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Sanghangthum, Ph.D. 

  

The Varian ProBeam compact was installed at Her Royal Highness 

Princess Maha Chakri Sirindhorn Proton Center. Since 2017, the project has started 

at the King Chulalongkorn Memorial Hospital and after 4 years, during Covid19 

pandemic, the 1st patient treatment received proton therapy on August, 2021. The 

radiation safety of the center was accomplished through firstly, the shielding 

calculation and secondary, the radiation survey at the milestone points such as 

cyclotron installation and 1st Beam ON at the treatment room. The only one 

WENDI-II dosimeter was used in radiation survey. The main purpose of this study 

is to validate the in-house neutron moderator based on CR-39 detector, 

Chulalongkorn University Neutron Moderator (CUMOD) through the ambient dose 

equivalent measurement, H*(10) and designed to use with proton pencil beam 

scanning, PBS of energy up to 250 MeV. The PHITS MC was used to simulate the 

neutron response function of CUMOD. The calibration of CUMOD was performed 

using 241AmBe source in the range of 100 to 1000 µSv. The H*(10) from CUMOD 

were compared with the one from WENDI-II. The variation of neutron fields was 

generated from various proton plans to cover most of the clinical scenarios. The 

linearly relationship between CUMOD and WENDI-II was observed with the factor 

of 0.64. The H*(10) per therapeutic dose was in the range of 0.018 to 0.105 

mSv/Gy for 10 * 10 cm2 at 1 m distance. The advantage of CUMODs is the ability 

to measure H*(10) in various positions instantaneously. 
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CHAPTER 1 

INTRODUCTION 
 

The compact proton therapy, single rotating gantry is installed at the Her 

Royal Highness Princess Maha Chakri Sirindhorn Proton Center, Bangkok, Thailand. 

The first patient treatment was started in August 2021. The composition of the system 

is shown in Figure 1.1. During the beam production, transportation and irradiation, the 

loss of the proton energy generates the secondary radiation, which need to be 

concerned for the radiation protection including the shielding calculation as well as 

estimation of the secondary cancer in patients.  

 

               Figure  1.1 The ProBeam compact single-room proton therapy 
 

In proton therapy, neutron is the main component of the secondary 

radiations(1) due to its characteristics of high radiation weighting factor. The 

operational quantities ambient dose equivalent H*(10), has been used to characterize 

the radiation area monitoring. The H*(10) from neutron can be obtained by 

multiplying the fluence-to-ambient dose equivalent conversion coefficients(2) to the 

measured neutron fluence. To measure the neutron H*(10) in proton therapy, the 
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response of the dosemeter to the wide neutron energy range is necessary. Many 

detectors have their own neutron moderator (3-7) which designed to expand their 

detector response function matched well with the fluence-to-ambient dose equivalent 

conversion coefficients. The aim of this study is to create and validate the new 

moderated neutron detector for the determination of the accumulated ambient dose 

equivalent, H*(10), in proton therapy. 
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CHAPTER 2 

REVIEWS OF RELATED LITERATURE 
 

2.1 Theory 

2.1.1 Proton therapy  

Protons have different dosimetric characteristics compare to photons which 

employed in conventional radiation therapy. After a short build-up region, 

conventional radiation shows an exponentially decreasing energy deposition with 

increasing depth in tissue. In contrast, protons show an increasing energy deposition 

with penetration distance leading to a maximum (the “Bragg peak”) near the end of 

range of the proton beam(8). The characteristics of Pristine Bragg peak and SOBP 

compared to photon depth dose distribution are shown in Figure 2.1.  

Figure  2.1 Depth dose distribution of pristine bragg peak (Red), spread-out bragg 

peak (Green), 8 MeV photon beam (Yellow) and 20 MeV electron beam (Blue). 
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The rationale for the clinical use of proton beams is the feasibility of delivering 

higher doses to the tumor, leading to an increased tumor control probability (TCP)(9) . 

This is possible due to the reduced treatment volume and a lower integral dose; 

patient tolerance is increased. Proton therapy is of particular interest for those tumors 

located close to serially organized tissues where a small local overdose can cause fatal 

complication such as most tumors close to the spinal cord. Irregular shaped lesions 

near critical structures are well suited for protons.  Proton therapy has been applied 

for the treatment of various disease sites(10)  and the treatment plan comparisons show 

that protons offer potential gains for many sites. The cranio-spinal irradiation dose 

distribution of the proton therapy compared with photon therapy in both Conventional 

and Intensity Moderated Radiotherapy Therapy (IMRT) technique is illustrated in 

Figure 2.2. 

Figure  2.2 The cranio-spinal irradiation dose distribution of photon with 

Conventional, IMRT technique and proton therapy 

 

2.1.1.1 Interaction of proton with matter  

Radiation can interact with matter in different ways depending on the 

medium but also by the nature and energy of the radiation itself. Radiation can be 

divided into two categories: charged particle radiation and uncharged radiation. The 

charged particle radiation includes heavy charged particles, fast electrons and 

positrons. The uncharged radiation includes photons and neutrons. When radiation 

interacts with the matter an energy transfer takes place. If this energy is sufficient to 
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ionize, i.e., to free one or more electrons from the atoms of the medium to which it 

was bound, the radiation is called ionizing, otherwise it will be called non-ionizing 

and, in this case, the transferred energy is used to promote an electron to an excited 

state. 

When the radiation causes ionization in a direct and continuous way it is 

called directly ionizing. Charged particles that interact with the electrons of the 

medium through Coulombian forces belong to this category. Radiation is indirectly 

ionizing when the ionization process is mediated by secondary charged particles 

produced by the interaction of incident radiation with the medium, as in the case of 

neutrons. In this section we briefly discuss the interaction of radiation with matter, 

focusing our attention on protons and neutrons. 

Protons are charged particles that are heavy compared to electrons, but light 

compared to most other ions. Their basic modes of interaction with matter are mainly 

due to the Coulomb interactions(11). The probability of a nuclear interaction and the 

amount of energy transfer per unit depth are much larger than that of an electron. 

Protons interact with atomic electrons or with the nuclei along the track in a 

medium. Since the electrons in solid matter are mostly bound to atoms, interactions 

do not occur much with electron far from the proton track. Proton interactions are 

categorized as a function of the classical impact parameter, b, defined as the closest 

distance between the initial trajectory of incident proton and the nucleus, by 

comparing b with the atomic radius, a, as illustrated in Figure 2.3. 

Interactions with electrons  

When b >> a, the incident proton interacts with whole atom, and only a 

small amount of energy is transferred to atom. These interactions are often called soft 

collisions. The energy transfer can result in atomic excitation or ionization. 

When b ≈ a, the incident proton can interact with a single orbital electron, 

resulting in a large energy transfer to that electron, termed a “knock-on electron”. 

These interactions are often called hard collision. The knock-on electrons ejected 

from the atom are also termed delta rays. 
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Figure  2.3 The classical impact parameter, b, defined as the closest distance between 

the initial trajectory of incident proton and the nucleus comparing with the atomic 

radius, a 
 

Interaction with nucleus 

When b << a, the incident proton interacts with the nucleus via elastic and 

non-elastic interactions. Elastic scattering can result in large angular deflections, often 

with limited energy transfer to the target nucleus due to the ratio of the mass between 

proton and target nucleus. Their contribution is accounted for the consideration of the 

attenuation of the primary proton beam and additions to the secondary particle 

fluence. 

 

2.1.1.2 Shielding for proton therapy 

Shielding calculation are performed to ensure that the facility designed to 

facilitate the exposure of staff and public are well within regulatory limits. The 

shielding calculation of the proton therapy facility can be achieved by two methods. 

The analytical method, based on the published measurement data and Monte Carlo 

(MC) simulation data. The result is mostly over-estimate. The full MC simulation 

method works better, however, the accuracy of the results was depended on the input 

of simulation. To simulate the whole facility, the details of building and machine, the 

high-performance computer and long simulation time are needed. The analytical 

might be used in the planning stage and followed by MC simulation for the last step. 
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The examples of the shielding goal are demonstrated in Table 2.1.  

 

Table  2.1 Examples of the shielding goal 

 

For analytical methods, most model consist of line-of-sight models, 

shown in Figure 2.4, which incorporate the following parameters and assumptions: 

a. Point loss 

b. Distance of the point source to reference point (r) 

c. Angle of the incident beam (line) and the direction to the reference 

point (θ) 

d. Angular specific source term H0 (Ep, θ) which depends on the ion type 

and target type, as well as Ep, the particle energy 

e. Exponential attenuation in shielding material of thickness d0, where d is 

the slant thickness, and λ(θ) is the attenuation length. λ depends on the 

angle θ because the neutron energy distribution changes with the angle θ 

 

Area USA Japan Germany Our center 

Controlled ≤ 5 mSv/y < 1.3 mSv/3mo 20 µSv/week 

(but < 3 mSv/h 

IDR) 

< 5 mSv/y 

 

Public ≤ 1 mSv/y, 

(20 µSv in any 

one hour) 

< 250 μSv/3mo 

(Outside of 

site boundary) 

< 1 mSv/y 

 

< 1 mSv/y 

(20 µSv in any 

one hour) 
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Figure  2.4 Application of the line-of-sight models to simple bulk shielding geometries 

 

The dose (rate) at the reference point is derived from the source term H0 

and geometrical quantities. The dose H (Ep, d, θ) at the reference point can then be 

estimated as the Moyer model: 

 

The Moyer model has been used in the shielding design of some proton 

therapy facilities; however, it is not appropriate for such use. There are many 

modified versions of the Moyer model which includes changes in attenuation length 

with shield thickness and includes a correction for oblique penetration through the 

shield. 

 For the Monte Carlo simulation method, many Monte Carlo codes are 

used extensively for shielding calculations. These codes can be used to do a full 

simulation, modeling the accelerator or beam line and the room geometry in its 

entirety. Monte Carlo computational models are independent of geometry typically 

consist of a source term and an exponential term that describes the attenuation of the 

radiation. Both the source term and the attenuation length are dependent on particle 

type and are a function of energy and angle and depend upon the composition and 

density of the shielding materials. 
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2.1.2 Secondary radiation: Neutron 

There are many secondary radiations produced during primary proton slowing 

down and stopped. As proton are being delivered to the treatment room during the 

normal operation, there can be 1) beam losses along the beam line, 2) full beam 

incident on intentional targets such as beam stopper and 3) partial beam interception 

by device such as range shifter. All the above are broadly referred to as “beam 

losses”. Secondary radiation is produced in the patient and the dosimetric phantom. 

2.1.2.1 Neutron classification 

Neutrons are the elementary constituents of matter. It is bound with 

protons in nucleus by the nuclear force. The most concerning for shielding is neutron 

according to their lower interaction cross section, no coulomb interaction and difficult 

to detect. Depending on the neutron energy, low energy neutron, thermal neutron, has 

higher interaction cross section then it can be detected easier while high energy one 

cannot. High energy neutron lost their energy through many interactions, liberate lots 

of thermal neutrons which then be detected. The classification of neutron according to 

their energy range as illustrated in Table 2.2. 

                        Table  2.2 Neutron energy classification 

Neutron Energy range 

High energy E > 20 MeV 

Fast 100 keV < E < 20 MeV 

Intermediate 1 eV < E < 100 keV 

Thermal 0.01 eV < E < 1 eV 

Slow Below 0.01 eV 
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2.1.2.2 Interaction of neutron with matter 

Since neutron are neutral in charge, they can travel significant distance in 

matter without undergoing interactions. Neutron collisions with atoms can result in 

elastic or inelastic reactions(12). In an elastic reaction, the total kinetic energy of the 

incoming particle is conserved, whereas in an inelastic reaction, the nucleus absorbs 

some energy and is left in an excited state. Inelastic scattering can occur only at 

energies above the inelastic scattering threshold of the material. The possible 

interactions are illustrated in Figure 2.5. 

 

 

Figure  2.5 Categories of neutron interaction. The first letter in parenthesis shows the 

incoming and the second one for outgoing particles 

 

In the other hand, the two major types of neutron interactions with matter 

are scattering and absorption. For scattering interaction, neutron transfers some 

kinetic energy to the nucleus. The neutron speed and direction change but the nucleus 

is left in the same state as before the interaction. If enough energy is transferred, the 

recoiling nucleus ionizes the material surrounding the interaction point.  

For absorption interaction, the neutron interaction can cause the nuclear 

reaction. Instead of scattered by the nucleus, the neutron can be absorbed or captured. 

The products from the interaction such as protons, alpha particles, gamma rays and 

fission fragments can generate the detection process. Most of detection process take 

place at thermal neutron, except fast neutron for CR-39. 
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2.1.2.3 Neutron dosimetry 

Neutron detection mechanism in matter is generally based on indirect 

methods. The neutron detection process begins when neutrons interacting with 

various nuclei and release one or more of charged particles such as protons. The 

electrical signals produced by the charged particles can be subsequently processed by 

the detection system. 

2.1.3 Ambient dose equivalent 

Following the definition of the ICRU report 51(13), the ambient dose equivalent 

H*(10) at a point in a strongly penetrating radiation field is the dose equivalent that 

would be produced by the corresponding expanded and aligned field in the ICRU 

sphere at a depth of 10 mm on the radius vector opposing the direction of the aligned 

field. The ‘ICRU sphere’ is a theoretical phantom defined as “a 30 cm diameter 

tissue-equivalent sphere with a density of 1 g/cm3 and a mass composition of 76.2% 

oxygen, 11.1% carbon, 10.1% hydrogen and 2.6% nitrogen”. The ‘expanded and 

aligned field’ refers to a theoretical unidirectional field in which the fluence and its 

energy distribution are constant throughout the entire volume of interest (a 30 cm 

diameter sphere) and equal to the fluence and its energy distribution at the point of 

reference in the actual field. This concept is schematized in Figure 2.6. 

 

                    Figure  2.6 The concept of the ambient dose equivalent H*(10) 
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When the neutron energy spectrum is identified (through calculation or 

measurement), the radiation protection quantities and the operational quantities can be 

calculated by unfolding that spectrum with the appropriate conversion coefficients 

recommended by the ICRP. The fluence-to-H*(10) conversion coefficients for 

neutrons from ICRP Publication 74(14) (shown in Figure 2.7) are used to compute the 

neutron H*(10). 

Figure  2.7 Fluence-to-H*(10) conversion coefficients (up to 200 MeV) 

 

 

2.1.4 Neutron detection 

Being neutrons uncharged particles, the detectors cannot detect them directly 

but can detect only the products of their interactions with matter. Almost all the 

detector type can be made sensitive to neutrons. Virtually every type of neutron 

detector involves the combination of a target material designed to carry out this 

conversion together with one of the conventional radiation detectors.  

In general, neutron detectors can be divided into two main categories: neutron 

counters and neutron spectrometers. In the first case, the signal output does not 

depend on neutron energy. This kind of detector is most used for low-energy 

neutrons. Instead, for neutron spectrometers the signal depends on the neutron energy. 

To infer the neutron energy distribution the inversion procedure is used. Starting from 
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the measure of the energy of produced charged particles we try to obtain the neutron 

energy, through energy and momentum conservation law. 

2.1.5 Polyallyl diglycol carbonate (PADC), CR-39 

The passage of a charged particle through an inorganic or organic insulating 

material can damage the structure and create tracks. The polyallyl diglycol carbonate 

(PADC), C12H18O, plastic are the track etched detectors, as known as CR-39. 

Neutrons of a wide energy range are detected through nuclear reactions of H(n,p) for 

thermal neutrons and 10B(n,α)7Li on a converter for fast neutrons. The latent tracks, 

which was created by charged particles in the detector material, are magnified by 

etching. Figure 2.8 shows a typical neutron dosemeter element comprising PADC 

overlaid with a 1 mm thick polyethylene radiator. Recoil proton tracks can originate 

in the radiator itself, or within the body of the PADC. Tracks are revealed if part of 

their path length is within the etched volume of the plastic, i.e., the volume between 

the pre- and post-etch surfaces. 

                             Figure  2.8 Miscellany of recoil proton tracks 

                               

The track parameters enable to calculate so-called etch ratio V of every track 

according to following equation 

𝑉 =  
𝑉𝑇

𝑉𝐵
 

      where VT is etched rate of damaged material in area of particle path, 

               and VB is etched rate of unaffected detector material. 
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 There are the study of the variation of etching method(15) from the standard 

etching conditions ,Etching: 2 h and 50 min at 85°C in 6.25 N NaOH. It demonstrated 

that the variation of etching duration and etching temperature does not have a 

significant influence on the measured doses of detectors, the variation of calculated 

neutron doses is within 20 %. 

 However, the influence of the etching temperature on the sensitivity of 

irradiated detectors is not negligible: a decrease of 5 % per 1°C increasing 

temperature could be observed. The study indicated that the recommended etching 

procedure of 2 h 50 minute at 85°C is applicable for routine applications. 

 

2.1.6 Neutron moderator types 

The aim of using neutron moderator is to reduce or moderate the energy (speed) 

of the neutron in the sample region or the detector region. The idea of moderating is 

to use materials with nuclear properties such as a large scattering cross-section, small 

absorption (capture) cross-section and large energy loss per collision. Neutron 

attenuation is accomplished by elastic and inelastic scattering reactions which reduced 

the neutron energy until the capture is possible. The neutron cross-sections of the 

most common isotopes are shown in Table 2.3. 

Table  2.3 The example of neutron cross-sections 
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The neutron cross-section is variable and depends on; 1) Target nucleus 

(hydrogen, boron, uranium, etc.) Each isotope has its own set of cross-sections. 2) 

Type of the reaction (capture, fission, etc.). Cross-sections are different for each 

nuclear reaction. And 3) Neutron energy (thermal neutron, resonance neutron, fast 

neutron). For a given target and reaction type, the cross-section is strongly dependent 

on the neutron energy. In the common case, the cross-section is usually much larger at 

thermal neutron energies.  

 

2.2 Literature review 

Fehrenbacher et al.(4, 5) studied the response of a new neutron dosimeter which 

was developed for the measurement of high-energy neutron radiation. The lead (Pb) 

layer was added inside the polyethylene (PE) sphere around Thermoluminescence 

detection (TLD) elements (pairs of TLD 600/700). The response function of the GSI 

ball was simulated using FLUKA and MCNP Monte Carlo code. An averaged curve 

from both simulations is computed and displayed in Figure 10 (Left). The 

measurement of the dosemeter response was performed at the accelerator facility of 

the PTB in Braunschweig and the Geesthacht Neutron Facility (GeNF) laboratory at 

the GKSS research center. The measured fluence responses are 27% too low for 

thermal energies and show an agreement with ~14% for the accelerator produced 

neutron fields related to the computed fluence responses, as shown in Figure 2.9 

(Right).  

Figure  2.9 An averaged calculated response function, solid line, from FLUKA and 

MCNP.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 16 

Sokolov et al.(3) studied on the passive neutron detector for area monitoring at 

high-energy accelerators. With the objective of finding a dosemeter that fulfils the 

necessary requirements and can be reliably used to prove that the radiation levels in 

areas around accelerators are in accordance with the limits of the respective radiation 

protection. A simple layout with small dimensions and light weight as well as the 

usage of common materials to lower the production costs was used in this study. In 

comparison with the currently used passive dosemeter at GSI, the layouts are 

simplified, and the weight is reduced. The design of the dosemeter and its 

applicability for radiation survey are investigated using the FLUKA Monte Carlo 

simulation code, as shown in Figure 2.10. 

 

       Figure  2.10 The layout of the dosimeters and the simulated response function 
 

Satoh et al.(16) reported the neutron ambient dose equivalent behind the concrete 

shields and at the maze which measured with three detectors (DARWIN, Wendi-2, 

and a rem meter) along with solid-state nuclear track detectors. The measured data 

were compared with estimations of analytical models and the Monte Carlo simulation, 

Particle and Heavy-Ion Transport code System (PHITS). The analytical model, using 

the parameters employed in the shielding design of the facility, gave larger values 

than the measured data. This means that the facility was designed with a sufficient 

margin of safety. The results calculated by PHITS were less than those of the 

analytical model and were about three times larger than the measured data. Among 

these three detectors, the lack of sensitivity to high-energy neutrons, below 17 MeV, 
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of the rem meter caused underestimate the H*(10) rate about 2.5 times when 

compared to DARWIN and Wendi-2 detectors. According to the energy spectra 

measured by DARWIN, the effective dose is about 40% less than the ambient dose 

equivalent under the present experimental conditions.  

Trinkl et al.(17) measured the neutron fluence energy distributions with an 

extended-range Bonner sphere spectrometer featuring ³He proportional counters at 2 

meters from the isocenter. A Bonner sphere spectrometer consists of several 

polyethylene spheres which each size was designed for neutron energy. At the same 

location, the ³He proportional counters with various the PE sphere sizes has been used 

to detect the fluence of the neutrons. All the measured data were unfolded to get the 

neutron spectrum at the point. The neutron spectrum was then multiplied with the 

fluence-to-ambient dose equivalent conversion factor. When compared the mono 

energetic proton plans of 75 MeV and 200 MeV, the increasing of H*(10) was about a 

factor of 50. The existence of a peak of secondary neutrons in the MeV region was 

demonstrated in beam direction (position 1). The experiment setup and the details of 

the plans are demonstrated in Figure 2.11.  

                  Figure  2.11 The schema of experimental setup at RPTC  
 

The using single mono-energetic layers (11 * 11 cm²) within a 30 * 30 * 30 cm² 

PMMA phantom, and primary proton energies of 75, 140 or 200 MeV. The range 

shifter for the irradiation with 118 MeV protons was placed at the end of the nozzle. 
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Positions 1–4 showed the measurement positions with the Bonner sphere 

spectrometer. 

A strong angular and energy dependence of the secondary neutron field within 

the treatment room was found. They recommended that the simulation of the 

secondary neutrons within a proton treatment room must include geometric features 

of the spatial characteristics of the area surrounding the isocenter of the irradiation 

and corresponding construction materials (e.g., room walls, Gantry wheel, 

counterweight)  
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CHAPTER 3 

RESEARCH METHODOLOGY 
 

The detection of the operational quantity: ambient dose equivalent, H*(10) 

will lead to the considering of the radiation area monitoring in proton therapy. With 

only one WENDI-II system, it might take long time to get the H*(10) in various 

location. It is encouraging our motivation to create the new neutron moderator 

detectors to shorten the area monitoring understanding.  

3.1 Research question   

 What is the performance of the new moderated neutron detector for the 

determination of the accumulated ambient dose equivalent, H*(10), in proton therapy? 

3.2 Research objective 

To validate the new moderated neutron detector for the determination of the 

accumulated ambient dose equivalent, H*(10), in proton therapy. 

3.3 Research design  

Cross-sectional Observational descriptive study 

3.4 Conceptual framework 

The ambient dose equivalent is affected by several factors, such as the 

Traceability and the calibration process, the detection efficiency of the detector and 

the measurement conditions. The conceptual framework is shown in Figure 3.1. 

 

                                  Figure  3.1 The conceptual framework 

Ambient dose equivalent, H*(10)

(Accuracy of CUMOD)

Calibration process

- Neutron source

- H*(10) range

Neutron energy 
response function

Nature of CR-39 
Detector



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 20 

3.5 Research design model 

The research design model is described in Figure 3.2 where the study started 

with the design and the creation of the CUMOD. The calibration factor received 

through the detector calibration. The measurement of ambient dose equivalent from 

CUMOD was compared with the ambient dose equivalent dose from WENDI-II. 

 

                                       Figure  3.2 The research design model 

 

3.6 Expected benefit 

CUMOD can be used for Ambient dose equivalent measurement with 

confidence. The using of CUMOD for accumulated ambient dose equivalent 

measured in various locations, in addition to WENDI-II, can shorten the 

understanding of the radiation area monitoring in proton therapy. 

Measure the accumulated ambient dose 

equivalent 

Design and create  

the moderated neutron dosimeter 

Calibrate the detector 

Compare with the Commercial 
instrument  

Simulate and validate the dosimeter 
response function 
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3.7 Variable measurement 

The Independent variables are the proton plans, the medium used as the target 

and the measured distance and location.  

The dependent variable is the ambient dose equivalent from CUMOD. 

3.8 Data collection 

The ambient dose equivalent from CUMOD detectors were collected and 

compared to Wendi-II detector.  

3.9 Data analysis  

The ratio of ambient dose equivalent of CUMOD and WENDI-II was plotted to 

evaluate the response of CUMOD. 

The relationship between CUMOD and WENDI-II were investigated to validate 

the use of CUMOD as area monitoring. 

3.10 Outcome 

The outcome of this study is the ambient dose equivalent from CUMOD. 

3.11 Statistical analysis 

Descriptive statistics: maximum, minimum, mean, and standard deviation 

were used for analysis using the Microsoft Excel program. The percentage difference 

will be used to compare the amount of ambient dose equivalent from CUMOD and 

WENDI-II 

3.12 Ethical consideration 

According to the ethical consideration, this study respects for person authority, 

the principle of beneficence/non-maleficence, and justice rule. This study was 

performed in a solid water phantom. The research proposal has been submitted to the 

Ethics Committee of Faculty of Medicine, Chulalongkorn University, Bangkok, 

Thailand, for approval. The certificate of approval from the Institutional Review 

Board (IRB) is demonstrated in Figure 3.3. 
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                Figure  3.3 The certificate of approval from the Institutional Review 
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CHAPTER 4 

MATERIALS AND METHODS  

 
The CUMOD was designed to measure the ambient dose equivalent in compact 

proton therapy with the proton energy up to 220 MeV. The CR-39 was selected as the 

measurement detector. The materials and methods are described below.  

4.1 Materials 

4.1.1 ProBeam® compact single-room proton therapy 

The ProBeam Compact single-room proton therapy (Varian Medical System, 

Palo Alto, CA) has the pencil beam spot scanning treatment nozzle which allowed the 

utilizing of Intensity Modulated Proton Therapy (IMPT). The clinical interested beam 

parameters are shown in Table 4.1.  

                  Table  4.1 The interested clinical beam parameters 

Parameter Typical Value 

Energy 69 – 220 MeV ±2% 

Tunable range (w/o range shifter) 4.0 – 30.0 g/cm2 (in water) 

Maximum field size 30 × 40 cm2 

 

The proton therapy center at Her Royal Highness Princess Maha Chakri 

Sirindhorn Proton Center, King Chulalongkorn Memorial Hospital is three stories 

building. Most parts of the building are in the underground. The minimum thickness 

of the shielding is about 2 meters. The layout of this proton center is revealed in 

Figure 4.1.  
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Figure  4.1 The layout of our center. Building section (Top). Treatment floor (Bottom) 
   

4.1.2 Neutron sources 

 The 241Americium-Beryllium neutron calibrator source OB 26/8501 (Buchler, 

Braunschweig, West-Germany), at the Office of Atom for Peace (OAP), Bangkok, 

Thailand was used in this study. The source was received in 1981 from International 

Atomic Energy Agency (IAEA) with the activity of 185 GBq. The ambient dose 

equivalent rate was 115 µSv/hr at 1 meter. The air scattering factor and room scatter 

factors lie in between 1.004 to 1.018, and 1.004 to 1.044 at a distance from 0.595 m to 

2.0 m, respectively(18). The calibrator source and the schematic are shown in Figure 

4.2. 

 

                  Figure  4.2 The 241AmBe calibrator source and the schematic 
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4.1.3 Wide-Energy Neutron Detection Instrument (WENDI-2) 

The Wide-Energy Neutron Detector, WENDI-II (Thermo Fisher Scientific, 

Waltham, MA) has been widely used to measure the H*(10) both inside and outside 

the proton treatment room(19-21). More than the convenience, the reliable H*(10) 

results are the key to use this active detector. 

The WENDI-2 is a cylindrical neutron rem meter developed in the 1990s that 

has an extended energy range from thermal energies to 5 GeV. This rem meter has 

four main components: a cylindrical polyethylene moderator, tungsten powder shell, 

borated rubber patch, and cylindrical 3He proportional counter. In the center of this 

instrument, a cylindrical 3He (pressurized at 2 atm.) proportional counter detects 

thermal neutrons (using (n, p) reaction) that passed through the moderator with 

tungsten powder shell and borated patch, as shown in Figure 4.3.  

Figure  4.3 Cutaway view of the WENDI-2 and WENDI-2 connected to a survey meter 

 

The non-statistical uncertainties from WENDI-2 measurement are from the 

difference between the response function of WENDI-2 and fluence-to dose 

conversion coefficients from ICRP 74. The WENDI-2 was calibrated using 252Cf 

source, which is a neutron source with an energy range from 0.1 to 15 MeV. Due to 

the response function of WENDI-2, it underestimates in the energy range from 5 to 

100MeV and overestimates below 0.1 MeV and above 100 MeV. The previous 

literature about neutron dose measurement in the proton therapy facilities reported the 

uncertainties around 20%(22). 
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4.1.4 CR-39 

 The Poly Allyl Diglycol Carbonate (PADC), commonly known as CR-39 

(Track Analysis System Ltd, Bristol, UK), is a dosimetry grade plastic with the ability 

to record tracks of electrically charged nuclear particles. An important property of 

TASTRAK™ PADC is that it is highly selective in its recording of nuclear tracks. 

Thus, the plastic is insensitive to visible light and does not record x-rays, gamma-rays 

or tracks of beta-particle electrons but is highly effective in the recording of alpha-

particles at natural energies, protons with energies up to around 9 MeV, heavy ions 

and fast ions generated in laser-plasma interactions.  

With the size of 2 * 2.5 * 0.1 cm3, the clear plastic plate, density of 1.3 g/cm3, 

responses to the neutron energy of 200 keV -14 MeV. This CR-39 can measure the 

ambient dose equivalent in the dose range of 100 µSv - 600mSv with the sensitivity of 

150 to 750 tracks/mSv which depend on the calibration process. The CR-39 was 

served as the whole plate, shown in Figure 4.4. After cutting for piece, The CR-39 

was ready to use.  

                     Figure  4.4 The whole plate and after cutting of CR-39 

 

4.1.5 Etching water bath 

The water bath, Figure 4.5 (Right), used to etch the CR-39. The inner 

dimensions are large enough to contain the etch and scanning frame, Figure 4.5 (Left). 

The constant temperature of 85°C for 2 hours 50 minutes was utilized for the NaOH 

solution. 

 

2 x 2.5 x 0.1 cm
3
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4.1.6 TASLIMAGE automatic reader system 

 The TASLIMAGE system is based on a microscope (high-quality Nikon 

optics) and an ultra-fast three-axis motorized control for scanning the detectors, as 

shown in Figure 4.6. With the ultrafast scanning speed of 10 mm2/s, the read-out time 

of each CR-39 for the area of 1 cm2 is about 40 s. For 49 CR-39 per scanning frame, 

the total read-out time is about 35 minutes (repeat 3 times for each CR-39).  

Figure  4.5 The water bath (Right) and the etch and scanning frame (Left) 

                            Figure  4.6 TASLIMAGE automatic reader system 
 

 Etch-tracks from recoil protons are typically 3-15 microns in size. The track 

sizes overlap with those for alpha-particles at large track sizes, where shape 

differences are used to discriminate particle species. At the small track sizes, efficient 

discrimination between noise (primarily dust on the surface) and genuine tracks is 

achieved with the measurement of 26 track parameters, including a variety of size and 

shape characterizations. These allow discrimination of tracks against high 

backgrounds of non-track features per cm2 without compromising the measurement 

accuracy. Even a low energy fast neutron signal (~200 keV), which is almost identical 
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to that of the background, is distinguishable by use of a variety of complex shape-

detection algorithms. 

4.1.7 Moderator materials 

There were 2 types of moderator materials used in this study, the 5% borated 

polyethylene and Cerrobend alloy. 

The 5% borated polyethylene (Marshield, Ontario, Canada) is boron filled 

polyethylene usually used to attenuate and absorb neutron. The borated polyethylene 

contains 5% boron content by weight has the density of 1.04 g/cm3. The standard 

sheet size is 48 * 96 * 1 inch3, as shown in Figure 4.7 (Right) The composition of 

Boron in (C2H4) n allowed us to reduce the moderator size compared to other neutron 

detectors.  

       Figure  4.7 The 5% borated polyethylene (Right) and Cerrobend alloy (Left) 

 

The Cerrobend alloy used in radiotherapy in the purpose of making the photon 

customized block, as shown in Figure 4.7 (Left). With the melting point of 70°C, the 

Cerrobend alloy can easily form the shape we designed. The composition of 50% 

Bismuth, 26.7% Lead, 13.3% Tin and 10% Cadmium, with the density of 9.38 g/cm3 

is the challenge in terms of neutron scattering. The purpose of selecting Cerrobend is 

to reduce the energy of high energy neutron. 

 

4.1.8 Solid water phantom 

Solid water phantom RMI 457 (GAMMEX RMI, WI, USA) possess normal 

density and average atomic number of 1.03 g/cm3 and 5.96, respectively. The 

dimensions is 30 * 30 cm2, with a standard range of thicknesses from 0.2 to 5.0 cm. 

The total thickness of 35 cm was used to stop all the proton beam and then the 
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neutron was generated from this phantom. The orientation of the phantom thickness 

was according to the direction of the proton plans, as shown in Figure 4.8. 

 Figure  4.8 The solid water phantom and its orientation according to the proton 

plans 
 

4.1.9 PHITS monte carlo code 

PHITS (Particle and Heavy Ion Transport code System) is a general purpose 

Monte Carlo particle transport simulation code developed under collaboration 

between JAEA, RIST, KEK and several other institutes. It can deal with the transport 

of all particles over wide energy ranges, using several nuclear reaction models and 

nuclear data libraries. The recommend models are shown in Figure 4.9. PHITS can 

support the researches in the fields of accelerator technology, radiotherapy, space 

radiation, and in many other fields which are related to particle and heavy ion 

transport phenomena. The version of 3.22 was used in this study. 

                     Figure  4.9 Map of models recommended to use in PHITS 
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4.2 Methods 

The following steps were performed to conduct this research, including 

CUMOD design and creation, MC simulation for CUMOD response function, 

CUMOD calibration and determination of the ambient dose equivalent. 

 

4.2.1 Design and create the moderated neutron dosimeter 

The cylindrical shape of the neutron detector was designed and demonstrated in 

Figure 4.10. The cylindrical 5% Borated polyethylene, 10 cm diameter * 10 cm height 

was inserted with the Cerrobend alloy 1.5 cm thick at an inner radius of 5 cm. The 

total of 4 pieces of CR-39 were equipped inside the CUMOD 

          Figure  4.10 The design of CUMOD side view(left) and top view (right) 
 

4.2.2 Calibration of CUMOD neutron detector 

The CUMOD was calibrated with 241AmBe source calibrator at the Office of 

Atom for Peace (OAP), Bangkok, Thailand. According to the H*(10) rate of 115 µSv/hr 

and the availability of the OAP laboratory, CUMOD was calibrated in the range of 

100 µSv to 2,000 µSv. The CUMOD was placed at 100 cm away from the neutron 

source, as shown in Figure 4.11. To get the desired H*(10), The irradiation time was 

in the range of about 50 mins to 18 hrs.  
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 Figure  4.11 The calibration of CUMOD at 100 cm from the 241AmBe calibrator 

source 
 

4.2.3 Simulation of CUMOD response function 

The details of size and atomic composition of CUMOD and CR-39 were 

expressed to PHITS MC, APPENDIX I. The tally mode of dose deposit was selected 

for all 4 CR-39s. The parallel neutron source was created on one side of CUMOD. 

The number of initiatives neutron was preferred to less than 5% error of the tally 

results. The neutron energy was varied from 1 meV to 1 GeV. 

4.2.4 Validation of CUMOD response function 

The validation of CUMOD response function could be performed in the same 

manner as a GSI ball(4) where the mono-energetic neutron beams were used to 

validate the response of each neutron energy. Unfortunately, with the limitation of the 

neutron beam in our country, the known neuron spectrum beams from a few previous 

studies were used instead. As the new moderated neutron detector, CUMOD response 

function was validated together with WENDI-II for comparison. 

For the neutron energy range of 10 eV to 15 MeV, Howell et al.(23) has reported 

the H*(10) of 1.1 µSv/MU with the setup of closed jaw X, Y and multileaf collimator 

at 40 cm away from the isocenter form Varian Clinac 21EX (Varian Medical System, 

Palo Alto, CA) . The schematic diagram and the neutron spectrum are shown in 

Figure 4.12. The setup was adjusted to make WENDI-II possibly measured. The 
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gantry was rotated to 270 degree position and the measurements at 40 cm from 

isocenter were performed for CUMOD and WENDI-II, as shown in Figure 4.13.  

Figure  4.12 Schematic diagram of the measurement location and the 15 MeV linac 

neutron spectrum 

 

Figure  4.13 The measurement of H*(10) of CUMOD and WENDI-II at Varian clinac 

23EX for fast neuron response function validation.   

 

For the high energy neutron, Trinkl et al.(17) has reported the neutron spectrum 

for pencil beam scanning technique with the field size of 11 * 11 cm2 on 30 * 30 * 35 

cm3 solid water phantom at the distance of 2 m from the isocenter. We selected the 

measured position of 45 degree instead of 0 degree, which has the highest H*(10), 

because of the limitation of the 2 m distance. The energy of 140 MeV and 200 MeV 

were selected with the H*(10) report of 3.2 µSv/Gy and 11 µSv/Gy, respectively. The 
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neutron spectrums are shown in Figure 4.14. The CUMOD and WENDI-II were 

measured at 45 degree and 2 m to isocenter, as shown in Figure 4.15. 

 

Figure  4.14 The neutron spectrum of 140 MeV and 200 MeV, the red line presents 

the 45 degree measurements. 

 

Figure  4.15 The measurement of H*(10) of CUMOD and WENDI-II at proton 

therapy for high energy neuron response function validation.   

 

4.2.5 Ambient dose equivalent measurements  

The ambient dose equivalent, H*(10), inside the proton treatment room was 

measured first by WENDI-II. With the expected H*(10) larger than 100 µSv, as the 

minimum detectably of the CUMOD, the measurement using CUMOD was went 

along.  

The measurement of H*(10) were performed at the zero degree to the neutron 

source. The solid water phantom, 30 * 30 * 35 cm3 was laid on the treatment couch 

and the surface at the isocenter. The WENDI-II was positioned 100 cm away from 
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isocenter and CUMOD was employed at the same position, shown in Figure 4.16. The 

field size of 10 * 10 cm2 proton plans were created using the beam scanning technique 

from Eclipse treatment planning system version 16.1.0 (Varian medical system, Palo 

Alto, CA). 

 

 

Figure  4.16 The ambient dose equivalent measurement setup at 0 degree at 100 cm 

distance from isocenter, Wendi-II (Right) and CUMOD (Left)  
 

The plans were separated into 2 scenarios. For the first scenario, the single 

energy dose plane at the depth of 10, 20 and 30 cm were created with the expected of 

less neutron energy spreading. Then the multiple energy volume depth of 10, 20 and 

30 cm were created with the expected of less neutron energy spreading. Then the 

multiple energy volume dose of 10 * 10 * 10 cm3 at the same as previous depths, were 

generated for the broad neutron energy range. For the volume dose of depth 10 cm, 

the 5 cm range shifter was employed to get the full dose coverage to the surface. The 

dose distribution of all plans is illustrated in Figure 4.17. 
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     Figure  4.17 The dose distribution of plane dose (left) and volume dose (right) 
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CHAPTER 5 

RESULTS 
 

5.1 Design and create the moderated neutron dosimeter 

The cylindrical shape of the neutron detector was created. The 5% borated 

polyethylene, the Cerrobend alloy and 4 pieces of CR-39. was constructed as 

CUMOD, as shown in Figure 5.1. 

 Figure  5.1 The Chulalongkorn University Neutron Moderator (CUMOD) 
 

5.2 Calibration of CUMOD 

 The CUMOD was calibrated with 241AmBe source calibrator at the Office of 

Atom for Peace, Bangkok, Thailand. After neutron irradiation, all CR-39 were etched 

in 6.25 N NaOH at 85°C solution for 2 h and 50 min then read by automatic reading 

system for 3 times per each CR-39. The characteristics of the particle track were 

illustrated in Figure 5.2. The number of tracks increases with the increasing of 

H*(10). The results are presented in Table 5.1. The 2000 µSv data was excluded from 

the calibration curve on the assumption that the source was sooner draw back in the 

safe. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 37 

   Table  5.1 The H*(10) and no. of tracks in the CUMOD calibration process 

 

 

      

 

 

 

 

 

      

 

     Figure  5.2 The characteristic of the particle tracks from different H*(10) 
 

 

 

 

H*(10): µSv Tracks SD Track-B/G 

100 125 85 92 

300 304 118 271 

500 475 126 442 

1000 726 301 693 

2000 729 76 696 

B/G 33 9 
 

100 µSv 300 µSv 

500 µSv 1000 

µSv 
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The calibration factor, to converse number of tracks to H*(10), was 0.7441. 

The curve between number of tracks and H*(10) are plotted in Figure 5.3. The linear 

relationship with R2 = 0.9867 was observed. 

            Figure  5.3 The linear relationship between number of tracks and H*(10) 

 

5.3 Simulation of CUMOD response function 

With PHITS monte carlo simulation, after input the data, the geometry was 

inspected and displayed in Figure 5.4. The different colors represented the different 

materials. The T-deposit tally mode was used to compute the deposited energy 

(MeV/cm3/source) in the interesting regions. For our simulation, the 4 pieces of CR-

39 are the scoring regions. The average results are shown in Table 6. The number of 

initiated neutrons which was enough to keep the relative error lower than 5% were 

collected.  

 

                   Figure  5.4 The geometry of CUMOD in PHITS 
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To get the parallel neutron sources, as the same condition where the fluence-to- 

H*(10) conversion coefficient simulated, the neutron line source were selected and 

located 10 cm away from the surface of CUMOD. The example of the PHITS 

simulation is shown in Figure 5.5.  

Figure  5.5 The example picture of the neutron source and CUMOD in PHITS 
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Table  5.2 The raw data for CUMOD response function 

neutron energy 

(MeV) 

Energy deposit [MeV/cm^3/source] No. of neutron 

Average Standard 

deviation 

Relative 

error  

1.00E-09 8.76E-06 2.83E-07 0.020 3.30E+08 

1.00E-08 1.77E-05 2.51E-07 0.021 6.00E+08 

2.00E-08 3.92E-05 1.05E-06 0.019 4.70E+08 

3.00E-08 6.18E-05 1.74E-06 0.017 4.50E+08 

4.00E-08 8.38E-05 1.54E-06 0.014 6.00E+08 

5.00E-08 1.04E-04 1.93E-06 0.012 6.00E+08 

7.50E-08 1.49E-04 1.74E-06 0.010 6.00E+08 

1.00E-07 1.86E-04 2.22E-06 0.010 5.00E+08 

1.00E-06 4.09E-04 3.45E-06 0.010 3.30E+08 

1.00E-05 1.57E-04 2.26E-06 0.012 3.50E+08 

1.00E-04 2.73E-04 3.98E-06 0.010 4.50E+08 

1.00E-03 1.03E-04 1.07E-06 0.011 6.00E+08 

1.00E-02 9.97E-05 9.67E-07 0.010 2.80E+08 

1.00E-01 4.69E-04 2.13E-06 0.008 3.50E+07 

2.00E-01 7.91E-04 7.69E-06 0.009 2.20E+07 

3.00E-01 1.04E-03 9.92E-06 0.009 2.20E+07 

4.00E-01 1.30E-03 2.03E-05 0.009 2.30E+07 

5.00E-01 1.46E-03 2.41E-05 0.009 2.00E+07 

7.50E-01 1.83E-03 1.53E-05 0.009 2.00E+07 

1.00E+00 2.32E-03 3.97E-06 0.008 2.20E+07 

2.00E+00 2.97E-03 9.37E-06 0.008 2.00E+07 

3.00E+00 3.57E-03 2.17E-05 0.008 1.80E+07 

4.00E+00 4.51E-03 4.40E-05 0.009 1.50E+07 

5.00E+00 4.43E-03 3.98E-05 0.009 1.50E+07 

7.50E+00 5.46E-03 1.67E-05 0.008 1.50E+07 

1.00E+01 6.37E-03 4.99E-05 0.010 1.00E+07 

1.40E+01 8.36E-03 7.18E-05 0.010 1.00E+07 

2.00E+01 1.29E-02 1.28E-04 0.009 1.00E+07 

3.00E+01 3.57E-03 2.17E-05 0.008 1.80E+07 

4.00E+01 4.51E-03 3.93E-05 0.008 1.80E+07 

5.00E+01 4.42E-03 2.47E-05 0.008 1.80E+07 

7.50E+01 5.47E-03 5.32E-06 0.009 1.30E+07 

1.00E+02 1.70E-02 2.49E-04 0.015 6.00E+08 

2.00E+02 2.37E-02 5.51E-04 0.019 6.00E+08 

2.50E+02 2.61E-02 5.13E-04 0.017 3.12E+08 

5.00E+02 4.20E-02 4.57E-04 0.014 2.82E+08 

1.00E+03 6.74E-02 1.18E-03 0.016 1.27E+08 
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With the value from Table 5.2, the average energy deposited from the 4 CR-39 

was considered as the response of CUMOD to each neutron energy. The relative 

response function of CUMOD to 4.5 MeV neutron, as average energy of 241AmBe, is 

illustrated in Figure 5.6.  

            Figure  5.6  The response function of CUMOD and CR-39 from PHITS  

 

The same simulation method was applied to bared CR-39 to see the response 

function also. According to the specification of CR-39, the response energy range of 

200 keV to 14 MeV were increased up to the required neutron energy range of this 

study. 
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5.4 Validation of CUMOD response function 

 The validation of CUMOD response function results based on the known 

neutron spectrum starts from the classification of the neutron fluence into each equal 

neutron energy bin. The number of neutrons were normalized so that the integral is 

equal 1. The response function was then convolved to the neutron fluence.  

For the neutron energy range of 10 eV to 15 MeV, the reported neutron 

spectrum with percent different of CUMOD response function has illustrated in 

Figure 5.7. There are 3 neutron energy intervals of 0.001, 0.1 and 1 MeV with the 

different percentage of -75.1%, -64.1% and -19.4%, respectively. With the weighting 

of neutron fluence of 0.3, 0.6 and 0.1 for the corresponding neutron energy. The total 

approximation of difference percentage could be about 60%. 

 Figure  5.7 The reported neutron spectrum up to 15 MeV with percent different of 

CUMOD response function, the inlay picture shows the approximation of different 

percentage  

 

The result of H*(10) per monitor unit (MU) from CUMOD was 0.7 µSv/MU 

which was about 40% lower than 1.1 µSv/MU from Howell et al. study, as shown in 

- 64.1% 

- 19.4% 

- 75.1% 
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Figure 5.8. When compared to the approximation difference percentage, the H*(10) 

result from CUMOD was overestimated about 20% for the neutron energy range of 10 

eV to 15 MeV. 

Figure  5.8 The CUMOD H*(10) result from 15 MeV linaca 

 

For the high energy neutron, up to 140 MeV, the reported neutron spectrum 

with percent different of CUMOD response function has illustrated in Figure 5.9. 

There are 5 neutron energy intervals of 10-8, 0.1, 1, 20 and 50 MeV with the different 

percentage of -92.2%, -64.1%, -19.4%, 30.5% and -43%, respectively. With the 

weighting of neutron fluence of 0.1, 0.1, 0.3, 0.2 and 0.3 for the corresponding 

neutron energy, the total approximation of difference percentage could be 28.3%.  

The result of H*(10)/proton Gy from CUMOD was 3.1 µSv/Gy which was 

comparable to 3.2 µSv/Gy from Trinkl et. al. study, as shown in Figure 5.10. When 

compared to the approximation difference percentage, the H*(10) result from 

CUMOD was overestimated about 25% for the neutron energy range up to 140 MeV. 
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Figure  5.9 The reported neutron spectrum up to 140 MeV with percent different of 

CUMOD response function, the inlay picture shows the approximation of different 

percentage  

 

Figure  5.10 The CUMOD H*(10) result from irradiated with 140 MeV proton beam 

for the field size of 11 * 11 cm2 

 

For the high energy neutron, up to 200 MeV, the reported neutron spectrum 

with percent different of CUMOD response function has illustrated in Figure 43. 

There are 6 neutron energy intervals of 10-8, 0.1, 1, 20, 50 and 140 MeV with the 

different percentage of -92.2%, -64.1%, -19.4%, 30.5%, -43% and 46.9%, 

respectively. With the weighting of neutron fluence of 0.1, 0.1, 0.3, 0.15, 0.25 and 0.1 

for the corresponding neutron energy. The total approximation of difference 

percentage could be 22.9%.  
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Figure  5.11 The reported neutron spectrum up to 200 MeV with percent different of 

CUMOD response function, the inlay picture shows the approximation of different 

percentage  

 

The result of H*(10)/proton Gy from CUMOD was 13.7 µSv/Gy which was 

higher than 11 µSv/Gy from Trinkl et. al. study about 25%, as shown in Figure 5.12. 

When compared to the approximation difference percentage, the H*(10) result from 

CUMOD was overestimated about 50% for the neutron energy range up to 200 MeV. 

Figure  5.12 The CUMOD H*(10) result from irradiated with 200 MeV proton beam 

for the field size of 11 × 11 cm2 (30 Gy) 
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5.5 Ambient dose equivalent measurements 

The results from WENDI-II and CUMOD for single energy dose plane and 

multiple energy volume when irradiated with the proton dose 5 Gray-Equivalent 

(GyE) are illustrated in Table 5.3. For single energy plan dose, The H*(10) from 

WENDI-II was 37, 176 and 381 µSv for the depth of 10, 20 and 30 cm, respectively. 

While the H*(10) from CUMOD was 109 and 222 µSv for the depth of 20 and 30 cm, 

respectively. For the depth of 10 cm, the H*(10) value does not meet the minimum 

detectability of CR-39 that is the reason of N/A for CUMOD. 

Table  5.3 The ambient dose equivalent from WENDI-II and CUMOD for single 

energy dose plane and multiple energy volume. 
Plan 

type 

Depth 

(cm) 

WENDI-II CUMOD % Difference 

H*(10) (µSv) H*(10) (µSv) SD 

Plane 

10 37 N/A N/A N/A 

20 176 109 104 38 

30 381 222 105 42 

Volume 

10 139 91 87 35 

20 337 239 159 29 

30 758 526 421 31 
 

For, The H*(10) from WENDI-II was 139, 337 and 758 µSv for the depth of 10, 

20 and 30 cm, respectively. While the H*(10) from CUMOD was 91, 159 and 421 

µSv for the depth of 10, 20 and 30 cm, respectively. The Figure 5.13 presents the 

track characteristic of single energy dose plane multiple energy volume plan at 30 cm 

depth with the proton dose of 5GyE. The increasing of the number of tracks was 

observed for the volume plan. 

  

 

 

 

 

 

        Figure  5.13 The characteristic of the particle tracks from different plan types 
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The additional test was the variation of the proton dose for single energy plan. 

The single energy plan for 30 cm depth was selected and irradiated with the proton 

dose or 2, 5 and 10 GyE. The result was shown in Table 8. The H*(10) from WENDI-

II was 149, 381 and 770 µSv for the proton dose of 2, 5 and 10 GyE, respectively. 

While the H*(10) from CUMOD was 113, 222 and 467 µSv for the proton dose of 2, 

5 and 10 GyE, respectively. 

Table  5.4 The ambient dose equivalent from WENDI-II and CUMOD for single 

energy dose plane with variation on the proton dose 

Plan 

type 

Depth 

(cm) 

Proton 

dose 

(GyE) 

WENDI-II CUMOD % 

Difference H*(10) 

(µSv) 

H*(10) 

(µSv) 
SD 

Plane 30 

2 149 113 74 24 

5 381 222 105 42 

10 770 467 140 39 
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CHAPTER 6 

DISCUSSION 
 

The maximum difference of H*(10) between the WENDI-II and CUMOD, 

according to Table 7 and 8 was about 40%. The reason might be explained with the 

energy response function. For the accomplished measurement of neutron ambient 

dose equivalent, it is necessary to understand the neutron energy spectrum at the 

measurement location. Along the neutron spectrum, Trinkl et. al.(17) showed that there 

are a few neutron peaks observed around medium target, the evaporation peak (0.1 – 

19.6 MeV) and the high energy peak (>19.6 – 250 MeV). The difference between the 

WENDI-II and CUMOD response function over these energy ranges was considered, 

as presented in Figure 6.1. The two under-estimate ranges of CUMOD were observed 

in this study. 

Figure  6.1 The response function of CUMOD (circle), H*(10) conversion coefficient 

(diamond) and WENDI-II (cross). 
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The relatively high standard deviation was observed similarly to the report of 

Infantino et al.(24) study. It might be the summing up of the nature of CR-39 detector 

and un-intended design of the automatic reader system for the moderator as CUMOD. 

However, the plotted of the H*(10) from WENDI-II and CUMOD was revealed the 

linear relationship between these two detectors, as demonstrated in Figure 6.2. We 

might estimate the H*(10) as WENDI-II measured from what obtained from CUMOD 

using the factor of 0.6437. 

   

          Figure  6.2 The linear relationship H*(10) between WENDI-II and CUMOD  

 

From the validation of CUMOD neutron response function, both CUMOD and 

WENDI-II were used to measure the H*(10) at the same location, as Howell et. al. 

and Trinkl et. al. studies. The results are shown in Figure 6.3. The H*(10)/MU for 15 

MeV linac beam and H*(10)/Gy from CUMOD and WENDI-II were in the same 

range with these two studies. The CUMOD response function overestimated the 

H*(10) up to about 50% for the neutron energy range of 10 eV to 200 MeV. 
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The ambient dose equivalent per therapeutic dose, 
𝐻∗(10)

𝐷
  (mSv/Gy) was also 

presented in Table 6.1 with the purpose of comparing to other studies. This value 

depends on many factors such as the design of the nozzle, volume of irradiation, 

medium, measured distance and surrounded environment. The 
𝐻∗(10)

𝐷
 of WENDI-II 

was in the range 0f 0.007 to 0.152 mSv/Gy. For the 
𝐻∗(10)

𝐷
 of CUMOD, the value was 

varied from 0.018 to 0.105 mSv/Gy. When considering the result of proton dose 

variation, the observation of 
𝐻∗(10)

𝐷
 of both WENDI-II and CUMOD was almost 

constant. 

 

Table  6.1 The comparison of the ambient dose equivalent per therapeutic dose from 

WENDI-II and CUMOD to Charyyev et al. 

Plan 

type 

Depth 

(cm) 

Proton 

dose 

(GyE) 

H*(10)/D (mSv/Gy) 

WENDI-II CUMOD Charyyev et al. 

Plane 

10 5 0.007 N/A 

0.001 to 0.242 

20 5 0.035 0.022 

30 

2 0.075 0.057 
5 0.076 0.044 

10 0.077 0.047 

Volume 

10 5 0.028 0.018 

20 5 0.067 0.048 

30 5 0.152 0.105 
 

The comparison of  
𝐻∗(10)

𝐷
 results were compared with Charyyev et al(25), 

where the measurement was accomplished with the field size of 9 * 9 cm2 and at the 

distance of 105 cm. The  
𝐻∗(10)

𝐷
 was presented in the range of 0.001 to 0.242 mSv/Gy 

for various position. In our study, the measurement was performed with the field size 

of 10 * 10 cm2 and at the distance of 100 cm. The  
𝐻∗(10)

𝐷
 from both the plane and 

volume plan type were in the same range to Charyyev study. The effect of the 

different in the measurement conditions such as the field size, the measured distance 

and the position angle was included in this comparison. 
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CHAPTER 7 

CONCLUSIONS 
 

In this study, the objective is to create and validate the new moderated neutron 

detector for the determination of the accumulated ambient dose equivalent, H*(10), in 

the proton therapy.  

The CUMOD calibration with 241AmBe demonstrated the linear response, 

except for the high H*(10) of 1000 µSv. The 241AmBe dose calibrator was in the same 

laboratory that provided the service of detector calibration. The unoccupied of the 

room is quite rare. 

The validation of CUMOD response function using 15 MeV photon beam 

from Linac and 140 MeV and 200 MeV beam from proton therapy shown the 

overestimation of H*(10) about 50%. The using of mono-energetic neutron beam, 

which is the ideal for response function validation, is the limitation in this study. 

The measured H*(10) from CUMOD, even with the maximum different of 

40%, could be calculated to substitute with the value from the broad recognized 

neutron detector (WENDI-II). The validation of CUMOD against the WENDI-II 

confirm that the CUMOD, as the passive detector, could be used well for H*(10) 

measurement in proton therapy.  

The further study in various clinical conditions of H*(10) measurement will be 

more revealed the sustainability of using CUMOD in proton therapy center. The 

knowledge of neutron spectrum might be the superior choice for CUMOD validation. 

So, the simulation of neutron spectrum or the measurement using Bonner sphere 

detector system could be more accurate. 
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APPENDIX I 

Data of CUMOD for PHITS 
 

Data for the of PHITS Monte Carlo simulation  
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APPENDIX II 

Uncertainty of CUMOD in H*(10) measurement 

 

With 2 types of uncertainty(26), type A uncertainty is an “evaluation of a 

component of measurement uncertainty determined by a statistical analysis of 

measured quantity values obtained under defined measurement conditions.” And type 

B uncertainty is an “evaluation of a component of measurement uncertainty 

determined by means other than a type A evaluation of measurement uncertainty.” 

 For type A uncertainty, the repeatability and reproducibility from CUMOD 

measured 3 times with 241AmBe source calibrator. From the total of 12 CR-39 plates, 

3 plates were excluded due to poor reading status. The average number of tracks and 

percent standard deviation of 9 CR-39 plates were calculated. The uncertainty was 

calculated as 
%𝑆𝐷

√𝑛
. For type B uncertainty, the calibration uncertainty from the 

calibration report was 20% with k = 2. The combination of type A and type B 

uncertainty and the expanded with k =2 at 95% confidence are shown in Figure II.1.  

                        Figure II.1 The uncertainty calculation of CUMOD 
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APPENDIX III 

Characteristics of WENDI-II 

 

For the initial use of WENDI-II detector, it is necessary to study the 

characteristics of this detector. The studies of linearity, dose rate dependence, angular 

dependence, and long-term stability were examined. The 241AmBe source with the 

source strength of 30 mCi, approximate H*(10) rate of 0.66 µSv/hr at 1 m (from 22 

µSv/hr @ 1 m per 1 Ci(27)), was used in all studies. 

Linearity 

WENDI-II was placed 0.3 m away from the source. The measurement duration 

of 5, 10, 15 minutes was observed 5 times The setup and the result were shown in 

Figure III.1. The approximate H*(10) rate at 30 cm was 7.33 µSv/hr which equal to 

0.61 µSv/5 minutes. The linearity response was observed with R2 = 0.9999.  

Figure  III.1 The setup of WENDI-II and 241AmBe (Right) and the linearity results 

(Left) 

 

Dose rate dependence 

For dose rate dependence study, WENDI-II measured the H*(10) for 5 minutes. 

By vary the distance of 0.3, 0.5, 1, 1.5 and 2 m, The measurement was repeated for 5 

times. The result was shown in Figure III.2. The difference in the range of 20 to 50 
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percent was observed. With the larger H*(10), the percent difference for dose rate 

dependence decreased. 

Figure  III.2 The results of dose rate dependence. The inlay table presents the 

difference percentage. 

 

Angular dependence 

At the distance of 50 cm, the WENDI-II was rotated with the angle of -120 to 

120 degree with 30-degree equi-angle. The measurement with duration of 5 minutes 

was repeated 3 times per study angle. The setup of WENDI-II and 241AmBe was 

illustrated in Figure III.3. 

                         Figure  III.3 The setup for angular dependence study 
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The result of angular dependence was within 10%. The maximum angular 

dependence was found at the angle of 90-120 degree. The polar chart was 

demonstrated in Figure III.4. 

               Figure  III.4 The polar chart represents the angular dependence 

 

Long-term stability 

Over the study period of 6 months, the measurement of H*(10) at the distance 

of 30 cm, The Long-term stability was about 5% difference, as shown in Table III.1. 

                 Table  III.1 The Long-term stability of WENDI-II over 9 months 

Elapsed 

months 

Ambient dose equivalent 

(µSv) 

Avg % Diff. 

0 0.86 0.00 

6 0.83 -3.49 

9 0.90 5.04 

  

The higher reading at the 9th months might occurred due to the collection 

condition of the WENDI-II. 

After studied the characteristic of WENDI-II, we found that WENDI-II is in 

good condition with the performance of the specification. 
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The sensitivity reduction 

After 2 years of using WENDI-II for H*(10) measurements, the same 241AmBe 

source was measured at the same 30 cm distance. The neutron H*(10) was 0.77 ± 0.02 

µSv. The decay factor for 2 years is 0.9963. In overall, the sensitivity of WENDI-II 

was reduced about 8% which already included in 20% uncertainty. However, the re-

calibration of WENDI-II might be more suitable for the adjustment of the sensitivity. 

In additional, to see the effect of inverse square law inside the proton treatment 

room, the measurement of H*(10) was accomplished at the position of 1, 3 and 5 m 

away from isocenter. The gantry was rotated at the 0 degree. The 30 * 30 * 35 cm3 

solid water phantom was laid up on the treatment couch and the surface was placed at 

the isocenter. The volume proton plan, 10 * 10 * 10 cm3, the bottom depth of 30 cm, 

with the dose of 5 Gy was used in these experiments. The setup is shown in Figure 

III.5. 

 

        Figure  III.5 The setup of WENDI-II at 100, 300 and 500 cm from isocenter 
 

 The results are shown in Table III.2. The parameters of the scatter from the 

environment contributed to the H*(10) results. The solid water phantom was not the 

only one secondary radiation source. It is the confirmation that inverse square law 

alone quite not suitable for H*(10) estimation. 

 Table  III.2 The WENDI-II H*(10) results for inverse square law testing 

distance (m) Inverse square 

law factor 

WENDI-II (µSv) 

neutron gamma 

1 1 92 8.5 

3 0.11 31 2.9 

5 0.04 18 0.01 
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APPENDIX IV 

Abstract for JSRT, 2018 

 

The calculation of dose equivalent rate outside shielding in compact proton therapy 

facility 

Introduction: The proton therapy project in King Chulalongkorn memorial hospital is 

a compact system with the capability of Intensity modulated proton therapy (IMPT) 

delivery. The shielding consideration is different from the old delivery technique in 

the terms of the neutron sources and facility size. To utilize the National council on 

radiation protection and measurement (NCRP) report no. 144 for shielding calculation 

of this facility, the radiation safety goal for surrounding occupational and public area 

should be achieved. 

Methods: The calculation of dose equivalent outside shielding followed the 

suggestion in the publication was performed for this study purpose. The safety of the 

shielding was approved by expert before construction. The considered factors were 

the assumptions of the type of the tumor treating, number of patients, the workload, 

the beam direction, the occupancy factors and the composition of the shielding 

materials. The Moyer model was recommended in the guideline. The yield of 

neutrons and then the source strength was derived from the number of proton losses 

according to our statement which provided by vendor. The dose equivalent outside 

shielding at the console area was determined as the first interesting point.  

Results: The maximum dose equivalent rate of 0.57 micro-Sievert per hour at the 

console area was observed for pelvic treatment. The highest tumor volume and energy 

used in the assumptions are the major causes. The summation of dose equivalent rate 

of all sites from this study and the value from vender were 1.66 and 2.11 micro-

Sievert per hour, respectively. The difference may attribute from the dissimilarity in 

the parameters and equations used. The full calculation and/or the Monte Carlo 

simulation on the other part of the shielding must be accomplished. 

Keywords: IMPT shielding, compact proton, radiation protection 
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APPENDIX V 

Abstract for AOCMP, 2020 

The preliminary survey report of the compact proton therapy unit 

Introduction: The number of compact proton therapy center is rapidly increasing. 

Her Royal Highness Princess Chakri Sirindhorn Proton Therapy center located at 

King Chulalongkorn Memorial hospital is the one which will be operating by early 

2021. The radiation safety of shielding and operation must be considered. 

Purpose: To verify the efficiency of the shielding and create the guideline for the 

treatment room entering after beam off at Her Royal Highness Princess Chakri 

Sirindhorn Proton Therapy center by measuring the ambient dose equivalent. 

Methods: The proton beam energy of 230 MeV was delivered to the water phantom 

at the isocenter with the current about 2 nA. The Wendi II was used to measure the 

ambient dose equivalent both outside and inside the treatment room. Outside the 

treatment room, the measurements were performed in front of the shielding door, the 

control room, and the service engineer room. Inside the treatment room, the ambient 

dose equivalent was measured beside the treatment couch, 140 cm away from the 

isocentre. The measurement was prolonged for 6 minutes to observe the possible 

value.  

Results: The ambient dose equivalent outside the treatment room was about the 

background, 0.5 µSv/hr, for all measurement points. For the treatment room, the 

ambient dose equivalent after the beam off 1, 2, 3, 4, 5 and 6 minutes were 40.86, 

1.17, 0.93, 0.78, 0.66, and 0.58µSv/hr, respectively.  

Conclusion: For outside the treatment room, the shielding efficiency was under the 

shielding constrain of 1 mSv/year at the measured condition. The recommendation of 

the guideline for room entering after beam off was at least 2 minutes where the 

ambient dose equivalent was lower than 1.17 µSv/hr to achieve the personal dose 

limit lower than 5 mSv/year.  

Keywords: Compact proton therapy, Ambient dose equivalent, the personal dose 

limit
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