when the source position was directly under the lead block,
as summarized in Table 11. As the SFD decreases, the contribution from the low-energy
component increases compared to the backscatter peak.

In order to enhance the backscatter peak and reduce the low-energy component, several
additional materials were considered to use on the concrete floor. With the same backscatter
setup, the backscattered photon field was calculated for five different scattering materials
from low to high atomic number (such as C, Al, Fe, Cu, and Sn). For comparison purposes,
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their sizes were fixed at an area of 5 m x 5 m and a thickness of 1 m. While using the optimized
SFD value of 20 cm, the backscattered photon spectra and doses were calculated at a DPD
value of 15 cm. The relationship of the calculated air absorbed dose (Gy/incident photon)
and peak-to-total ratio of the photon spectra as a function of scattering material is presented
in Figure 49. The higher atomic number materials, such as iron, copper, and tin, displayed
higher peak-to-total ratios, while carbon and aluminum were not recommended owing to
their low peak-to-total ratios. The lower energy components of the spectra were reduced
owing to lower multiple scattering inside the scattering materials with higher atomic
numbers.

However, the calculated air absorbed dose decreases almost linearly as a function of
atomic number. Since the probability of photoelectric interaction increases with the atomic
number of the material, the yield of escaped backscattered photons decreases with
increasing atomic number. Thus, a reduction of photon dose can be expected. By considering
both factors, iron was determined to be the best among these five scattering materials
because it provided a reasonably high peak-to-total ratio and featured only a small reduction
in the dose. Subsequently, the optimum dimensions of iron on the concrete floor were
calculated.

Assumed that iron squares (5 cm thickness) of various sizes were placed on the concrete
floor. Figure 50 (a) shows the calculated dose rate as a function of side length of iron square
for a Cs-137 source (208 MBq). All the calculations were performed using the optimized SFD
value (20 cm) and a test DPD value of 15 cm. The values of both calculated dose rate and
peak-to-total ratio were found to be nearly constant for an area of 1 m x 1 m or more. Figure
50 (b) provides useful information that the calculated dose rate and peak-to-total ratio are
nearly constant at 3 cm iron thickness or more.

Adding a 1 m x 1 m square iron slab as thin as 3 cm on the concrete floor was sufficient
to obtain better spectra of quasi-monoenergetic photons of ~200 keV; with this minimum
modification, the peak-to-total ratio of the photon spectra reached its saturation value of
0.68. Because the Compton scattering interaction probability depends on the material’s
electron density, thicker materials would be required for low density floor materials (such as
concrete or aluminum) to obtain a high yield of the backscattered photon field. Therefore,
all subsequent experimental and theoretical studies were conducted using additional iron
blocks on the concrete floor as scattering materials.

Figure 51 shows typical calculated spectra of the backscattered photon field of ~200 keV
from the concrete floor (dotted line) and with the addition of 5 cm thick iron to the concrete
floor (solid line). Adding aniron block on a concrete floor reduces the amount of lower energy
components (£ 155 keV) almost by a factor of 3. While the remaining lower energy
components cannot be avoided due to multiple scattering, most have been successfully
reduced by the suitable choice of iron thickness and area to keep the low intensity of low
energy parts. The ratio of photons yields in the low energy components to the whole spectra
for less than 100 and 170 keV are 0.03 and 0.21, respectively. Thus the high peak-to-total
ratio was retained although the calculated backscattered photon spectra are quite broader
than the real monoenergetic source.
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4.2.1.2 Uniformity of the Backscattered Photon Field

4.2.1.2.1 Position Dependence of Spectra

The measured pulse height spectra and the calculated photon spectra at a DPD of 15 cm
are shown in Figure 52 and Figure 53, respectively. The measurements were performed for
two horizontal detector positions: at 0 cm (detector aligned with the source at the center)
and shifted horizontally by 6 cm along each DPD plane (5, 10, 15, 20, 25, 30, and 40 cm).

The horizontal displacement of 6 cm was investigated because it covers several detector
and dosimeter sizes. By fixing the horizontal position at 0 cm, the measured and calculated
spectra were examined as a function of DPD (vertical direction). Both the measured and
calculated data show that the full energy peak increased as a function of DPD by about 2 keV
per 5-cm step, as presented in Figure 54.

This weak dependence of the spectral shape on DPD was observed when DPD was over
15 cm, where the calculated peak-to-total ratio differences between 5-cm steps were within
~3 %. Figure 55 shows that the maximum calculated peak-to-total ratio difference was only
~2 % as the detector position shifted 6 cm horizontally for each DPD.

4.2.1.2.2 Position Dependence of Dose Rate

The dose rate was calculated in vertical directions (at DPD values from 10 to 40 cm) and
in the horizontal direction (per 2 cm steps) to confirm the uniformity of the backscattered
field. The measured and calculated dose rates of the 208 MBq Cs-137 source as a function of
DPD are presented in Figure 56. The maximum achievable dose rate was obtained when DPD
was 15 cm.

The calculation result show in good agreement with experimental one at DPD longer than
10 cm when the radiation field is sufficiently uniform. However, the calculation result
underestimate experimental data at DPD shorter than 10 cm. In this region, the dose rate
increases with horizontal distance, especially near DPD 0 cm. Since the surface area of the
survey meters to take experimental data are larger than the scoring area of calculation
(2x2cm), the underestimation of calculation in this region is reasonable. The region of shorter
DPD (< 10 cm) is not adequate for study purpose.

The results agreed that the optimum DPD was in the 15 to 25 cm range, and featured less
than 10% dose rate variation. The lower DPD range of 10 to 15 cm is not recommended owing
to a strong dose rate dependence. The variation of the dose rates along the horizontal
direction is shown in Figure 57 (a) and (b). The measured and calculated dose rates were
obtained every 2 cm steps (from 0 to 6 cm) horizontally for all DPD planes. There was no
significant dose rate variation found in the horizontal direction, which displayed less than 4
% dose rate variation (per 6 cm) for a DPD within the 15 to 25 cm range.

4.2.2 ~200 keV photon field by X-ray generator

Generally, above 200 keV filtered X-rays with a narrow peak width are difficult to obtain.
As an example, Figure 58 shows the measured filtered X-rays spectra by Ludlum
measurement Inc. with a CdTe (ICS-4000) detector [47]. The filtered spectra of the X-ray 200
kVp obtained is not monoenergetic X-rays. In this study, several recommended filters type
and combinations were measured.

43



The stability of the X-ray output for specific settings (tube voltage and current) was
determined by measuring X-ray tube dose rate every 5 s once the irradiation started. Figure
59 shows the measured dose rate as a function of irradiation time. For this measurement,
about 40 s is necessary as a “time-trigger” for the stability of X-ray output.

Figure 60 a to ¢ show measurements of filtered X-rays by using a CdZnTe detector. The
detail properties of the measured spectra and its dose rate were shown in Table 12. Figure
60 (a) shows that using a strong single filter ("*W) is a good candidate to obtain narrow peak
width for about 200 keV peak. The low dose rate is suitable for many environment dosimeters
such as Csl(Tl) Horiba Radi PA-1000 [48] or Mr. Gamma A2700 [49] dosimeters whose
measurement range is typically up to ~9.99 uSv/h. However, the characteristic tungsten K X-
rays which were generated in the tungsten filter produce a large peak around 50 keV. 52% of
the low energy component (below 150 keV) deposited in the spectra was defined as the
unknown contribution. 13% was confirmed due to the room-scattered radiation via the
shadow shield measurement. Consequently, all the filtered X-rays measured here gave larger
energy width compared to the backscatter field.

4.2.3 Comparison of peak efficiency and pulse height spectra using CdZnTe
detector
The energy width of the field was measured using CdZnTe detector. To compare the
spectra of experiment and calculation, insensitive region of the CdZnTe crystal was
estimated. The detector was applied to evaluate energy width of 200 keV mono-energetic
field of filtered X-ray using an X-ray tube.

The absolute values and ratio of the measured and calculated peak efficiency are shown
in Figure 61 (a) and (b), respectively. The literature values were also included. The measured
and literature data [48] in well agreement. Both measured and calculated peak efficiencies
decrease as a function of photon energy. Initially, above 100 keV the calculated peak
efficiency overestimated the measured within 70 %. Below 100 keV the overestimation is
within 35 %. The calculated value agreed with measured value within 5 % in a wide energy
range when the “effective” area was reduced down to 0.8 x 0.8 cm?.

The measured photopeak of Cs-137 was fitted by Gaussian function to obtain FWHM for
smearing of calculated data as in Figure 62. The comparable of measured and calculated
pulse height spectra is presented in Figure 63. The black dotted is the experimental data, the
red, blue and green lines are calculated spectra for the crystal area of and 0.8 x 0.8 cm?. The
K X-ray peak, Compton edge and photopeak appeared at the correct energies with
reasonable agreement of the peak widths. By comparing the red and green lines, a small peak
around 200 keV was known due to the backscattered photons from the Al housing that
surround the crystal. The photopeak reproduced by the calculation in close agreement to the
measured one for the crystal size of 0.8 x 0.8 cm?2. The agreement in the Compton part was
improved once considering the plastic source casing as indicated by the blue line.

The low energy tail of the photopeak in the measured spectra indicated an incomplete
charge collection efficiency and short carrier mobility-lifetime especially for holes [50] & [51].
Bolonikov et. al [52] had demonstrated by the algorithm to identify the effect of incomplete
charge collection efficiency which caused by the crystal defects or “bad” regions in CdZnTe
detector.
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4.2.4 Summary development of calibration field

The backscatter layout was established to obtain a quasi-monoenergetic 200 keV photon
field using a radioactive source. The optimal parameter values of the layout are given in Table
13. A significant and stable measured dose rate of 3.18 + 0.18 uSv/h (background dose rate
of 0.055 = 0.008 uSv/h) was obtained from a 208-MBqg Cs-137 source by optimizing the
backscattered radiation field (peak at 190 keV) with the appropriate layout. The volume of
the uniform backscattered radiation field is presented in Table 14; the volume of ‘uniform
dose’ was calculated as the volume of a box of (6 cm x 2)2 x 10 cm = 1440 cm?®.

The uniformity of the backscattered field was evaluated by considering two factors: the
spectra (calculated and measured photon spectra) and the dose rate (calculated and
measured dose rate). The uniformity in the volume was confirmed with a variation smaller
than 10 % of the peak-to-total-ratio and dose rate.

Under the optimal backscatter layout arrangement, the percentage contribution of the
dose rate value from low energy components (< 155 keV) were then investigated by
calculation. Figure 64 and Table 15 shows that under the real situation (1.4 m x 1.4 m x 0.05
m square of iron blocks on concrete floor), 19 % of the dose rate value was contributed by
the low energy components. The difference of low energy component between 100 % of iron
material (Iron of 3 m x 3 m x 1 m) with real situation is 4 %. From this 4 % difference, it was
found that only 1 % of the low energy component was contributed directly from the concrete
floor outside the square of iron blocks (1.4 m x 1.4 m). Thus another 3 % was contributed
from the photons that penetrated the iron blocks and then backscattered from concrete to
air. Under this layout arrangement, the direction of source photons is restricted in the solid
angle which defined the backscattered photon source; 99 % from added iron square area
onto concrete floor and 1 % from concrete outside of the iron blocks square area (‘Path 3’ in
Figure 64).

Figure 65 shows the comparison of energy width for ~200 keV photon field by backscatter
layout and filtered X-rays. In comparison with filtered field with proposed setup by National
Institute of Standard and Technology (NIST) or Japanese Atomic Energy Institute (JAERI), the
backscatter field can provide narrower energy photons.
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Figure 21 The typical measured spectra with plastic scintillators showing a broad Compton
edge. Several points considering the positions of Compton edge include: Enis Compton
maxima, Ecis the real Compton edge position (from y—y coincidence), and Es is half of
the Compton maxima.
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Figure 22 Example of the shape of the Compton region defined by the Gaussian error function

for Cs-137 (a) and Mn-54 (b). Control parameter c is the half counts of the Compton
maxima and x0 output is the channel number which corresponds to the location of Ep.
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Figure 23 The direct Compton electron spectrum (o) superimposed on the coincidence
spectrum (+) for Cs-137 (a), Mn-54 (b) and Na-22 (c) of EJ-200 (5cm diameter x 5cm
long). The red line is the Gaussian fitting on the coincidence spectrum for positions of
the Compton edge. (Continue)
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Figure 23 (cont.) The direct Compton electron spectrum (o) superimposed on the coincidence
spectrum (+) for Cs-137 (a), Mn-54 (b) and Na-22 (c) of EJ-200 (5cm diameter x 5cm
long). The red line is the Gaussian fitting on the coincidence spectrum for positions of
the Compton edge.

49



800

Comptédgg e
700 | Linear fit ——

EJ-200
600 [ (2in.x2in.)

500
400

200 f(x)=0.8156(x) + 9.277

Compton edge (keV)

200

100

0 200 400 600 200 1000
Channel Number

(a)

800

Compt.édge —— ' '
700 | Linear fit ——

EJ-200
600

500 |

400 |

300 L f(x)=0.7665(x) + 0.6599

Compton edge (keV)

200

100 |

0 1 1 1 1 -
0 200 400 600 800 1000
Channel Number

(b)

800

Compt. édgg e
200 | Linear fit ——

EJ-256 (0.5 % Pb)
600 |

500 |
400
200 f(x)=0.7173(x) + 1.7059

200

Compton edge (keV)

100

0 200 400 600 800 1000
Channel Number

()

Figure 24 Linear fit of the Compton edge energy and its pulse height from Cs-137, Mn-54 and
Na-22 gamma ray sources. (a) EJ-200 for 5 cm long, (b) EJ-200 for 1 cm long and (c) EJ-256
(0.5 % Pb) for 1 cm long. Error bars shows the error of the peak position.
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Figure 25 Linear fit of the Compton edge positions and pulse height values from Cs-137, Mn-
54 and Na-22 gamma ray sources. The data of EJ-200 for 5 cm diameter x 5 cm long.

Table 5 The deviation of the Compton edge position of Compton maximum (En) with the true
position of Compton edge (E.) for EJ-200 (5 cm diameter x 5 cm long).

C e Channel position (E -E )/E_
Sources
(keV) E E, (%)
Na-22 341 366 387 -5.43
Cs-137 477 543 572 -5.07 (-5.5%)
Mn-54 639 750 783 -4.21

* Literature data for BC-408 of 4 cm diameter x 5cm long [43].

Table 6 The deviation of the Compton edge position of half-height of Compton maximum (Ey)
from the true position of Compton edge (E.) for EJ-200 (5 cm diameter x 5 cm long).

g Channel position (Eh'E )/E
edge e e
Sources
(keV) E, E, (%)
Na-22 341 419 387 8.27 (9.8%*)
Cs-137 477 602 572 5.24 (6.7*%)
Mn-54 639 818 783 4.47 (5.4**)

**|iterature data for NE-213 of 5 cm diameter x 5 cm long [42].
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Figure 26 The energy calibration curves of both 3”x 3” Nal(Tl) reference detectors. Both

detectors were independent of each other for coincidence measurements. The error bar
shows the error of peak position.
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Figure 27 The 2D coincidence plots of the 2”x 2” EJ-200 and 3”x 3” Nal(Tl) measured by
Compton coincidence technique. The coincidence events were obtained through the
time window of events that had arrival times within 50 ns of one another. The circle
structures represent the energies of 662 keV deposited partly in the target and
reference detectors in coincidence.
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Figure 27 (Cont.) The 2D coincidence plots of the 2”x2” EJ-200 and 3”x3” Nal(Tl) measured
by Compton coincidence technique. The coincidence events were obtained through the
time window of events that had arrival times within 50 ns of one another. The circle
structures represent the energies of 662 keV deposited partly in the target and
reference detectors in coincidence.
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Figure 28 The coincidence energy spectrum of the 2”x 2” EJ-200 and 3”x 3” Nal(Tl) that
correspond to Fig. 17 as measured by the Compton coincidence technique. The
coincidence electron energy spectrum obtained was a Gaussian peak. (Continue)
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Figure 28 (Cont.) The coincidence energy spectrum of the 2”x 2” EJ-200 and 3”x 3” Nal(Tl)
that correspond to Fig. 17 as measured by the Compton coincidence technique. The
coincidence electron energy spectrum obtained was a Gaussian peak. (Continue)

56



120 T T T
9) EJ200
2 Gaussian fit
100
110°
80 q
. Peak centroid = 526.5 ch; o
= G =34.22ch. £
J 60 =]
5] o
@) O
40
20 K
Ll
o L™=y : .
0 200 400 600 800 1000
Channel Number
100 T
(10) EJ200 -
90 | Gaussian fit
21 120°
70 b
« B0F Peak centroid = 538.7 ch] o
= G =34.64 ch. £
> 50 F =]
3 8
© st}
30 F
20 |
10} N e
0 ,u_d"‘q . .
0 200 400 600 800 1000

Channel Number

300

250

200

100 |

50

Nal(Tl) —e—
Gaussian fit ——

Peak centroid = 241.2 keV
o =12.92 keV
0 200 400 600 800 1000
Scattered Photon Energy (keV)

300 T
(10) Nal(Tl) +—e—
9 Gaussian fit ——
250 |
200 |
Peak centroid = 226.3 keV
6 =1228 keV
150
100 |
i k
0 A
0 200 400 600 800 1000

Scattered Photon Energy (keV)

Figure 28 (Cont.) The coincidence energy spectrum of the 2”x 2” EJ-200 and 3”x 3” Nal(Tl)
that correspond to Fig. 17 as measured by the Compton coincidence technique. The
coincidence electron energy spectrum obtained was a Gaussian peak.

Table 7 The values of time window (ns) applied as a function of scattering angle. The short
coincidence time gives an advantage to significantly reduce chance coincidence

events.
Angle 1 2 2 3 4 6 7 9 1 1
(G)) 0 5 0 5 0 5 0 1 2
0 0
Time
windo
5 2 5 7 7 5 2 5 5 5
w (ns)
0 5 0 5 5 0 5 0 0 0
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Figure 29 The measured (E,) and calculated (E,’) (PHITS code) for Compton scattered photon
energy as a function of scattering angle. The distance between the EJ-200 to the Nal(Tl)
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Figure 29 (Cont.) The measured (E,) and calculated (E,’) (PHITS code) for Compton scattered
photon energy as a function of scattering angle. The distance between the EJ-200 to the

Nal(Tl) was fixed at 40 cm.
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Figure 29 (Cont.) The measured (E,) and calculated (E,’) (PHITS code) for Compton scattered
photon energy as a function of scattering angle. The distance between the EJ-200 to the

Nal(TI) was fixed at 40 cm.
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Figure 30 The inherent width of scattered photon spectra by Nal of 3 in x 3 in. The spectra
was calculated at one angle of 25 degree for several distance. The narrower and
Gaussian shape peak was obtained when the distance is above 30 cm distance.
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Figure 31 The calculated scattered photon spectra for angle uncertainty of 1 degree at a
distance of 40 cm from target scintillator. The peak centroid was deduced from the
Guassion fit. The difference of peak centoid to 25 degree is within 0.86 %.
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Figure 32 Relative electron response of EJ-200 (black dotted) and Nal(Tl) (red dotted)
measured with CCT. The blue square is the literature data [46] measured from wide
angle Compton coincidence. Disagreement was significant at around 60 keV. The
electron response of Nal(Tl) was compared to the green square [24]. Disagreement of
measurement could be seen around 350 keV as discussed in main text.
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Figure 33 Result of least square analysis comparing the Birks calculated light output from
Equation 2 to the experimental data light output for EJ-200. Several quenching
parameters (kB) were considered. Best-fitted value is kB=0.016.
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Figure 34 Relative electron response of the EJ-200 plastic scintillator (black dotted) measured
with CCT. The red and blue lines are the calculated light yield from Birks’ formula for kB
of 0.0 and 0.016 g cm™ MeV?, respectively. The error bars shows the total error of peak
position and Nal(Tl) conversion uncertainty from channel to energy.
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Figure 35 The 2-step analysis on the photopeak of Am-241 to determine FWHM. (a) The
exponential fit was subtracted, and (b) Gaussian fit after subtraction.

64



10 L - - - r 1 - ~ r - 1 r r 1 A L L
I Exp. —e—
—_ C1 (Deposited energy) =—
= C2 (kb=0.016) =——
O
S 107} ;
> EJ-200
CD (5cm diam. x 1cm long)
s . Am-241
S 102 | -
o
o
Q
S . 3
g 107 ¢ .
o
Q
o
10'4 L " " M L " " M 1 L " 1 M L s 2 L L M
0 0.02 0.04 0.06 0.08 0.1
Absorbed Energy (MeV)
(a)
0
10 -——— —
F Exp_ ——i
— C1 (Deposited energy) =—
o C2 (kB=0.016) =
(&)
S 107} ]
> EJ-256 (0.5% Pb)
GJ (5cm diam. x 1cm long)
?ﬁ Am-241
S 102 ¢ :
o
Q
Q
&
-3
g 107 -
[7}]
Q
o
10 . . ¢ 3
0 0.02 0.04 0.06 0.08 0.1

Absorbed Energy (MeV)
(b)

Figure 36 Measured and calculated light output distribution of Am-241 for a 5 cm diameter x
1 cm long cylinder of EJ-200 (a) and EJ-256 (b) at 10 cm distance. Black points are
experimental data, red curve is the calculated energy deposition and blue curve is the
calculated spectrum considering quenching effects.

65



10 [~ T " T " T I T T T T T

i Exp_ —e—i

—_ C1 (Deposited energy) ——

o ] C2 (kB=0.016) =

g 10 ]

o

> EJ-200 (t=1cm)

Q Co-57

= 102}

al

c

=2

o

© 102}

Q

)

c

8 . 4

o 107 f

Q

o

10'5 M 1 1 1 1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Absorbed Energy (MeV)

(a)

10 r---r-rrrr rrrrrr 1 rrrr 11T
[ Exp. —e—

C1 (Deposited energy) ———
C2 (kB=0.016) e

EJ-256 (0.5% Pb)
(5cm diam. x 1cm long)

Co-57

Response (Counts/MeV/decay)

10'4 1 1 1 1 1 1 —
0 0.02 0.04 006 0.08 0.1 012 0.14 0.16
Absorbed Energy (MeV)

(b)

Figure 37 Measured and calculated light output distribution of Co-57 for a 5 cm diameter x 1
cm long cylinder of EJ-200 (a) and EJ-256 (b) at 10 cm distance. Black points are
experimental data, red curve is the calculated energy deposition and blue curve is the
calculated spectrum considering quenching effects.
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Figure 38 Measured and calculated light output distribution of Cs-137 for a 5 cm diameter x
1 cm long cylinder of EJ-200 (a) and EJ-256 (b) at 10 cm distance. Black points are
experimental data, red curve is the calculated energy deposition and blue curve is the
calculated spectrum considering quenching effects.
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Figure 39 Measured and calculated light output distribution of Cs-137 for a 5 cm diameter x
1 cm long cylinder of EJ-200 (a) and EJ-256 (b) at 10 cm distance. Black points are
experimental data, red curve is the calculated energy deposition and blue curve is the
calculated spectrum considering quenching effects. The agreement was improved for
the enire spectra once the beta ray emission from the source was blocked by a thin Al
(2 mm).
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Figure 40 Measured and calculated light output distribution of Mn-54 for a 5 cm diameter x
1 cm long cylinder of EJ-200 (a) and EJ-256 (b) at 10 cm distance. Black points are
experimental data, red curve is the calculated energy deposition and blue curve is the
calculated spectrum considering quenching effects.
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Figure 41 Overlap plot of measured and calculated light output distribution of EJ-200 and EJ-
256 for Am-241 (a) and Mn-54 (b), respectively. Filled circle and square are experiment
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Table 8 Measured and calculated absorbed dose rate of EJ-200 (5 cm diameter x 1 cm long)
derived from the pulse height spectra as in Figure 36 to Figure 40.

Absorbed dose rate (uGy/h)

kBq
EJ-200
Sourc
es (as on
01.01.201 M C1 C2
5)
Am- 0.04 0.00
+
241 405.2 5 + 5 0.066 0.040
Co-57 263.2 O.;9 + 0';)0 0.256 0.182
Cs- 2.92 0.08
+
137 348.9 ) + 6 2.840 2.770
Mn- 2.45 0.02
+
54 323.6 3 + 9 2.620 2.618

Table 9 Measured and calculated absorbed dose rate of EJ-256 (5 cm diameter x 1 cm long)
derived from the pulse height spectra as in Figure 36 to Figure 40.

Absorbed dose rate (uGy/h)

kBq EJ-256 (0.5 % Pb)
Sourc
os (ason
01.01.201 M C1 C2
5)
Am- 0.16 0.00
+
241 405.2 4 * 5 0.223 0.143
Co-57 263.2 0'124 + O.gO 0.363 0.269
Cs- 2.98 0.03
+
137 348.9 3 * 9 2.900 2.760
Mn-54 323.6 2:49 + 0.03 2.635 2.492

Table 10 Ratio of calculated (C1 and C2) to measured (M) absorbed dose in scintillator for
the data shown in Table 8 and Table 9.

EJ-200 EJ-256
Source
Ci/M C2/M Ci/M C2/M
Am-
241 1.47 0.88 1.36 0.87
Co-57 1.33 0.94 1.51 1.06
Cs-
137* 0.97 0.95 0.97 0.93
Mn-54 1.07 1.06 1.05 0.97

*Cs-137 measurement with Al of 2 mm.
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Figure 42 Simulation geometry modelled in EGS-CGview for calculation of the scintillator and
soft-tissue absorbed dose. While maintaining the diameter of both scintillator and PMT,
the parallel photon beams were incident to the plastic scintillator (PLS=5 cm long) which
coupled to PMT window (Quartz=5 mm long). In the case of soft-tissue, the calculation
was done without the window.
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Figure 43 The ratios of calculated absorbed dose for EJ-200, EJ-256 (0.5% Pb) and EJ-256
(1.0% Pb) to soft-tissue are represented by black, red and blue dotted lines, respectively.
Initially, the ratio was calculated based on absorbed energy (a). By considering the light
output (b), the absorbed dose value by EJ-256 (0.5% Pb) was closer to soft tissue in wide
energy range. EJ-256 (0.5% Pb) would be ideal for low energy photon dosimetry.
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Figure 44 Simulation geometry modelled in EGS-CGview for estimation the effect of PMT
window on the scintillator absorbed dose. While maintaining the diameter of both
scintillator and PMT, the parallel photon beams were incident on the thin plastic
scintillator (PLS=0.5 mm long) which was coupled to the PMT window (Quartz=5 mm

long).
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Figure 45 The absorbed dose rate for thin scintillator with (black line) and without considering
the PMT quartz window (blue line). From 400 keV to 1 MeV, the additional dose due to
quartzincreases from 20to 43 %. The red line and green line show backscattered photon
and backscattered electron contribution to dose, respectively.
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Figure 46 The typical calculated photon spectra for Cs-137 (662 keV) under the proposed
backscatter layout as Figure 14. The parameters shown in Table 9. The detector
response was ignored. The peak energy of the backscatter field obtained is at 190 keV.
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Figure 47 Measured pulse height distributions by a 1 cm® CZT detector (KROMEK, GR1) under
the proposed layout as shown in Figure 14 from a Cs-137 source. Black dotted represent
the measured without the lead block showing the photopeak of 662 keV and
backscattered field with peak at around 200 keV. Red dotted denoted the backscattered
field when inserting a 10 cm x 10 cm x 10 cm lead block. The total net count rate of this
backscattered field is smaller by a factor 11.
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Table 11 Peak-to-total ratio and dose of the calculated photon spectra as a function of
source to floor distance (SFD).

SFD Peak-to-Total Calc. Ambient Dose
(cm) Ratio (Sv/photon)
6.60E- 1.7E-
+
0.5 No peak appears 18 + 19
9.01E- 2.0E-
+
5 0.511 18 t 19
8.18E- 1.9E-
+
15 0.641 18 t 19
7.77E- 1.8E-
20 0.682 t
18 19
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Figure 48 Dose rate as a function of lead thickness for 208 MBq Cs-137. The line was shown
together as eye-guided.
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Figure 49 Calculation results for five different scattering materials (Carbon, Aluminum, Iron,
Copper and Tin) of 1-m thickness. All simulations were performed for 5 m x5 m areas.
The effects of the scattering material in terms of peak ratio and air absorbed dose of the
whole spectra (Gy/incident photon) are shown together. Both factors were considered
in the selection of the optimum material. The lines were shown together as eye-guided.
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Figure 50 Calculated dose and peak-to-total ratio of the backscattered photons from the

concrete floor with an added square iron block of (a) various sizes and (b) various
thicknesses. The lines were shown together as eye-guided.
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Figure 51 Calculated photon spectra at ~200 keV using a backscatter layout with a bare
concrete floor and with the addition of a 1.4 m x 1.4 m x 0.05 m iron square on the floor.
Adding iron on the concrete floor decreases the low energy components of the spectra
(< 155 keV) by a factor of 3.
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Figure 52 The measured pulse height distributions by a 1 cm3 CZT detector (KROMEK, GR1)
at horizontal positions of 0 cm and 6 cm for DPD of 15 cm. The measured spectra display
no significant shape variation in the horizontal direction (< 2 % per 6 cm).
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Figure 53 The calculated photon spectra at horizontal positions of 0 cm and 6 cm for a DPD
value of 15 cm. The photon spectra show no significant shape changes in the horizontal
direction, consistent with the measured spectra.
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Figure 55 Summary of peak-to-total ratios of the calculated photon spectra at the horizontal
0- and 6-cm positions with respect to the source for each DPD.
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Figure 56 The dose rate at the 0-cm horizontal position for several DPD values from 10 to 45
cm. The line represents the calculated dose rate and the circles denote the measured
dose rate for the 208-MBq Cs-137 source. A strong dose rate dependence (~21 %
difference) is evident for DPDs of 10 to 15 cm, thus these detector positions are not
recommended.
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Figure 57 The dose rate distribution in the horizontal direction for DPD of: (a) 15 cm and (d)
25 cm. The line represents the calculated dose rate and the circles the measured dose
rate. There is no significant difference of dose rate in the horizontal direction below 6

cm for both DPDs.

Table 12 The properties of measured spectra as shown in Figure 60.The dose rate were

measured by an air ionization chamber (ICS-321).

X-ray 250 kVp , 0.1mA
Filters 5mmWwW JAERI NIST
Peak centroid (keV) 219 204 200
Mean Energy (keV) 168.1 171.5 170.4
Peak Width (c=keV) 17 33 34
Mean Direct Dose rate 41.1 +
6.9+ 0.58 42.4+3.6
(uSv/hr) 2.5
Mean Scattered dose
0.93 5.33 5.75
(uSv/hr)
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Table 13 Optimized layout parameters of Figure 15. Four parameters were optimized based
on calculations and experiments by comparing their tendency; lead block sizes, source
to floor distance (SFD), scattering material, and detector to lead distance (DPD).

Layout parameters Value of parameters

10 cm (length) x 10 cm (width) x 10 cm

Lead block
ead bloc (height)
Source to floor distance (SFD) 20cm
Detector to Pb block distance (DPD) In the range of 15 to 25 cm

Added iron slab of 1.4 m x 1.4 m x 0.05

Scattering material
m on concrete floor

Table 14 The volume of the uniform backscattered radiation field in the horizontal and
vertical directions.

Estimated uniform dose volume

Summary of radiation uniformity range ]
at tested area as Figure 15

. 12 cm (From -6 to 6 cm)
Horiz.

1440 cm?
10 cm (From DPD 15 to 25 cm)
Vert.

Table 15 The contribution (%) of low energy component (LEC) towards dose value

% of low energy
Scattering Dimension components
Materials (2155 keV)
contributed to total
calc. dose rate

Iron S3mx3mx1lm 15
Concrete S3mx3mx1lm 42
Iron on 1.4mx 1.4 mx0.05mofiron 19
Concrete on3mx3mx1m concrete
(real situation)
Iron on 1.4mx 1.4 mx0.05mofiron 18
Concrete on the same area of concrete
(same size) with 1 m thickness

Under the present backscatter layout, the percentage contribution of photon dose from low
energy components (< 155 keV) was investigated. Generally, adding iron material will get
high peak to total ratio of photon field, thus the contribution from LEC is small, from 42% to
be 19%.
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Figure 58 Example of the filtered X-ray spectra measured by using a CdTe detector (1CS-4000)
to qualitatively see the spectra for the purpose of X-ray calibration [47]. The X-ray of
200 kVp was filtered with the NIST filter series.
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Figure 59 The measured dose rate of filtered X-ray as function of time irradiation. The figure
suggested about 40 s is necessary as for the stability of X-ray output.
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Figure 60 Measured pulse height spectra of filtered X-ray (X-ray of 250 kVp, 0.1 mA) for the
same filters as calculated in Figure 17 (a)-(c). Black dots are the net count rate (cps) by
subtractions of scattered radiation (red dots) from the signal (blue dots). Detailed
properties of each spectra are given in Table 12.
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Figure 61 Comparison of measured and calculated absolute peak efficiency.
measured data (circles) are in agreement with literature (triangles). The calculated
values are shown by closed circles for several areas of the CZT. Figure (b) shows the ratio

of calculated to measured peak efficiency as the area of CZT was reduced.
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Figure 62 Measured photopeak of Cs-137 source by CZT was fitted by Gaussian function to
deduce the FWHM=2.16 %. The calculated spectra were smeared with the same FWHM.

102 e : .
CdZnTe 1cm” (GR-1)
Cs-137
Calc. for 0.8 x 0.8 cm?
-3 ]

e
o

—
o:
B

-t
ol
9)]

Response (Counts/MeV/decay)

p

Cale. (with CZT Al housing)

Calc. (without CZT Al housing)
Calc. (include plastic source casing)

-t
OI
(92}

0 0.1 02 03 04 .0.5;. 06 07 08
Absorbed Energy (MeV)

Figure 63 Measured and calculated absorbed energy spectra of Cs-137 source by CZT. The
calculated photopeak of 662 keV agreed with the experimental data (black dotted) by
reducing the “effective” crystal area. By comparing the red and green line, a small peak
around 200 keV was known due to the backscattered photons of Al housing.
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Figure 64 The paths of reflected photons under the optimized backscatter layout. Three path
were investigated to know the source of reflected scattered photons. Most of the
detected scattered photons are from Iron (96%). The contribution from the concrete
floor, penetrated the iron blocks before scored was only 3%. 1% of the events occur
outside the area of iron blocks and detected. Thus, collimator is not necessary to restrict
the source direction.
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Figure 65 Comparison width of ~200 keV mono-energetic field of backscattered photon field
(0=10 keV) with filtered X-ray (c=34 keV) using an X-ray tube. The backscatter field can
provide narrower energy photons.
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5 CONCLUSION

In the present research, an approach of low energy photon dosimetry was performed to
improve dosimetric reliability of the existing employed dosimeters through development of
detector and calibration field for few tens of keV to MeV energy region. In both studies, the
experimental data had been discussed and compared with the output of calculations.

For detector development, the light output of plastic scintillator was found depend by
the energy of incident radiation. It was found that it is not linear towards lower electron
energy an effect known as ionization quenching. This is the problem of plastic scintillator for
absorbed dose measurement in keV region. In this study, the absorbed dose was obtained
from absorbed energy. Therefore energy response very important. The work can be
summarized as follows:

(a) Electron response of plastic scintillator is obtained by Compton coincidence
technique. Quenching parameter for electron, kB=0.016 g cm MeV!, is determined
based on experimental data.

(b) Photopeak of 59.5 keV gamma ray from Am-241 was utilized to determine energy
resolution of plastic scintillator. The resolution of other energies are obtained as

FWHM,//E /E, to get reasonably good agreement with experiment. This method
is superior to previous measurements using Compton edge.

(c) The pulse height distribution was well reproduced by EGSS5 calculation by considering
electron response for all gamma sources, in a wide energy range. Both low and high
energy could be reproduced by the same value of kB.

(d) In the case of Cs-137 source, the agreement was further improved over the entire
spectra compared to previous available data. The experimental results well agreed
at the portion of energy lower than the Compton edge peak under conditions where
beta radiation of the source avoided.

(e) Measured and calculated absorbed dose agreed from 3 to 13 % for photons of
energies from 835 keV down to 59.5 keV.

(f) Experimentally confirmed that 0.5 % lead-doped plastic scintillator compensated for
the lower response of plastic scintillator due to smaller effective Z and ionization
quenching effect.

(g) Effect on absorbed dose from PMT quartz windows is estimated by EGS5 calculation.
The windows gives up to 40 % enhancement for photon energies up to 1000 keV. The
effect should be considered when measuring absorbed dose with relatively thin
plastic scintillators.

From point b, ¢, d, and e, | concluded that the property of the plastic scintillator becomes
clear when used as a dosimeter for low energy photon. Thus, applicability of plastic
scintillator for low energy photon dosimetry is substantially improved by this study. More
reliable photon dosimetry was provided by combining both quantities of the deposit energy
(depe) and light output (Lout).

The cross comparison of EJ-256 (0.5 % Pb) for various sources obtained similar agreement
as EJ-200. Thus calculation with EGS5 can be used for dosimetry study ofplastic scintillator by
considering both deposit energy and light output.
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For development of calibration field, 200 keV mono-energetic photon field was newly
developed under well-examined backscatter layout. The optimal backscatter layout was
found to comprise a 1 x 1 m? steel floor, a radioactive source placed 20 cm above the floor,
and a 10 cm cubic lead block placed above the source. Under the proposed layout and using
a 208-MBq Cs-137 source, a mono-energetic photon field with 190 + 9.6 keV (FWHM) and a
dose rate of 3.18 + 0.18 uSv/h was obtained within an area of 10 x 10 x 10 cm at distance of
15 to 25 cm above the lead block. The field provides appropriate intensity photon field within
3 % fluctuation and narrower energy width than existing X-ray field using affordable intensity
radioisotope. Several recommended X-rays filters were tested to obtain mono-energetic field
around 200 keV. The peak width is larger than developed backscatter field.

CdZnTe detector was employed when studied the energy width of photon calibration
field. By default, there is a strong disagreement of the absolute peak efficiency and pulse
height distribution spectra with measurements of various sources. Through the comparison
of the results between measured and calculated, insensitive region of CdZnTe was estimated
to have a reasonable agreement. Therefore, additional consideration of incomplete charge
collection or insensitive region are required to accurately simulate the radiation response of
the CdZnTe detector and thus fully understand the properties of the detector.
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